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FOREWORE

These proceedings represent papers
presented at the program titled "Energy From
The Oceans Fact Or Fantasy?® held January
27-28, 1976 in Raleigh, North Carolina. This
program was sponsored by the Coastal Plains
Center for Marine Development Services; the
University of North Carolina Sea Grant Program,
the North Carolina State University Center for
Marine and Coastal Studies; the North Carolina
State University, Division of Continuing Educa-
tion and the North Carolina State University
Industrial Extension Service.

The objectives of the program were:

(a) Provide informatien on the Ocean as
an Energy Source including as sources: Waves,
Tides, Salinity Gradient, Wind, and Ocean
Thermal. The information included & discussion
of each resource, its prospect and probiems.

{b} Provide information on the present
govermnent support program for Energy From the
Oceans and an input on needed research and
development.

(¢} Provide information on possible
environmental, political, economic and legal
effects of Ocean Thermal Energy Conversion
Plants.

{d} Provide information on the possibility
of Ocean Thermal Energy Conversion Plants off
the Southeastern AtTantic coast.

The program was intended for:
(a} University faculty in scientific,

engineering, political, legal and economic fields
who are interested in programs for obtaining

energy from the cceans and their possible involve-

ment in such programs,

{b) Regional, state, federal, and local

Leigh Hammond
Assistant Vice Chancellor,
University Extension, North
Carglina State University
Dirk Frankenberg
Director, Marine Sciences
Program, University of North
Carolina at Chapel Hill
B. J. Copeland
Director, Sea Grant Program,
North Carolina State University
PRillip Hill
Coastal Plains Center for Marine
Development Services
L. Jay Langfelder
Director, Marine Sciences Program,
North Carolina State University
Daniel Textoris
Assaciate Administration Dean for
Research, University of North
Carolina at Chapel Hill
R. A, Mabry
Director, Continuing Education,
North Carolina State University
Wayland Griffith
Director, Engineering Design
Center, Horth Carolina State
University
George Holcomb
Dean Research Administration,
University of Horth Carolina at
Chapel Hill
Paul TayTor
Head Science Education Division
North Carolina Department of
Public Instruction
Jerome Kohl
Extension Specialist, Nuclear
Engineering, North Carolina
State University
John Canada
Associate Qean for Extension,
North Carolina State University
Charles Cooper
Industrial Extension Services,
North Carolina State University

government individuals involved in the administra-
tian or support of marine and/or energy programs
and who wish to be informed on the status and
prospects of Energy From the Oceans.

following the planning meeting, I made
a visit to Washington and obtained sugges-
tions on passible speakers from Dr. Robert
Cohen of the Pivision of Solar Energy at
ERDA and from Frederick E. Naef, Lockheed
Missiles and Space Corporation. These
suggestions were brought back to a program

{c} Representatives from industries that
would be affected by Ocean Energy Plants. In-
dustries could include shipbuilding; coastal

engineering; marine surveys and environmental
studies; electric utilities.

This program had its origin in May of 1975
when a planning meeting was held to discuss the
possibilities of a program on Energy From The
Oceans. Participants in this planning meeting
included: -

committee comprised of the following:

B. J. Copeland
Director, Sea Grant Program, North
Carolina State University

Dirk Frankenbery
Director, Marine Sciences Program,
University of North Carolina at
Chapel Hill



Wayland Griffith
Directar, Engineer Design Center,
_ Morth Carolina State University
derome Kohl
Extension Specialist, Nuclear
Engineering, North Carolina State
University, Chairman of Program
Committee
L. Jay Langfelder
Director, Marine Sciences Program,
Horth Carolina State University
Bruce Muga
Head, Civil Engineering Depart-
ment, Duke University

The program committee developed the program,
the papers for which are included in these pro-
cecdings. The design of these proceedings
follows the pattern set by Dr. Gordon L. Dugger
of the Applied Physics Laboratory of The John
Hopkins University in the excellent proceedings
he produced for the Third Workshop on Ocean
Iherma] Energy Conversion, Houston, Texas, May

975,

Qur ability to put on the program and to
print these proceedings is in no small measure
the result of the assistance provided by Beverly
€. Snow, Jr., Executive Director of the Coastal
Plains Center for Marine Development Services
who assisted in funding of the program and in its
presentation. Ors. B. J. Copeland and L. Jay
Langfelder provided continuing guidance as the
program details evolved. Mrs, Jonnnie Braswell
handled the typing of many of the papers. |
am responsible for actual selection of speakers
and topics and for the final assembly of the
program. 1 hope that you find this material
useful and as interesting as did those who
participated in the workshop itself.

Jerome Kohl, Program
Chairman, Engineering
Extension Specialist,
North Carolina State
University



Michael E. McCormick
Professor of Ocean Engineering
U. S. Naval Academy
Annapolis, Maryland

and

Robert Cohen

Chief, Ocean Thermal Branch
Division of Sclar Energy
Energy Research and Development

Administration

Washington, D. C.

Abstract

An overview of renewable ocean energy resources is presented, including
waves, tides, currents, salinity gradients and thermal gradients, along with
the utilization of ocean coolness and the use of the ocean as "real estate"
for the conversion of soiar radiation and wind energy.

Introduction

The world's oceans provide at least five
renewable energy resources: thermal gradients,
-waves, tides, currents, salinity gradients.
These resources are derived from energy that
originates as solar radiation or, in the case
of tides, from gravitational forces. This paper
is a discussion of the potential applicability
of these resources to U. S. energy needs. .

Ocean Energy Sources

The oceans serve as natural collection and
storage devices for solar and gravitational
energy. The resulting energy is manifest as
waves, tides, currents, salinity gradients and
thermal gradients. The first three of these
energy resources are conspicuous forms of
kinetic energy; the last two are inconspicucus,
Accordingly, man has recognized and succeeded
in utilizing these kinetic energy forms through-
out recorded history, and they are still of
interest in the quest for alternative energy
resources. Figure 1 is an attempt to catalog
the oceanic energy sources.

The surface of the ocean converts solar
radiation into thermal energy, and the result-
ing warmed surface water is maintained at a
temperature significantly greater than the

cold, nearly freezing water at depth. This
temperature difference, known as a thermal
gradient, can be used as an energy source.
Swmilarly, differences in salinity--i.e.,’ )
salinity gradients -- between the surface water
and water at depth, or between river water and
ocean water at mouths of rivers, correspond to
differences in osmotic pressure from which
energy can be derived, '

Besides the five renewable ocean energy
sources mentioned above, the oceans provide
several less direct sources of energy, as
summarized in Figure 1, For power plants
located near or on the ocean, the cooling
water that can thereby be made.available
constitutes a “heat sink", an indispensable
adjunct to the operation of a power plant.
Similarly, cooling water from the ocean c¢an
be circulated for space conditioning of
buildings. Also, the ocean provides a
ready source of feedstock hydrogen for
energy storage once energy is provided to
dissociate sea water.

The oceans can further be utilized as
"real estate" for the technological collection
and conversion of solar radiation, such as by
using photovoltaics or thermal collectors.
Also, wind energy can be harnessed at sea,
submarine geothermal energy can be extracted,
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and energy crops can be produced by photosynthesis
from selar radiation through open-ocean mariculture,

The global power dissipation in the five key
renewable acean energy resources has been estimated
by Isaacs and Seymour (1973), and is summarized in
Figure 2. Thus, Figure Z gives some idea as to the
resource potential of these forms of energy. How-
ever, regional considerations aiso need to be intro-
duced into such estimates. .

Salinity gradients, tides and waves will be
discussed further at this Workshop in a paper by
McCormick {1976} thermal gradients will be dis-
cussed in several other papers to be presented at
this Workshop; currents--especially tne potential
of utilizing the Florida Current--have been dis-
cussed in the Proceedings of the MacArthur Workshop
(1974). The remainder of the present paper pro-
vides a brief averview of the five renewable ccean
energy forms.

Wind waves

The wind blowing over the ocean surface
generates surface waves through the action of
shear stress and turbulence. There have been many
attempts to utilize the energy of surface waves,
some of which have been moderately successful. It
has yet to be resolved whether wave energy repre-
sents a potentially substantial energy source for
the United States that is also technicaily and

economically attractive. Some studies are now
underway to clarify these matters. Those studies
are being sponsored by the Energy Research and
Development Administration (ERDA}, and their
results will be presented at a Workshop to be
held at the end of May, 1976.

Tides

There have been two successful attempts to
utilize the tides. One of these is a demonstra-
tion facility that has been constructed in the
U.S.5.R. The other is an oparational power
ptant that was constructed on the mouth of the
Rance River in France, That plant produces an
average power output of about 240 Megawatts.
The exploitation of tidal power is usually
feasible if the tidal range exceeds about 5
meters, In the continental United States, this
criterion is met only in the vicinity of Maine
and Alaska. ERDA and the Corps of Engineers
are presently reviewing United States tidal
energy possibilities.

"Currents

The technology for utilizing the energy
contained in ocean currents was examined at
the MacArthur Workshop on Energy from the
Florida Current, and is reported in the
Workshop Proceedings (1974}, The Florida
Current was estimated to contain a kinetic

ESTIMATES OF POVVER DISSIPATION RATES Il THE OCEANS
JOHN D. ISAACS AND RICHARD J. SEYMOUR
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power of about 25,000 Mw. if 8% of that power

could be harnessed at an efficiency of 50%,
this would provide a net power of 1000 Mw.

5alinity gradients

form of osmotic pressure arising from salinity
gradients is appreciable, it is mest feasible

Although the energy available in the

to extract it at mouths of rivers. Accord-
ingty, the estimate in Figure 2 of power
dissipated in salinity gradients correspond-
ing to the amount availabie at mouths of
rivers would be comparable to that available
from waves and tides. Conversion and utili-
zation of this energy source, however, would
be complicated with both technological and
environmental problems., The largest salinity
gradients occur where fresh water rivers
empty intc hypersaline bodies of water, such
as the Great Salt Lake. Much smaller, yet
significant, gradients occur where rivers
empty into oceans. Four studies are pre-
sently being supported by ERDA to investi-
gate technical, economic, and environmental
aspects of this subject, and the results will
be presented at a Wave/Salinity Gradient
Workshop to be haeld at the end of May, 1976.

Thermail gradients

The possibility of exploiting thermal

gradients between warm ocean surface waters
and cold waters at depth to produce electri-
city is presently being explored by the ERDA
Ocean Tharmal Energy Conversion (OTEC) pro-
gram. That program is now entering a hard-
ware phase, leading to testing and engineer-
ing development of components, subsystems and
systems for harnessing the extensive amounts
of Tow-quality heat that are availabie, pro-
vided that this process can be accomplished
at competitive cost and is technically and
envirommentally viable. The thermal resource
is available at tropical and sub-tropical
latitudes, and could be converted into
electricity as an end-use, and/or the energy
can be utilized to produce energy-intensive
products such as hydrogen, ammonia, and
aluminum.

1.
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WAVE POWER - NODDING DUCK WAVE ENERGY EXTRACTORS
8. H. Salter, D.C, Jeffrey and J.R.M. Taylor

Department of Mechanical Engineering,
University of Edinburgh,
Mayficld Road, Edinburgh 9

Abstract
Advocates for all energy technologies must answer the following guestions:

Is there enough?
Is it safe?

Is it secure?

Ia it environmentally acceptable?

How do we get it and what will it

coot?

This paper attempts to answer the questions for wave power.

Is there enough?

Waves cannot approach solar radiation in total
amounls of erergy but they provide greater power
density then is availztle to wind machines, A wave
installation is the second gtage of a windmill of
which the first stage is the open sea. The size of
waves deperds on the fetch of sea as well as the
strength and duration of the wind. Instrument
shaervations of waves in British waters have been made
by Draper of the British Oceanographic Data Service{(1).
I based my first estimate of power levels on his
findings., I concluded that the average pover densitly
in the North Atlantie was about 8C kilowatts per
metre(2). Work in progresa by Mollisen and Buneman
using more refined techniques suggests that it is
actually more than 90 kilowatis per mctire, The peak of
supply is in winter, Waves are directly complementary

to suin.

Visuzl observations from around the werld have
been collected by Lewis(3) and by Hogben and Lumb(4).
They shaw that power densities in open oceans are
nearly always greater than 10 kilowatts rer metre,
Draper(5) presents a table which shows that a fetch of
100 kilometres is sufficient te produce large enough
waves 1o be worth harvesting. North Atlantic waves on
a 500 kilemetre front could produce all the eleciricity
now used in the UK, If ways can be found of trans-
porting energy from offshore staticne then the world
wave potential is several times the present world
demand for all forms of energy.

Is it safe?

pur designs for wave power installations are un-
manred but from time %o time plant will need to be
brought in for servicing. This activity will be like
fisking. Mer's lives will be part of the price of
wave power just as we pay in Britain about one life
per week for conl and twenty lives a day for road
transpert. With money and commonsense and sourd
legiziztion we can reduce this price. Mest of the
accidents will harpen to yacktsmen attracted by calm
water and good winds.

Ships usually keep to the economical line between
two points. This leaves very large infrequenily
visited polygons inside the great circle routes.
¥ave power inctallations will te more or less siation—
ary in marked chart positions and well equipped it
navigation wernings. They should bte less of a hazard
to ships than other ships or the land itself, ZHowever

" no system of kuman devising iz perfect and there will

be many small accidents, some medium ones and a few
large cnes.

Jas it secure?

Security is affected by the interruplion or ex-
haustion of the flow of scme ingredient. These days
we have to consider interruption by political or
terroriet sctivity. A widely dispersed target with
parellel redundant comnections and controls is not
attractive to terroricta, Indeed, it would take a
hard-working group to make much impression on 500 kms
of wave plant. There are no secondary hazards,



In the very long term, wave power is &g secure &g
we conuld wish, We know thet the winds will blow for
ever. In the very short term, wave power is at least
predictable, Wo know enough to prepare reliable fore-
casts for twentymfour hours shead sc that stand-by
plant should have plenty of warning. In the medium
term, wave power security can be expressed in terms of
a statistical probability. Figures 1 and 2 show
summer and winter scatter disgrams with wave power
densily conteurs for the North Atlantic. Each eniry
gives the probabiliiy in parts per thougand of the
oceurrence of particular combinations of significant
wave height and zero crossing peried, In British
waters, wave power is werth having for 80% of the iime
gnd in the winter this fipure meoves to g0%. The
probatility of zero powsr is not =zero, The Central
Electricity Gererating Board have found a week in May
1961 in which there was no wave power at a sieiion in
the Allantic. A secondary sourcc must be provided.
There is no diurnal variation and so no ma'ch with
daily pattern of demand. Methods of shori and medium
storage will become important when the amount of wave
power exceeds the base load,

Is it environmentally acceptalle?

Wave power introduces no new chericals or heat
into the biosphere, But it does introduce a temporary
diversion of heat, There will be a very slight
cooling of water on the beaches. We could measure the
effects by putting o sufficient mmber of electric
fire elements into the surf zone and noting the rise
in temperature., This rather extravagant experimert is
now dcne continuously by those generating boards who
draw cocling water from the sea and put into it twice
the encrgy that they deliver to consumers.

The sige of wave to leeward of a wave power
installation will be reduced. When incident powsr
density is less than 80 kilowatis per mebre there will
be & calm. When it is greater than 320 kilowatts per
metre the reduction will be negligiblc, Figures 1 and
5 ghow how often these cornditions will occur. People
using the sea lsnes inshore will find life leas
exciting and the requirements for hardihood and sea-
manship will be less exacting. I do rot believe that
the present causes of beach formation and ercaion
wiich make such a difference between the east and west
coacts of the Hebrides should be much affected. Put
if they were, then we have many examples of beaches in
sheltered zeas to help us predict the outcome. The
wave power engineer will, if he can, avoid sites with
high current flow, If mistakes are rude and silting
of harbours results then the machinery may be resited.

The difference in cost between overhead cables
and buried or submerged cnes is so lzrge that there is
very little guestion .about which will be uged. In
Britain the rich wave fields are off the Helrides in
a depopulated area, Lines will have %o be tuilt to
take the power to the hydrodymamically underprivileged
high~censumption areas like London and the South-Bast,
They will affect the breathtaking beauty of the
Scottish Highlands.
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Among the many requircments of modern induatry
are pow-r, cooling water, deep harbours and e=ssy
disposal of waste., Some industrialists may feel that
threats of nationalisation and factory regulations
reatrict their freedom and they might be tempted 1o
get up at sea. I believe that waste dispogal from an
offshere imstallaticr in international watera could be
dangeroun and gifficult to regulate in the present
ptate of law, and that this is the only zerious
environmental risk inherent in wave power. Perhapa
this risk ic really inherent io having industrialists,

How do we get it ond what will it cost?

To caleulate the cost onc should add up the cost
of research ond development, land, factories, process-—
ing plant, fuel, labour and interest charges that can
fairly be carried by the project and divide this by
the output produced over some period of time. This
tedious cxercise iz not always done amid the excite-
nmonts of technological advence, The answer is most
needed at the start to help in deciding befween
cempeting proposals but cannot be known with any
certainty until the end. It is particularly diffieculs
to dacidée whether or not some piece of research done
many years before has to be paid for by this account
or another,

We cet cut to build Atlzntic plant rated for an
average of 50 kilowatts costing £20,000 (1974) per
metre, giving o target capital cost of £400 per
kilowatt. After considering a wide number of possible
nechanigns and conducting model teats of several,
we setticd on the one shown in Figures 3 and 4.

It consists of a number of 'duck'-shaped segments
rotating about a common backbone. Each duck is
designed to be slightly heavier than the water it
displaces so that if it should break it will sinic,
The wholc structure has a very low freebosrd so that
it coulé be easily sulmerged. The rear surface of
cach duck is 2 cylinder coaxial with the centre of
rotation so that no water is displaced behind and ne
rear wave created, The front curve is designed to
match the displacements of water in approaching waves.
The natural 'nodding! period is designed to coincide
with the wave period where maximum efficiercy is
regquired and atiempts are made to broaden the
frequency response. Laboratory testis on gingle units
on a fixed mourting show an extraordinary efficiency
for vonochromatic and mixed spectrum waves. Figure 5
ghows the preferred model curve achieved by September

1975. {6)

In full scale designs prepared by my colleague
Fric Wood each duck runs on rollers which are the
bodies of commercially availatle rotary hydraulic
pumps(7). High pressure oil dérives hydraulic gwash
plute motors coupled to electrical generators at sea.
Whittington is studying the prgblems of fransmission
of electricity to land 8). There are about ten under-
sea eleciricel routes in the world. 4A.C. transmissicn
uses cheaper terminal equipment but needs extra
copper to carry the large capacitive charging
currents, D,C. requires rectification and inverting
terninals but evades synchronisation problems,
Cheaper D.C, cables ars better for long links but it
seeng that the change-over distance is quite close to

FICURE 3.
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the distance we expect $o use.

Frch metre length of structure displaces just
over one hundred tons. COne string of ducks will be
about 500 metres long. The concrete, electrical
generaling plant, hydroulic parts and labour can all
be conted fairly accurately. The result is wilhin the
target, The only problem lies in the strength
requircments of the common bickbore. The lahoratory
modplg are mounted on fixed bearings. At sea thia
refercnce must somehow be syntheosised. It is clear
that a sufficiently long backbone would cpan a large
enough sample of wave phases so that it weuld avernge
the alterrating componenis of wave fcrce. Bub the
resuliing strurture would suffer a dangerons pernding
moment in tle centre. We caleulsted that the really
ggtres: 'H50 year wave! (1) wonld requare steel cooting
ten times more thar we could affeord, Tho crucial
guestion was whether we ~pull find ways of evading
those bepding mements., The ley to thoc problen has
been Tcand by Eric Woed, Hig desier given z rigpid
backbone for low bending moments which furno into 2
flexitle on¢ for higk bending mepenie, A model
tested in a rulti-directional sea behuved as we had
hoped.

Our approach is by no means the enly one, and
efficicney itself is of no concerr when the cods pay
for the wavez. But in structures of thi= site the
wave furces dopend ¢n the displacemert, and the coot
depend: on sirength, co that there are powerlal
ecconomic inceniives bo got the most pover oub of the
lowest dicplucement. We avc certainly interested in
the highest posgible efficiencies fer those times
when wove power levels are low,

Wave pover plant ean be added in amounts of
£10,000,000 &% a time. All enginecrs make mistakes.
If we are woong We can be stopped early. Wave power
plant congiziz of multiple small modules which will
have itc advariage of rapetitive preduclicn. EBEach
will tite only a few months to build so that interest
during consiruction is low. The makers of the
kydraulic parts advise um that wo 4111l need to
replace bearings and sezls after =ix years. Shipa
need artifouling treatmen’ affor two years. This
work will have to be dent in protecled waser and wWill
be Lhe major running expense. Ship: can be rade to
lagt for “orty years and indced, the Tirst ferro-
cement boat made in 1855 ig ¢tiil in porfees working
condition, It is an obvious disadvantage of wave
power ilat almost all the cegts come a® the beqinning
but th:% benefits may accrue to future generations.

Ch:pman(10) gives iizures for the erergy content
of raw moterials. Siructural steel corpumes 1%2,000
kilowatt hours per tem, white cement needa 2,200
kilewalt hourz, If we use a five to one aggregate
ratio, we will need te run our plant fer 2,000 hours
to earn the cnergy to build the main atructure.

Conclusions
I claim that the answers to the questions at the
beginning of this paper are as follows:

There is enough wave encrgy.

Its safety is acceptable, The dangers are clear

and well understood.

1ts security is as good or better than other
{technologies.

Wave power is clecan and cool.

There are at least four possible technigues for
getting encrgy from waves under active study in
Britain. I think that nedding ducks are best
but I anm hardly a drcached obzerver. As our
wodel work continues the cost estimates fall.
At least Lhe cogts of finding the costs are low.

I reat my case, Let the ultimate judges be our
children and, of course, the sea.
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OCEANIC WINDPOWER

William E. Keronemus, Professor of Civil Engineering
in the University of Massachusetts {Amherst)

Abstract

The oceanic windpower resource is examined macroscopically.
which that resource is known to be rich is then examined in greater detail.

One region in
Six

different products associated with the U.S. energy industry are then proposed

as products that could be provided from windpower systems.

A closer look at the

possible size of that Atlantic Coast resource is taken and an estimated total
annual productivity is weighed against the last year's 73 Quad U.S. energy
budget: a 12 percent impact from this one solar replenished resource alome is

predicted.
made.

Statements as to system Fnergy Budget and Environmental Impact are
Conclusions suggest that windpower systems, including oceanic windpower

systems, should be advanced rapidly by the United States.

1. The Resource

Most of the atmosphere surrounding Earth is in
constant motion. The summation of its kinetic energy
at any time yields numbers of the order of 10'° kilo-
watts. This energy fiux usually increases with
height above surface up to some Tevel measured in
tens of kilometers above which it decreases to zero
by the time the upper edge of the atmosphere is
reached. The vast preponderance of that energy will
be found in the layers above 1000 feet of altitude.
But, fortunately for the windpower enthusiast, an
astronomically large amount {compared against all of
man's energy demands) lies below the 1000 foot
level, and is therefore in many instances available
to practical windpower extraction systems.

The windpower resource is a seasonal rescurce
and a regional resource as well as one whose energy
distribution varies with altitude. The windpower
engineer has one other natural phenomencn going for
him: natural dissipation of kinetic energy into low
grade heat at the earth-atmosphere interface. This
is one of the mechanisms by which nature maintains
the heat balance of Earth within the solar system.
A significant amount of wind energy must be con-
stantly frittered away into low grade radiant
energy that can find its way back away from Earth
into space. The energy content of a column of
atmosphere above the Earth's surface tends to flow
downward: this is the natural replacement mechanism

for the frittering process. The windpower enthusiast
places his device into that natural frittering

process and thus makes avery tiny human footprint on
2 alobal system while satisfying his man-made demands.
The extraction of wind energy is in a sense almost
self-heating, (up to a reasonable level, of course).

The energy content of the winds is a regional
phenomenon. The ocean in the temperate zones,
because of its genarally low surface temperature,
seems to be ahle to intensify the velocities of the
winds, particularly where they tend to blow acress
the coast line to seaward in a strongly ordered
prevailing pattern. This phenomenon appears to
prevail along the U.S. Atlantic coast in the path of
the Westerlies, from the Canadian border in the
north to the Virginia-Carolina region in the south.
Those winds move with increasing velocities on-out
toward that "big vacuum pump" which operates to the
south of Iceland. They will have come across the
eastern mountain chain where they have been converged
upward, then they diverge downward toward the coast,
cross the coastline and blow out to sea with ever
increasing energy.

There are, of course, the seasonal, and in some
seasons, daily, and in any season, the unpredicted
deviations from that pattern where energy diminishes,
or where the prevailing pattern fails. But, all-in-
all, to a station out in 600 feet or so of water near
the edge of the continental shelf, from Charleston to

‘the Canadian-U.S. boundary off Halifax, there is a

very long vertical plane in which the energy content



of the winds is of large-scale significance to the
windpower enthusiast. It is te that region that the
preponderance of this report will address itself.
Fiqure (1) shows that line along the edge of the
shelf. Figure {2} taken from Jack Reed's work?
gives some clue as to the energetics of the wind out
there. Fiqure (3}, going back to Sverre Feterrssen
in 19382, adds to the evidence of intensifying
wind energetics moving from the U.S. Atlantic coast
eastward.

2.  Offshore Windpower System Products

A. Jumping all the way from the resource
across the system diagram to the right hand side,

the delivered product, it is suggested that one finds

at least these products appropriate for windpower
systems moored along our Atlantic shelf-edge:

{a) Flectricity for heating and cooling
buildings

{b) Electricity, firm-power-on-demand

(¢] Electricity, peak-power

(d} Hydrogen, for the fueling of aircraft
and other transpertation systems

{e} Nitrogenous fertilizer

{f) Oispersal of stack effluents from ocean
sited dirty coal burning central stations.

There is considerable diversity in that short
list, and perhaps the last item raises the highest
level of curiosity: we will come to that later.
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B. Heating and Cooling Buildings with Offshore
Windpower

Well over 30 percent of the U.S. population {at
one time it was close to 40 percent) live on 2 percent
of the area of the contiguous 48 states im the North-
east Corridor. Most of the buildings cccupied by
those people require warmth in the heating season and
many of them require mechanical cocling and ventila-
tion at the peak of the summer. The possible advant-
age of some combination of windpower and solar thermal
power system for such buildings, particularly those
in the colder end of that corridor, was first suggest-
ed by the U.Mass Energy Alternatives program®, and is
the subject of an investigation now underway on the
Amherst campus. That project is interested in the
first instance with small single-buiiding Wind .
Furnaces located immediately adjacent to those build
ings (in most cases) as suggested by Figure {(4).

Many numbers have been made for that system through-
out the rural, widely spaced suburban, village and
town institutional places to permit saving of almost
600 million barrels of petroleum per year. [Qur
current import level totals about 2500 million
barrels per year.] While thinking of this as a
land-based system for coastal towns and for the
varied features of Long lsland, New York, interest
was immediately aroused as to what might

be done with the systems moored offshore in the

more productive winds®. One suggestion comes

fram a study of Figure {5). The Harbor {ampus of the
University of Massachusetts is on the coast in a
rather windy place. It is an all-electric campus
whose electricity biTl is almost one-fourth of its
total annual budget! (As John Kenneth Galbraith
might say, it is not an institution of higher educa-
tion, but rather just another CONSUMER in our affluent
society!) Figure {5) shows the 1974 electricity con-
sumption and the 1975 consumption, reflecting sig-
nificant savings {and concurrently creating some
minor discomfort). Superimposed thereon, dash-dot.
is the calculated monthly productivity of a wind
generator .at that site. Also, superimposed thereon,
dot-dot-dot, is the calculated monthly productivity
of the same™size wind generator at the same height’
above surface, but down over Nantucket Shoails at the
site of Texas Tower Three. The coincident shapes of
the curves are the significant features of Figure {5},
as well as the relative quantities produced by the
machine at sea at Nantucket Shoals compared against
the machine ashore at Columbia Point. The shapes
suggest that raw energy, as the wind will blow, has
an excellent chance of matching northeast coast
building heating loads with very little storage buffer
between resource and load. And therein lies the
major element of economic success for this application
of oceanic windpower. The heating system i$ perhaps
as simple as floating wind generators paralleled

intc high voltage d.c. undersea cable feeding a
conpletely separate distribution network ashore.
There may be a need for relatively small thermal
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storages in each customer's building, to guard
against some number of hours' continuous period of
very low wind. (Examination of tables of hourly data
fron Texas Towers 2, 3, and 4 suggest, however, that
during the heating season, the need for even 4 hours
of storage is questionable.) For the air condition-
ing months, some storage may be required: the jeast
expensive version may be underwater compressed air
storage adequate for 48 hours' operation.

C. Providing Electricity, Firm-Power-On-
Demand, with Offshore Windpower

The resource along that line of Figure (1) is
huge, and its engrgy content over a year's time can
be expected to be reproducible within at most a ¥15%
variability, and probably as 1ittle as *37 variabil-
ity®. Dambolena's work® with tahles of hourly
data, four years' experience, showed the smaller
number. Dut second-by-secend assurance required in a
system which offers electricity, firm-power-on-
demand makes mandatory a very dependable storage
buffer between resource and market. Figure {6)
suggests the nature of the problem and its possible
solution, and Figure (7) adds detail to one suggested
sotution. This of course was the problem which
intrigued HERONEMUS the most when he prepared the
1972 paper “Pollution-Free Energy from Offshore
Winds"’, and it was the major subsystem concern
of Dambolena during his 1974 work®.

The hydrogen storage subsystem has received
attention for this purpose at UMass.; unfortunately
the most useful results are not yet published but will
come out in the thesis of Mm. J. Rowan, Spring 1976.
For the purpose of this discussion Figures {8) and
{9) suggest the bhasics of the system. The firm-power
on-demand pattern must always be met.

There may be short intervals in which essentially

all of the peak demand of the market must be satisfied
fron the hydrogen store. That requirement, though
very large, stiil does not set the size of the
storage. The size is set by calculating a running
sum of required flows out of station 4 in Figure (9},
while satisfying second after second of the year's
Toad demand, and being fed, second after second at 1,
the wind system's productivity. A pseudo load

demand curve like Figure (8) for one whole year
assists in matching fnputs to outputs. Using a very
cruds approximation and simplified calculation
procedure, Heronemus in [7] estimated that 40 percent
of the annual energy product had to enter the

storage subsystem. Using tables of hourly wind

data and synoptic hourly load-demand data, Dambolena
showed that number to be closer to 12 percent [6].

Since both [sYand [7]were completed, there has
been some thought that nc hydrogen should ever come
ashore, i.e., the reconversion of hydrogen to
electricity should be done at sea, possibly within
the same hulls that house the electrolyzer units,
and only electricity-in~cable would be sent ashore.
Amory other things, this opens up the possibility of
using the reversible H;~0, electrolyzer fuel cell,
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probably reducing total cost considerably, as well as
other possible cost savings should new underseas
cables of the high voltage high power size be found
more attractive than pipelines. Rowan's work to
date shows pipelines up to 44 inches in diameter,
built and emplaced to 1974 technclogy standards, as
quite reasonable in cost. More cable data will be
required to complete that trade off.

The nature of the offshore wind stations is a
wide-open matter in our opinion. The three-wheel
large diameter two-bladed wind stations of [31,
repeated here in Figure {10) are probably rot the
way to go. As a minimum, three blades rather than
two would be called out by UMass. at this time.
Quite a number of varjants on the arrays of smaller
-diameter 3-bladed machines are being considered by
us at this time. Perhaps the first wind station to
go to sea may comprise a star array of six 35 foot
diameter 3-bladed wind wheels, each turning & 60
kilowatt generator for a total maximum station
output of onty 360 kilowatts. Such & design in
considarable detail will be published soon. Toward
the other end of the spectrum we are looking at a
floating wind factory ship, conceived in the first
instance to drift slowly on the end of a dragging
anchor 1ine cut in the relatively shallew high seas,
but very amenable to fixed mooring along that 1000
mile line of Figure (1). FEach of those stations
could carry as many as 48 megawattis of generators
arrayed in "masts and yards" configuration. Indeed,
the basics of masts, yards, shrouds, stays, and
spreaders must be understood, then injected into
structural features that can capitalize on them as
well as on circa 1976 materials. We think that the
semi-submersible hull has a great deal to offer,
hulls with 2 minimum of surface-penetrating displace-
ment and a maximum of pendular stability, which means
displacement as near the surface as possible without
unacceptable surface excitation as well as huge
quantities of low-cost deep ballast weight.

The projected economics for large-scale firm-

ower-on-demand systems were prabed in both [¢] and
E7]. Dambolena gives the wider spread of results
some of which are reproduced here in Figure {11}.
Heronemus has been criticized for his "low cost
estimates" in certain quarters: before 1976 is over
it is planned to have demonstrated in working hard-
ware that wind generators in the 3-bladed 35 foct
diameter size driving generators up to 100 kilowatts
in size may cost as little as 100 dollars (1978) per
kilowatt (everything that is carried aleft in the
suppart structure but sans the support structure}.
Such heavy loadings on that swept diameter make no
sense at all in near-ground shore-side windfields,
but make much serse out where the winds are really
energetic.

n. Providing Electricity, Peaking Power

It {5 quite easy to see that once one has
pfovided the storage subsystem which must be asso-
ciated with an offshore windpower firm-power system,
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one is in an excellent position to sell peaking power
which commands a handsome price differential over

the average kilowatt hour price. This may be a good
ploy to improve the economics or reduce the apparent
risk of the first systems. If the least-cost
available base-load electricity is converted to peak
power by a pumped-back hydraulic system, the peak
power product is usually worth 1.7 times as much as
the baseload kWh. Other peaking systems which
consume fossil fuel may show an even higher ratio now
that fuel costs have escalated s0 much.

E. Providing Hydrogen, for the Fueling of
fivcraft and Other Transportation Systems

Assume that the Offshore MWindpower System of
references [s] and [7] was modified so that:

{a) only electricity flowed ashore via trans-
mission cable,

(b) the electrolysis units were located at
Logan Airport, Boston Harbor, and were
fed pure distilled sea water,

{c) enough hydrogen ligquefaction plant also
were installed at Logan to liguefy hydrogen
at the maximum power rate of the system,
capable of delivering that Liquid H: to
tanks at Logan, thence to aircraft (or
buses and trucks).

What weuld be the cost per pound of that liguid
hydrogen at that sea coast refueling location?

That OWPS [7] has an installed generating capa-
city of 82.17 x 10° kilowatts.

Assume that the electrolyzers to be used are of
the currently available type which use 22.5 kWh to
produce one pound of hydrogen gas [¢].[7]. We will
assume that the liquefaction-purification plant s
similar to that described in 1975 by the lLinde
Division of Union Carbide [8]. That liguefaction

plant requires 5.7 kWh of electricity to convert 1 1b.

hydrogen into 1iquid hydrogen. Allowing for some
pumping power, each pound of liquid Hy (LH:) will
then use up 29 kWh of electricity sent to it by cable
from OWPS, The annual productivity {gross electric-
ity) of that OWPS is 335 x 10° kWh. Therefore 11.55
x 10" 1bs of LH; will be produced per year.

It is improbable that that much LH: could be
used at Logan alone, but the analysis will assume
such is possible.

The maximum pessible rate of production of
hydrogen, when evary installed kW of generating
capacity is producing at 100% load factar, would be
82.17 x 10° divided by 29 = 2.833 x 10® 1bs per hour.
To handle that rate of H; flow, a total of 33,996
tons LH; per day, 13.6 of the Linde 2500 Ton Per Day
Liguefaction Complexes would be required. Each of
those complexes per [®8] require $0.549 x 10° capital
investment, a total investment here of $8.326 x 107,
The annual operating costs, people and expendables.
for those 13.6 complexes would be $0.399 x 10°.

Going back to Section 9 of the OWPS paper [*] we
describe this new LHz producing system as:

(a) 83 wind units plus electro-
lyzers plus interconnecting
cables, etc, in place:

{(b) Transmission cables ade-
quate to bring the entire
electricity production

$17.05¢ x 10°

into Beston Harbor: 2.298 x 10°
(¢} 13.6 Liquefaction Complexes

at Logan Airport, in Boston

Harbor: 8.826 x 10°

Total Capital Investment: $28.274 x 10°

Assume a cost of money of 8.5%, 1% amertization
(25 year life}, 0.5% for insurance, 1% for taxes
and 0.5% for interim replacement. Fixed charge rate

= 11.5%:
9
Fixed Charges = {0'1]?%{§§'§7?U§ 10°) . gg.2a1
’ per pound
of LHz

Annual aperating expense for OWPS = 0.09 cgents
per kh = 2.61 cents per ib. LHs.

Annual operating expense for the Ashore Lique-
faction Complex = $0.3%89 x 10° = 3.45 cents per
T1.55 x 10°1bs.
1h of LH;. Total cost per 1b. of LH: = $0.281 +

£0.034 = $0.341 per pound.

Reference [*] says that Liquid Hydrogen produced
from coal costing $0.75 per 10° Btu [which corresponds
te $19.50 per ton for 13,000 Btu per pound coal, their
estimate for the highest c¢oal price in the 1985-2000
period), would cost essentially the same, 34.18 cents
per pound. That coal price must mean Mine-mauth,
however, because 13,000 Btu per pound coal cost an
average of $51.00 per teon delivered in large guantity
to the UMass. (Amherst) campus in FY '75, and
probably costs at Jeast $30 per ton received pierside
in Boston Harbor. $30 per ton coal would boost the
34.18 cents per pound cost of LH: up to 49.44 cents
per pound LHz.

LH: @ 34.1 cents per pound and a higher heating
value of 55,000 Btu per 1b. correspends to gasoline
at 19,000 Btu per 1b. sold for 11.8 cents per pound
or about 83 cents per gallon. 11.55 x 10% 1bs. of
EH, per year would provide the fuel eguivalent of
0.635 x 10'% units of thermal energy (0.635 Quads),
about 1 percent of the 1975 total U.S. energy demand.

The Linde study team also suggest®  that the
capital cost of those Liguefaction Complexes could
go down by 20% if numbers of them were built. Others
working on electrolyzers suggest a total energy cost
of as 1ittle as 15 klih per ib. of hydrogen released
plus a significant drop in electrolyzer cost in the
future. The 5.7 kWh per pound of hydrogen electro-
lyzed includes 4.0 kWh for various inefficiencies
in available systems, some of which could certainly
be reduced if a large market for such systems
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existed. And some modest investment in even shallow-
water pressure-balanced on-the-line gaseous hydrogan
storage could probably halve the size of liquefaction
plant required by smocthing out incoming hydrogen
flow. When any or all of those feasible future
improvements are injected into the calculation, the
cost of windpower produced ligquid hydrogen at a north-
east Atlantic coastal station can be dropped down into
the 22 cents per pound category. 22 cent per pound
LH, "corresponds" on a straight energy content basis
to 54 cents per gallon gasoline. There are some
factors which NASA would apply which faver the LH;
over gasoline aviation fuel, thus further increasing
the relative value of the LHz, but those factors are
not readily at hand, therefore not used here.

E. Providing Electricity for the Production of
Hz from Distilled Sea Water Plus the Pro-
duction of Mitregen from Air, Then Their
Combination into Witrogenous Fertilizer

The cost of ammonia and ammonium nitrate fertij-
lizers, produced today arcund the world principally
from hydrogen reformed from rature gas or other
pelroleum refining product and atmespheric nitrogen,
has risen dramatically in the past two years.
Serious propesals have been made in Kansas to use
prairie windpower for the production of ammonia. If
it makes sense out there it makes 2 toc 3 times as
much sense (economically} offshore the Atlantic
coast! Indeed, the 48 megawatt wind factory ship
located as far out over the continental sleope as a
dragging anchor is feasible, an ammonia factory ship
which discharges its product into aguecus ammonia
tank barges of the "CATU'G" system®, could manu-
facture and deliver liguid ammonia via the port of
New Orleans and the river waterways to the agricul-
tural heart of the country at competitive prices.
Moving out beyond the 1000 Mile Line of Figure 1,
such wind factory ships deployed over shoal high seas
regions like The Flemish Cap could turn a handsome
profit.

F. Providing Dispersal of Stack Effluents from
Ocean Sited Dirty Coal Burning Central
Stations

The offshore westerly winds could be used effec-
tively by this country in the energy industry simply
to blow away {dispersa} stack gas effluents from
large semi-submersible coal burning central stations
located at Jeast 35 miles to the eastward of the
coast Tine, moored in less than 600 feet of water.
High sulfur coal from Appalachia deep mines is now
worth about 7 dollars per ton, mine-mouth, and about
10 dollars per ton at the coal pier opposite Hewport
News. Loading, a 500 mile or less trip te sea, and
powered unloading into coal tanks should add no more

“than 3 dollars per ton, bringing the fuel cost, at
the power plant, to about 50 cents per million Btu,
With an assured injection temperature of no more
than 40F at any time of the year and a minimum of
efficiency-robbing stack gas cleanup system installed,
a heat rate of 8500 Btu per kiWh should be easily

achieved in such plants. Fuel cost would then be
4,25 mills per kWh. Capital cost for this kind of
plant would be $800 per kW instalied, plant {n place
on the end of a 35 mile cable. At 15.5 percent
fixed charge rate and at an average 1ife time plant
factor of £0% (customary for ruggedized medium sized
coal burning plants) fixed charges would be 18 mills
per kilh. Operating and Maintemance charges would be
three times their shore-side value or 7 mills per
kWh. One thus could have base load electricity at
. the shoreside end of a 35 mile submarine cable for 30
mills per kWh. The winds would blow the stack gas
efflyents seaward where their precipitates will be
accepted rather graciously by a sea accustomed by
nature to acceptance of similar products. There are
periodic reversals of that wind toward the shore but
the 35 mite distance plus a deliberately tow stack
would prevent significant gas from reaching the
beack, ever. There is no chance that any LWR nuclear
base load plant of the future will be able to deliver
base load etectricity for 32 milils per kilh. Electric
ity generated from "clean-coal" products will have to
pay for fuel close to the liquefied-hydrogen-from-
coal prices given in E, above. This use of the Off-
shore Winds is nowhere as desirable as the other
direct windpower processes, but it is certainly an
alternative, cleaner and more economic than any of
the nuclear or clean-coal processes now receiving
preferred treatment by the Energy Establishment.

3.  How Large is the Nihdpower Resource Off the U.S.

Here in the Commonwealth of Massachusetts we have
a Corporation president, a surplus physicist bomb-
maker from Los Alamos days, who regales the Energy
Establishment by ridiculing windpewer produced by
windmills placed all over the United States on one
mile centers. The fact that his company earns over
ninety percent of its income from the nuclear power
program doesn't enter into his prejudice at all. Qut
at Oregon State there is another physicist apparently
turned sour by the windpower hobby of his department
chairman, who also enjoys peinting to a "line of wind-
mills 1300 miles Tong". A major problem shared by
both of those gentlemen is that they don't think big
enough. When the United States does something really
jmportant to the economy, Tike building 7 millfon new
automobiles per year, it thinks about a "26 thousand
mile long line of automobiles per year". Wind systems
of significance are not for the faint hearted or the
small-thinkers who get upset at the thought of tens
of thousands of windmills. We could use millions of
them! We don't want 1300 miles of wind statiens off-
shore: we want perhaps 30,000 miles -- many parallel
rows, at one mile intervals, along that 1000 mile
line of Figure (1). The reason for many rows is that
each row would intercept only a portion of the on-
coming wind. By the time the seaward-most row, bhad
been passed, 100 percent of a vertical plane rising
from that center row would have seen momentum inter-
change with a wind wheel.
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practical design studies suggest that that plane
could rise to at Teast 500 fect above sea level with
systems that could survive a 200 mph hurricane wind.
It is possible that the plane might even rise to 1000
feet; but at this time we'll be content with 500 feet.

It is proposed that 35 foot diameter wind wheels,
each allowed a 50 foot diameter working circle to
insure that adjacent wakes do not expand into each
other. be erected in lattice or billboard type arrays
with the lowest row at axis height 100 feet and the
upper row at axis height 500 feet. The productivity
of those wind wheels has been calculated for a number
of sites and sizes of generator. The 40 kW generator
at Nantucket Shoals will be used here as a probable
“average, desirable instailation” just to show one
answer to the guestion. Considerable effort and more
data akin to the hourly data tables from T12,3, & 4,
for the rest of the Line would be necessary to give
the best possible answer.

TABLE 1

Height of Wind Generator
Axis Above Sea Level:

Predicted Annual

a 35"'x40 k¥ HMachine

100° 126,000 kWh/year
150" 140,000
z200°’ 151,000
250" 160,000
300* 168,000
350" 174,000
400° 179,000

TABLE 1 (continued)

Height of Wind Generator
Axis Above Sea Level:

Predicted Annual Produc-
tivity, kWh, from a
35'x40 kW Machine

450" 184,000 kih/year

500" 187,000

Total Productivity For Vertical
Column = 1.489 x 10° kih

for a specific power of 4080 kWh per
kW per year.

For sake of comparison, though the numbers will
not be used, five different sized generators, each
driven by & 35 foot diameter wheel, at 100 feet above
sea level at Georges Bank, are shown in Table 2.

TABLE 2

Size of Generator
Fitted to 35'

Annuat Produc-
tivity Rela-

Generator Size
Relative to

Dia. Wheel 40 kW tive to 40 ki
Productivity

40 kW 1.00 1.00

60 kW 1.50 1.29

80 kW 2.00 1.50

100 kW 2.50 1.60

120 kW 3.00 1.70

In 1000 miles of 5,280 feet each there could be
1.056 x 10° such vertical coTumns. The annual pro-
ductivity across that plane, 100' to 500' above sea

Productivity, kiWh, from

Tevel is then 1.55 x 10'! kih.

1.55 x 10!'! kWh per year is about one-tenth of
1975's total U.S. electricity generation. The 1.55 x
10! kWh generation would replace about 1.5 Quads of
thermal energy (one Quad = 18‘5 British thermal units),
about two percent of the 73 Quad Energy Budget of the
United States, 1975.

There is no reason at all to restrict extraction
to that single plane, however. There is a huge
amount of enmergy being frittered away by those winds
as they approach that line, and there is exceltent
opportunity to attempt to drag them down a bit befare
they move on out to sea. Kung® has said that the
natural dissipative rate of kinetic energy into
thermal energy at the air-surface interface in the
path of the Westerlies could be as high as 15 watts
annual average per square meter of surface. This
rate decreases with decrease in latitude and is a
very regional parameter.

There is considerable area inshore of the 100
meter 1ine of Figure 1 and, of course, the huge
expanse of ocean outhoard of that line whose
dissipative energy might be drawn into multiple lines
of wind generators arrarged and placed with ample
clearance to avoid rompletely any micro interference
effects. Figure {12} has been prepared to suggest
how the region might be subdivided to make a gross
estimate of windpower productivity. Seven regions
are blocked out there. It is suggested for a first
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move that "extraction levels” be set varying with
region and no greater than 10% of values extrapolated
very loosely from the guidance of Kung:

TABLE 3
Region Surface Area, Established Max fmum
Square Meters Extraction Installed
' Level Power
1 23x10°m* 1.0 watts/m® 23x10°kW
? 56x10° 1.5 watts/m®  84x10°kM
3 24x10° " 36x 10 kW
4 22x10% " 33x10°kW
5 33x10° " §9%x10°kKW
6 26x10° 1.0 watts/m®  26x}0°kM
7 16x10° 0.5 watts/m? _ 16x105kW

From other work done with the wind data available for
Squantum, Mass., Georges Shoals, Nantucket Shoals,
Nantucket Island and Mew York Shoals, it is guite
certain that economic systems in each of those regions
using the Yatticed arrays of 3 bladed wind wheels in
the 35 foot diameter region driving generators whose
rating lies as small as 20 kW or as Jarge as 120 kW
can achieve specific powers as high as: For Regions
{1) and (6}, 3500 kWh per year per kW; For Regions 2,
3, 4, 5, and 6, 4000 kWh per year par kW; For Region
7, 3000 kWh per year per kM. .

It is thus sugoested that wind systems could be
placed off the East Coast of the United States, in
the areas shown in Figure {i2), to a total installed
power level of 267 x 10 kilowatts; and that their
annual delivered raw energy product would be of the
order of 1.02 x 10'2 kilowatt _hours per year. What
jmpact could such an energy level have on a 73 Quad
per year Total Energy Sudget? Proceed as follows:

(A} Assume that one-fourth of those 10'? kilowatt
hours per year were used for heating via the l¥ind
Furnace concept to replace heating electricity:
3 Btu's of thermal
)[ er_'eer‘gy }
1 Btu of delivered
heating energy

2 kidh +,3.413x10°Btu
(0.25x10 year)( kWh

= 2.56 Quads equivalent annual substitution

(B) Assume that one-fourth of those 10'? kilowatt
hours per year were used for heating via the Wind
Furnace concept to replace heating o0il burned at the
national average 0.63 efficiency:

12 kWh | ,3.413 x 10°8tu 1
(0.25 x10 year)F kWh )(0.63?

= 1.35 Quads equivalent annual substitution

{c) Assume that the remaining one-half of those 10'2
kilowatt hours per year were used for direct electric-
jty application, substituting for electricity from
unwanted nuclear power plants, whose overall
efficiency will not exceed 0,23:

okih 1 ,5.413 x 10%Btuy, 1
0! ear) { KHE Vo33

= 5,17 Quads equivalent amnual substitution

{0.50 x 1

Thus a total of 9 Quads of a Mational Thermal Energy
Budget of 73 Quads, 12%, could be obtained from an
Atlantic Coast Offshore Windpower System alone.

4. Energy Budget

Preliminary estimates of primary energy invest-
ment in all parts of offshore windpower systems
suggest pay-back periods between 12 and 16 months for
hardware having at least 240 month useful iife. The
ongoing or operating energy budget 1s miniscule com-
pared against any fuel censuming energy system. Con-
struction periods for the largest of the floating
wind stations envisioned to date are 12 months at the
most with a 2 month or shorter period very likely for
smaller systems. The laying of seabed cables and/or
pipelines will require the longest performance
periods.

5. Environmentz]l Impact

The kinetic energy which man would remove from
the oceanic winds aleong the Atlantic Coast is energy
intended to be converted out there into low grade
heat suitable for reradiation to outer space. The
relocation of that energy degredation site a few
hundred miles to the westward, in the path of thase
same westerlies, will probably have negligible effect
on the global heat balance. The reduction in aeration
of the acean's surface by virtue of lessened wind-
wave action is probably negligible from an eco-
balance point of view, and perhaps desivable from
many cther points of view,

6. Conclysions

The oceanic windoower resource is large. The
resource available to the Atlantic Coast of the United
States, particularly the northeast coast could make a
very significant and economic impact.on the LS.
energy demand delivering several rather different
products substitutable for those used now or planned
in the future. {Fffshore generated electricity for
heating buildings will have at least a ¢ to 1 cost
advantage over any nuclear generated heating electric-
ity. Offshore windpower gensrated and liguefied
hydrogen could turn New England and the Middle
Atlantic states into clean fuel exporters rather than
the dirty fuel importers they now are. Winds similar
in productivity to those oceanic Atlantic Coast
winds abound in many other parts of the world and
could be used in even the most remote sites to create
clean, economic energy products transportable to
population centers. A useable technology baseline
exists; development is certainly appropriate. A
sense of urgency and appropriate application of
capital could bring meaningful windpower systems on
line probably faster than any other energy system
available today. Undesirable environmental impact
is thought to be negligible, certainly minimal in
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comparison against any combustion, fission or fusion
process. Gulf Coast windpower could be meaningful
but rowhere near as desirable vis-a-vis Texas-
Oklahona land-based windpower as is the case on the
Atlantic Coast. Oceanic windpower along the entire
Aleutian chain and the Alaska coastlines could
probably be used, economically, to prepare energy
products for consumption in the lower 48 states.

The windpower process does not compate in magnitude
with the ocean thermal difference process, but
regionally, it makes more sense than any of the
other salar energy processes. With the right kind of
Teadership, a 100% selar energy based energy ecenomy
is achievable for the United States by the year 2000.
In one section of this paper it was suggested that
thousands of miles of wind stations could be as
important to this country as 26,000 miles of bumper-
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OCEAN THERMAL ENERGY CONVERSION - AN APPRAISAL OF ITS POTENTIAL

By
Frederick E, Naef

Lockheed Missiles & Space Company, Inc.
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Abstract

Ocean Thermal Fnergy Conversion (OTEC) could have a significant impact on the

economy and quality of life of the southeastern United States.

The results of a nine

mouth study indicate that the solar energy stored in the surface layers of the ocean
can be tapped with state—of-the practlce technelogy, and with design and fabrication
improvements, can be made economically competitive with fossil and nuclear fueled

plants.

telescopic concrete cold-water pipe that extends to a depth eof 1,500 feet.

The concept presented consists of a spar geometry concrete structure with a

Four de-

tachable power modules using aluminum heat exchangers generate a total met power out-

put of 186.5 Miga.

The modular design permits lease-financing arrapgements that make

the finance requirements of OTEC plants equivalent to those of conventional plants.
In the southeastern United States, cstablished shipbuilding and offshore construction
industries are located near the ocean thermal resource of the Carlbbean Sea and Gulf

Stream.

Ocean Thermal Energy Conversion (0TEC) uses

the surface layers of the oceans as & solar collector
and converts this energy to electricity with a float-
ing closed cycle hear enginc. Nearshore plants are
expected to provide electricity directly to land via
submarine cables, while more remote plants could pro-
duce intermediete chemicals like hydrogen and ammeonia.
in addition, OTEC plants could supply remote locatioms
where electricity is required to process minerals like
bauxite.

OTEC could have a significant impact on the
economy and quality of life on the southeastern
United States, where the plants could be constructed
and operated, and the ocean thermal energy could be
utilized as electricity and chemical feedstocks.
Because this workshop is dedicated to assessing the
potentia}l of ocean energy In the southeastern United
States, the purpose of this paper is to present the
results of a technical and economic feasibility study
of OTEC, and to consider the regional implications of
this energy system. In order to relate the special
edvantages of 0TEC to the scutheastern region, this
paper will review several unique features about the
ocean thermal concept before examining the details
of a specific systems design.
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The development of this rescurce offers a unique opportunity for the indus—
trial assets of the southeastern United States.

The Ocean Thermal Resource

The surface layers of the oceans serve as a
natural solar energy collector and storage system,
which allows the thermal energy to be converted on
a continuous basis, 24 hours per day. Unlike ather
golar and ocean energy schemes, an energy storage
system is not required for continuous level power
operation. Normally the warm waters move from the
tropic reglons towards the global poles where the
thermal energy is transferred to the atmosphere and
radiated back into space. The newly cooled waters,
along with the polar run-cff waters, sink end move
along the ocean bortom until they upwell and repeat
the process. Hence, in the tropic areas there is a
significant thermal resource that can be tapped
continucusly. :

This natural collection and storage system also
serves as a transportation and concentration system,
The oceans are characterized by circulating currents
which are unstable and meander about while casting
off huge swirls and eddys. In areas where the



currents are blocked by land masses, a choke point is
created, and the thermal resource is concentrated and
stabilized. The Florida Strafts serve that purpose
for the Gulf Stream. At that site, the Carribbean
Sea acrves as the solar collector and energy storage
system, the Gulf Stream provides the transportation,
and the Florida Straits provide concentration and
stability near the mainland energy market.

Ocean Thermal Energy is renewable and the
extraction process 1s consistent with the natural
processes of the earth. The conversion of non-
renewable fuels creates a man-made heat addition
to the atmosphere and cceans. On a large scale,
the heat addition could exceed the ability of the
environment to reject the heat into space, and an
environmental temperature rise could occur. In
comparison, OTEC Iimposes only a discontinuity in
the natural process by extracting a small amount of
thermal energy from the ccean at cne point and
rejecting it te the oceans or atmosphere at another
point. There is no net change in the total energy
balance of the ecosphere.

Unique Features of OTEC Systems

As a modular marine system, OTEC enjoys
positional flexibility which creates unique oppor-
tunities in the construction and operation of the
plants. The site approval and site preparation
procedures will be different and simpler than those
of a land based power plant. ©Of greater significance
is the fact that the plant can be built in one loca-
tion and towed to another location for operatiom.
This provides the opportunity to series manufacture
OTEC plants rather than the typical custom construc—
tion of single design plants. In addition, this
monufacturing can oceur in existing shipyards which
will fncrease the utilization of the existing indus-
trial base without significant new facilities invest-
ment. Modularization also permits the concurrent
production of several major components, as well as
site preparation, and this will reduce the construc-—
tion time and cest. Finally, the marine siting will
create a spectrum of market applications and will
permit the plants to be relocated as market demand
shifts. Overall, it appears that OTEC commercializa-
tion could be served best in an area near the ocean
thermal resource that has an established shipbuilding
and marine construction industry.

To properly evaluate OTEC, the eccnoulcs should
not be oversimplified, but should project costs on a
total systems, total lifetime basis. Far too often
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energy costs are misrepresented when one docs not
distinguish between peak power and average power in
the case of solar systems, or when one presents only
the fuel cost component in the case of fossil and
nuclear systems. It is also confusing to present
energy costs in mills per kilowatt hour at the busbar,
or at the consumers meter, without inciuding the
political, social and envirommental costs associated
with the creation, operation and decommissioning of
each system and its wastes. Unfortunately, these
additional costs are difficult to quantify, but aew
analytical tools, like net energy assessment and
environmental risk analysis are being developed.

At some point these may be translated into economic
indices ro provide a composite performance index

for each energy system.

OTEC is capital intensive and consequently the
economles are sensitive to the depreciation peried
and fixed charge rate. There is a direct trade-off
between the plant cost (§/kw) and the energy cost
(mills/kwh). Because OTEC has no fuel ceost, the
economics are buffered from inflaticn and fuel cost
escalation. However, this assumes that the economy
will not deflate, and the cost of fossil and nuclear
fuels will not decrease. While OTEC is capital
intensive, the modular marine desigh may facilitate
the problem of raising the necessary capital. The
use of lease financing may make it possible for
the owner-operator to acquire the services of a
plant for a small investment. This assumes that
the owner-operator need only own the core structure,
and can lease the power modules from other, indepen-
dent businessmen. In easence, the cash flow normally
devoted to fuel for a fossil or nuclear plant would
be shifted to the leasing of power modules, and this
would make the financicpg requirements for QTEC similar
to those of conventional plants.

The econcmic performance of OTEC systems is
sensitive to the parasitic power ratie and the plant
utilization factor. Pumps are required to move the
huge quantities of water through the heat exchangers,
and this drains off about 30% of the gross power
output of the system, leaving the remaining 70% as
the net power output. Consequently, the economics
of an OTEC plant are more sensitive to small changes
in plant operating efficiency. Decause the econo=-
mics are dominated by fixed charges, and there is
noe variable cost fuel consumption, the net power
economics are very sensitive te the plant utilization
factor. To insure the best economic results, OTEC



ghould be base loaded and this would be achieved
best where there was a large stable industrial
process demand.

OTEC can achieve a high utilization factor
because it is & low stress sytem that can be de-
signed for high reliability. While the ocean
thermal resource Is huge, it 1s characterized by
low temperatures and small temperature differences.
The highest temperature seen within the plant will
be about 8¢ F. and the T will be approximately
30-40°FF. Hence, the thermal efficiency will be
low compared to that of conventional plants, but
the stresses on materials and components will be
low also. Since we are dealing with a renewable,
zero cost fuel, the cost of the emergy is of greater
significance than the thermal cfficiency. To be
cost competitive, it is necessary to devise an
QTEC system where the construction and cperating
eosts are less than the construction, operating
gnd fueling costs of an alternative systcem. For-
tunately, the low stress environment of OTEC
facilitates the use of materials and designs that
are different from those of conventional plants
and consequently permits the constructien of a
plant that will be econcmically competitive. This
slso means that traditional manufacturers will have
to change their procedures, and that non-traditional
manufacturers, ecrafts, and geographic regions have
an opportunity to enter thils new field.

Finally, when comparing the economics of OTEC
with those of other energy systems, it should be
recognized that OTEC is an immature technology.

It takes decades of experimentation and development
to economically optimize an energy system. This
economic gestation period must be considered, both
in planning the demonstration and commercialization
program, and in comparing the projected results of
OTEC with the achieved results of other systems.

One must recognize that OTEC may require some form
of subsidization during the early development years,
and consequently one should not defer the construc-
tion of demonstration plants until economic competi=-
tiveness is achieved,

The Challenge and a Solution

The huge renewable ocean thermal resocurce is
available now for development as a new energy source.
The challenge 1s to demonstrate a system that will
produce and daliver energy at competitive system
pconomics.

With ERDA/NSF funding, an industrial team
consisting of Lockheed Miszsiles & Space Company,
Bechtel Corporation, and T.Y. Lin Internaticnal
studied the technical and economic feasibility of
OTEC and developed a conceptual systems design.

The study? found that OTEC is technically feasible,
and with a reasonable development program, could

be made economically competitive with fossil and
nuclear fueled energy systems. The net energy
assessment of QOTEC appeared attractive compared

to alternative systems, and the environmental
impact of large scale utilization was felt to be
acceptable, with little chance of uncerrectable
catastrophic feilure. The study 1s decumented in
detail in the technical report and is described in
several technical papers. It is not the purpose of
this paper to repeat the detsaills of the study, but
to describe the results and to focus attention on
these aspects that are of special interest to the
southeastern United States.

The plant is configured as a number of power=-
generating modules attached to a semisubmersible
spar-type core structure (Fip. 1). Each power
module is self-contained, having its own sea-water
cireulating pumps, heat exchangers, turbime, genera-
tor, working fluid pumps, and auxiliary equipment.
The modular approach provides the highest probability
of successful scale-up as well as advantages In
construction, operation, maiantenance, and repair.
Also, it oifersz minimum program rick and plant down
time and maximum potential for system growth and
upgrading. The semisubmersible spar was selected
for excellent stability, minimum air-water interface
exposure, ability to translate vertically for main-
tenance, and adaptability to the modular approach.

Power Cycle. A Rankine closed-cycle system (Fig. 2)
was incorporated and ammonlia was sclected as the
working fluid because of 1ts superior thermodynamic
characteristics, and because it was felt that ammonia
could be handled with materials and techniques
developed in the refrigeration and fertilizer
industries.

In operation, warm water is drawn into che plant
from the surface of the ocean and expelled through
an evaporator where it delivers some of its heat to
boil the ammonia. The ammonia vapor passes through
a demister and is delivered to a turbinme where ic
expands to low pressure and exhausts inte a condenser.
The turbine drives an electric generator. Cold sea
water is drawn into the plant from the deep ocean and
is expelled through the condemser where it acquires
heat as the low-pressure ammonia vapor condenses.
The liquid ammoniz condensate ig pumped back to the
evaporator to complete the cycle.
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Heat Exchangers. The heat exchangers are the
dominating cost clements in the OTEC design and
conscquently received considersble engineering
effort. The heat exchanger design was established
as a shell and tube configuration with sea water
inside the tubas. Each unit consists of 120,000
2=in. tubes mountad in double tube sheets that can
be continuously drained in case of a lesk. The
eylindrical shell is approximately 73 ft in diameter
and tube length is approximately 52 f£t. Sea-water
velocity is between 5 and 6 fps.

Power Module. The 60 MWe power module (Fig. 3) is
a positively buoyant steel structure of 9200 long
tons. It would be buiit end launched horizontally
in a conventional shipyard and, following outfitting
and testing, would be towed horizontally at up to

8 knots to the OTEC site. The module would be
ballasted to a vertical position for cable hauldown
and mating to indexed interfaces and to hydraulically
operated locking arms on the core structure. The
module is completely submerged in its normal opera-
ting positien and can be derached and returned to a
shipyard fer periodic maintenance and repair.

Located at the upper end of the module is the
evaporator, and approximately 138 it below is the
condenser. The machinery compartment, between the
heat exchangers, is a cylindrical pressure-resistant

structure that contains two Iintegrated turbo-generators

producing 60 Hz power, Four axial-flow shrouded sea-
watcr eirculation pumps are mounted inside each heat
exchanger.

Platiorm. The platform structure (Fig. 4&5) consists
of the core structure and its supporting flotation.
The core structure provides support for the power
modules, the cold-water pipe, and watertight spaces
for the crew, auxilisry equipment, and controls.

The concrcte and steel structure will be fabricated
by integrating prefabricated buoyancy tanks and
using slipform casting tochniques similar to those
being used for North Sea petroleum-production plac-
forms. The structure will weigh approxzimately
260,000 long tons. It will be completely submerged
in service except for. the top 60 ft,

Twelve e¢ylindrical shells are attached to the peri=
phery of the central core structure te provide
buoyancy for tha system. Each of the cylinders is
divided into pressure-proof compartments to permit
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proper ballasting and te prevent catastrophic loss
oF th» power plant in case a portion of a cylinder
is runtured. Ballast contrel in selected compart-
ments of the eylinders sets the depth of immersion
in the water during fabrication and maintains a
const.nt plant weight during its lifetime on stationm.
Conerate was selecred as the materilal for construc-
tion of the platform because of Lts ability to
survive in the ocean enviromment. Steel reinforce-
ment, embedded in the concrate, is used throughout
for tension and flexural strength.

Cold-"ater Pipe. The cold-water pipe (Fig. 6) con-
sists of five telescoping sections of post-tensioned
concrote pipe. Each has a nominal Iength of 200 ft
resulting in an overall length of 1,000 ft when
oxtended. The pipe is circular in cross section,
each scction being of a progressively smaller dia-
meter procecding from top to bottom. The pipe is

18 in. thick and iacorporates & in. voids to reduce
weight, ’

Mogring Concept. Single-point mooring systems were
studicd for water depths of 2,500 to 20,000 ft.
Because the mooring lime is nearly inelastic, a
combination of long scope and platform variable
ballast 1s used to maintain a constant platform
waterline.

The major elements of the mooring system are shown
jn Fip. 7. This arrangement permits the plant to
rotate about the swivel as well as the anchor. The
moorine line is an assembly of structural links
pinnes together to make up the line length required.
The links are 60-ft long cylindrical pressure
shell.. The flotation provided by the hollow links
parti:nlly offsets the weight of the mooring line.

A weight anchor was designed to resist a one~million=
pound vertical Lift and a 1.27-million-pound horizon-
tal feree and with integral fletaticm to permit it
to be towed Lo the site and lowered into positien.

Startup_and Operatiom., After the power module is
mated te the core structure and all intercomnections
are made and tested (Fig. 8), the plant is ready for
nporation, Since the plant operates with with no
fual cost, it should be baseloaded at all times,
feeding maximum power to the electric power grid.
Centralized sutomatic instrumentation and contrel
will pormit plant operatioms by a five-man warch
crew, »n a three-shift basis. Supervisory, main-
tenance, and service personnel increase the total
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crew to 35. Additional persommel may be required
for support services if the plant is distant from
shore.

Power Transmission. FPower transmission was not a
part of this effort and for purposes of economic and
net energy assessment it was assumed that the OTEC
plant would be cable-connected to a shore facilicy
approximately 10 miles eway. State-of-the=practice
high-voltage undersea cables were assumed .

Feonomic Assessment. In addition to calculating the
cost of comscruction in dollars per kilewart (Fig. 9),
the design was subjected to life-cycle cost analysis
in order to determine the cost of electricity produc-
tion in mills per kilowatt-hour (both expressed in
1974 dollars) (Fig. 10). Life-cyele cost analysis
required an estimace of annual operating cost, pro-
jectad power output and load factor as well as the
expected service life, capital requirement and pay-
back schedule, interest rates, and scrap values.

Net Energy Assessment, All energy supply systems
require cnergy inputs from other segments of the
economy in order to deliver their product. One
method of evaluating various energy systems 1s Eo
compare their net energies - the total energy pro=
dueced from a resource minus the energy invested in
facilities and processes to accomplish the discovery,
extraction, processing, coaversion, transportation,
and delivery. A net energy assessment was performed-
on the baseline design using the methodology davel-

oped by the State of Oregon, Office of Energy Researeh .

and Plaoming,”. Table 1 compares QTEC to
three systems studied in the Oregon Report.

Environmental Considerations. The study began with
tive pr.mise that there is no pollution-free energy.
But there is an oppertunity to minimize envirommental
alteracion by using a renewable natural resource.
Environmencal efforts were concentrated in two areas;
taterials selection and the maintenance of natural
ocean-~surface conditions.

Corrosion products from the structure and heat
exchanger surfaces were evaluated, and scme materials
and coatings were eliminaced because of potential
coxic offects when used in this quantity. The fimal
sclection of concrete, steel, aluminum and an
impressed-current cathodic protection system was
found acceptable.
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The effect of working-fluid leakage prior to detection
anl tepair was found acceptable in the case of ammonia.

Evaporator=tube leakage would be into the surface water

stream and would reach the photozone where it would be

biologically assimiliated.
be into the working fluid.

The sea-water effluents (Fig. 11) were designed to be
discharged at near isothermal depths in crder to mini-
mize ¢hanges in ambient water temperature.

Engincering Development and Demonstration

An OTEC plant could be built and demonstrated
today, but an engineering development program is
essential to the achievement of cconomic competitive=
ness. The study identified the critical rechnical
problems angd proposed several approachs to an engin-
ecring development and demonstration program.

{Fig, 12) shows a 10-year

Condenser-tube leagkage would

The program schedule
development span starting
years, preliminary design
component development and
development is a two-year
be developed include: (1}
and the tuoling necessary

in 1976. For the f{irst two
is closely coordinated with
site selection, Component
span. Major components to
advanced heat exchangers
for their construction, {2}

ammonia turbines In the range of 60 MW capability,
{3) hydrodynamic modeling of the platform, cold-water

pipe, and mooring system,
{5) cold-water pipe.

(4) sea=-water pumps, and

Site test and selection will require approximately
two years to determine the location in which OTEC

is rmost likely to succeed, to obtain envirommental
data, and to econduct corrosion and fouling tests that

may be site-peculiar.

In review, a system has been devised that could
be demonstrated, and with a reasonable amount of
engineering development, could achieve economic

competitiveness.

ERDA has initiated s development

and demonstration program, and if all technrical mile-

stones are achieved, a demonsctration will be conducted

and commercialization will be initiated.

Regicnal Implications

During the next year, ERDA will evaluate and
select a site for the Initial testing and demonstra=-

tion of OTEC, and for the next decade, that site will

be the focus of the talent and facilicles assoclated

with OTEC technelogy.

It is wery likely that commer-

cialization will occur first where there is a large
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demand combined with an established base of expertise

and facilitlies. Hence, the selection of the demon-
stration site ecould have long term significance for
the regional economy.
government investment, and to preclude the costly
relocation of perscnnel and facilities, the ERDA
test and demonstration site should be located ini-
tially where there are sufficient resources and
demand svailable for large scale commercializatiom.
TPotential locations can be identified on all coasts
of the mainland, as well as Hawaii and Puerto Rico,
but since this workshop is regionally oriented, this
paper will address only the southeastern States.

The zoutheastern United States has these
resources close to the ocean thermal site in the
Carribbean and Gulf Stream. The Gulf Cecast and
Mississippi River shipbuilding industry and off-
shore construction companies can build the OTEC
structures, while asrospace companies can constriuct
the aluminum heat exchangers. Therg is a labor
force skilled in marine construction and operations,
There are universities to address envirommental
issues and to undertake advanced research tasks.
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OCEAN THERMAL ENCRGY CONVERSION:

A VIABLE ALTERNATIVE

Abrahinm Lavi
CIT Professor of Engineering
Carnegie Institute of Techmnology
Carnegie Mellon University

Abstract

Contrary to the claims of nuclear

has an alternative to fission energy.

power enthusiasts, the United States
Splar Sea Power Plants based on the

conversion of the thermal encryy stored in the tropical oceans can begin
feeding power into the national grid of the U.S. mainland as carly as 1985.

The cost of this source of energy is s
10,000 Mw

energy. The desired goal of

hown to fall below that of nuclear

instzlled by 1990 can be realized

only if work begins soon on a small power plant not larger than 2-5 MW,

to become cperational before 1980,

Introduction

During the May 1975 OTEC Workshop at Houston,
the results of the two major systcm evaluation stu-
dies conducted independently by Lockheed and TRW
were presented. A purpose of these two studies was
to obtain unbiased and impartial cost estimates of
OTEC power plants. The early proponents of OTEC,
mostly people at universities, were coming out with
rather low cost estimates. In May 1974, our OTEC
team at Carnegie Mellon University could foresee 4
potential low of about
This optimistic estimate was predicated on the pos-
sibility of making a staggering improvement in the
heat exchanger cost which dominates and drives the
total plant capital cost, inciuding the hull, the
mooring system, the cold water intake pipe, etc.
The University of Massachusetts team was predicting
then a different and higher cost, although their
design was restricted to a single site; it included
the hull, the energy delivery asnd the cost penalty
of siting the plants at a low AT location with a2
strong current.

When Lockheed and TRW arrived at a capital cost
of $2600/ and $2100/kW, Tespectively, it took some
time for us, as OTEC proponents, to Trecover from the
initial shock. After carefully studying the voluni-
nous repcrts published and reading the fire print we
concluded that, contrary to surface appearances,
analyses by industry and the proponents were'hot
really widely disparatez.

$200/kiw! for the heat engine.

First of all, the industry evaluators dropped
their impartiality to OTEC and, as a matter of fact,
became avid proponents. The conclusions reached by
the industrial fiTms were:

« OTEC is technically feasible;

« OTEC can be made competitive with conventional
energy sources;

« There are a number of ways OTEC plant costs
can be reduced;

« OTEC should be given higher national priority;

» Prototype design or large scale testing
should proceed henceforth,

Both Lockheed and TRW arrived at what was bill-
ed as baseline designs; that is, designs and materials
were proposed using state-of-the-practice items. In a
way, the cost of the baseline design plants is an
upper bound, because both industry teams exhibited =&
very conservative attitude in arriving at their
designs. Unfortunately, the baseline designs and
their cost became fixed in the minds of some as "the'
DTEC plant designs and "the" cost of the plant.

ERDA deserves the credit for having initiated
these studies, because at least now uwe have ‘'reliable"
cost estimates from hard-nosed, impartial “engineers"”
and not the pie-in-the-sky optimism of '"academics'.
One would have hoped that OTEC priority would rise
within ERDA but unfortunately nothing of the sort has
happened, OTEC is accorded the lowest priority of
all solar energy schemes; this means funding level,



manpower, and development schedule.

During the May 1975 Houston Workshop, the CMU
team attempted to reconcile the various cost esti-
mates of industry, the University of Massachusetts,
Carnegie Mellon and the Applied Physics Labs of Johns
Hopkins University. We concluded then that, had all
proponents and evaluators used the same initial
assumptions and materials, the capital cost estimates
would have tallied up more or less the same, Roughly
speaking, with today's know-how and engineering prac-
tice, OTEC would cost between $2100/ and £2500/kW,
dopending on the ocean AT of the site. These are
late 1974 figures, of course.

Some cost reduction may be realized through
automation of heat exchanger manufacturing. But
such a reduction does not have the multiplicative
effect that we seek. To be effective, heat exchan-
ger cost must be reduced, by reducing their size or
material or both. The approaches of the Andersonms,
the University of Massachusetts, the Applied Physics
Labs and Carnegie Mellon can accomplish this desired
reduction in the effective manner sought. To our
knowledge, only the (MU approach has moved into the
experimental stage. We are pleased to repert that
preliminary experiments, conducted by Professor
Rothfus as part of Category B ERDA grant, promise
that 30% reduction is feasible. That is, by using
"extruded tubes with flutes on the water side, we
need 30% less surface area than by using a smooth
tube. This conclusion appears valid for a wide
range of water velocities, from 2 fr/sec to 10 ft/sec.
We feel that 50% reduction is definitely attainable
with little additionai effort. We are cenfident that
an overall heat transfer coefficient af 1500 BTU/ ft?
°F sec can be achieved using flutes on both water
and ammonia sides. This is in contrast to the ~450
figure used in the baseline designs of Lockheed and -
TRW. With this reduction, we knock off 3600/kW from
the heat exchanger cost and an additional $360/KN
from the other components, We are thus talking about
$1000/ - $1100/kW OTEC plants. At such capital cost,
OTEC begins to look like a viable alternative. It is
our firm belief that the OTEC effort should be con-
centrated to achieve this goal in the shortest possi-
ble time. The question facing the coumtry and the
industrial nations is not whether OTEC will interfere
with shipping on the high seas, but rather, whether
alternatives to fossil and nuclear energy exist.

We do not imply in this presentation that only
the CMU approach can bring this cost reduction about.
Nor do we suggest that international ramifications
of siting OTEC plants on the high seas are not impor-
tant. But the issue we face is whether OTEC has any
promise. The various studies to date claim it does.
We have to demonstrate these claims because once we
prove these claims, OTEC will enter a new era and
will require a different aura. If the claims are not
valid, then the quicker we discard OTEC, the better.
Certainly, OTEC should nct receive the suppert of the
“Energy Research and Development Administratien' if
it is merely a scientific curiosity or a mamoth
engineering undertaking.

Projected Future of OTEC

An outstanding question remains. Will OTEC be
competitive with conventional power plants? Because
the cost of electric power from fossil fueled plants
is very sensitive to the location of the plants with
respect to coal supplies, a comparison of OTEC can
most appropriately be made with light water nuclear
reactors. The initial cost of the nuclear plant,
plus the capitalized cost of the nuclear fuel,
should be compared to the cost of an OTEC plant,

The nuclear industry has published the anticipated
contributions of initial cost and of fuel to the cost
of power as 17 mills and 5 mills/kWh respectively
for a total of 22 mills/kWh®. These figures are no
longer valid.

In the September 1975 issue of POWER ENGINEER-
ING, 01ds* published a very illuminating article
which should be read by anyone working on energy

systems. While one may disagree with his thesis, the
data he presents are extremely revealing. The lead
time on nuclear plants today is 10 years. According

to Olds, ™. . . the industry is looking at 1985 costs
of $1500 - $2000/kW for plants it is ordering

today at the same time new plants are coming on line
for $300 - $400/kW." This increase in cost cammot
be attributed to inflation or environmentalists’
obstructionism. To complicate matters, the cumulative
unit capacity factor is dismally low, averaging
between 55-60%. This poor operating experience cannot
be blamed on the environmentalists.

It should be recopnized that the fuel cost in
the nuclear power plants of today is a small fraction
of the ammortized cost of the plant. Hence, we should
not expect a substantial decrease in mills/kWh from
the breeder reactors on account of cheap fuel. Even
the most enthusiastic of breeder reactor proponents
cannot promise a lower capital cost and better per-
formance from the light water reactor plants.

The figures quoted above illustrate that OTEC
has a. good chance of beating nuclear eneTgy on econe-
mic grounds alone. Even with the added cost of under-
water transmission toc bring the energy to the Gulf
states and Florida, the cost will go up scmewhat but
as leng as the distances involved remain within 50
miles of shore, QTEC will remain competitive. '

i

Potentials for Cost Reduction

In most manufacturing processes, the umit cost
drops down as more units are built. The drop in cost
we are discussing results from a "learning" phenomenon
which takes place. It is reasonable to postulate the

learning
R 1
costfunit —
NG
where .2 <a < .4 and N is the cumulative number

of units which have been produced, including the one
under construction.

The application of this learning curve to OTEC
is illustratcd in the following table for the very



conservative value «=0.2. Of course, we do not know
whether o will remain at .2 throughout. Suppose
that a=0 beyond the S5th wunit constructed.

Example of Learning Curve for a=.2
nit Ne. N Unit Cost/kW

$§1100
958
B83
834
797
765
745
726
703
694
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Thus whereas the first OTEC plant may be just margin-
ally competitive, the tenth plant would be highly
competitive if learning continues through the tenth
unit. Such a reduction in unit cost can be realized
only if successive plants are designed and built with-
out major modifications. The Westinghouse Tenneco
concept of cffshore floating nuclear power plants
could have resulted in cost/unit reducticn, had the
venture gotten started. Land-based nuclear power
plants seem to be an anomaly in this respect, because
the cost of successive plants seems to increase.

Further reduction in capital cost can be achieved
through improved manufacturing, particularly that of
heat exchangers. Comparing the raw materials cest of

heat exchangers to the final delivered cost, there is
roughly a multiplier of 20. We suspect that if the
demand for OTEC heat exchangers is established (at
2000 MW/year) there will be sufficient incentive teo
manufacturers and builders of OTEC to bring about a
drop from 20 times to, say, 10 times the materials
cost.

Deployment Growth

When we now combine the anticipated developments
described earlier which will bring the cost of OTEC
to the $1I100/KW level with the industrial learning
curve, we cbtain a wedge with which OTEC plants can
begin to supply power to the U.S. mainland.

To obtain a time scale, we must make some assump-
tions on the rate of build-up of manufacturing capa-
bility. Some idea of the rate of manufacturing build-
up capability may be gained from the scenario for
LMFER's generated by Chauncey Starr, President of the
Electric Power Rescarch Institute. This scenariec is
presented in Fig. 1. It starts with an annual doubling
of manufacturing capability. Because the technology of
OTEC is relatively low level, we believe a similar
annual doubling is a reasonable goal for OTEC. Taking
the first full sized commercial plant to be built by
1983, we now illustrate how the installed capacity of
OTEC will increase over the years. We have to remember
that an OTEC plant can be assembled in a shipydrd and
hence will require little on-site constTuction. Also
we are competing with nuclear plants costing between
$1500-$2000/kW (including escalation}.
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Early plants will probably be small, of the order
100-200 MW. Because of the planned active participa-
tion of the state of tlawaii in OTEC development, the
first full sized commercial plant will probably be
built for Hawait. The next nine plants could be used
in the Caribbean to power the normal expansion of
alumina reduction plants. By the year 1587, this
normal expansicn will no longer be able to absorb all
OTEC plants being built. Because of the learning
curve, the plant cost will be reduced from $1100 to
$800. The latter cost is now sufficiently low so as
to be able to compensate for the added cost of opera-
ting with the somewhat cooler surface temperature of
the Gulf of Mexico, 76°F in place of 79°F, and for the
added cost {$205/kW)} of underwater cable transmission
of 100 miles to the coast. We estimate the total
capital cost of OTEC plant plus cable to be 31050/kW,
still competitive with nuclear power. The power so
transmitted to the Gulf states would now be used to
take care of the normal requirements for annual incre-
ments of power, until that timc when the increased
output of OTEC plants exceeds the normal growth in
power demand of the Gulf states plus the aluminum
industry. The excess power would then have to be
transmitted beyond the Gulf states of Texas, Louisiana
Mississippi, Alabama and Florida to the remaining
states, Upon observing that the Gulf states consume
16% of the total electric power, and upon assuming 2
doubling time in power use of 15 years in contrast to
a historical 10 year doubling time, we calculate that
the noermal increase in power capacity of the Culf
states will be saturated with OTEC by the year 1590
if a 2.5 MW plant is deployed by the late 1970's. By
1990, the total power generated by OTEC will be
10,000 MW,

We wish to digress here to reexamine the learning
curve, The cost per ki is based on an initial plant
capacity of 100 MW, Had we started with a greater
first plant capacity, the initial §/kW would decrease
with the plant size because the hull and the pipe are
not scaled linearly. Thus, to reach a 1000 MW instal-
led capacity by deploying 10 plants, 100 MW each, the
cost for the next 1000 MW is anticipated to be about
$800/kW. However, if the plant size were 1000 MW, the
following plant would still cost 3938/kiW. Thus it
pays us to build small plants in the beginning to bring
the unit cost down, rather than to take advantage of
the economy of scale. Later, when no further learning
is possible and no further cost reduction can be
realized, the plant size is raised to take advantage
of the economy of size,

The notion that cost can continue to drop with
each additional plant is of course fallacicus, The
curve does saturate beyond a certain Nmax which we
do not yet know. In other words @ changes its value
and becomes zere, It is more realistic to postulate
a learning curve of the form

C/kW = Cq + Ci/N®

0f course the true nature of the curve for a
given application can be known only in retrespect.
But the notion of a learning curve remains an indis-

pensible thesis in this discussion.

Beginning in 1990, OTEC power will be transmitted
beyond the Gulf states. By this time the learning
curve and manufacturing improvements will have further

_ reduced the cost of OTEC plus underwatcr cable below
$1050/kK. The figure must become sufficiently low to
allow for additional investment in long distance high
voltage D.C. transmission lines, The 1970 Natiocnal
Power Survey (I-13-16} of the F.P C. gives a cost of
3.5 mills/kWh for 1,000 miles, Upon assuming today's
cost to be twice that value, we conciude that the cap-
italized cost is ~§350/kW. Barring any further reduc-
tion in cest of plant and underwater cable, we thereby
arrive at the average total capitalized cost of $1400
JkW for QTEC in the interior of the U.S., 2000 miles
from the shore. We anticipate the cost of nuclear
fuel in 1990 to increase considerably above the 5 mils
/kWh assumed. Likewise, safety requirements, utiliza-
tion and other factors may drive the cost of nuclear
power beyond the 32 mils/kWh calcuiated from the
$1400/kW capital cost.

The straight line representing an znnual doubling
of OTEC plants finally levels off afrer 1956, Ar this
time 2ll new additional power capacity will be OTEC,
so the growth of these plants will be tied to the

. growth of the U.5. generative capacity,

Need for Government R § D

Fig. 2 has been constructed solely to show what
coule happen without further government subsidy if by
1985 government-sponsored R § 0 has brought the cost
of a 100 MW OTEC plant down to $1100/kiW. Kum Li of
Carnegie Mellon is developing alternate scenarios for
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achieving the over-all growth curve represented by the
heavy straight line in Fig. 1. The number of viable
alternate scenarios multiplies as the prices of natur-
al gas and petroleum increase.

The OTEC growth curve discussed sbove is predi-
cated upon sufficient R D § P before 1985 to enable
OTEC plants to be built at a cost of not more than
$1100/kW. When one contemplates what action must be
taken to accomplish this objective, the time between
now and then is amazingly short.

The scenario just presented requires building a
2,5 MW experimental plant by 1879, a 25 MW full scale
pilot module during 1982. Interestingly, these units
£all upon a backward extrapolation of the learning
curve of Fig. 1. Prior to even the 2.5 MW experimen-
tal plant, a tremendous amount of design data must be
gathered. As Ronald Smelt of Lockheed has emphatical-
1y stated {private cemmunication with C. Zencr, July
1975), all necessary engineering input must precede
starting on the learning curve. The continued new
design changes demanded in the past by the AEC, coupled
with their high technology content, has prevented
nuclear power plants from even getting started on a
learning curve.

Factors Favoring Learning Curve Thesis

Development and censtruction of OTEC plants deo
not hinge on scientific breakthroughs or costly and
time-consuming materials development. OTEC requires
no basic research and no new technology. All the
materials required by an OTEC plant are commercially

available in the U.S. and are abundant throughout the
world: steel, concrete, copper, aluminum and even
titanium.

OTEC plants can be built in shipyards similar to
those in existence in other countries. The North Sea
oil technology is far more advanced and elaborate than
that demanded by OTEC plants. In additioen, OTEC plants
can be replicated, much like building a family of large
ships. Thus there is no need for the time-consuming
re-engineering associated with conventional and nuclear
plants.

Conclusion

The OTEC concept is ready for entry into the
experimental phase, and it is EKDA's responsibility
to lead development. Additional theoretical studies
will be useful in exploring advanced concepts, but
concrete data are neceded to build confidence in system
reliability and economics, and to crystallize a base«
line design. Private industry is understandably rcluc-
tant to develop OTEC since, due to economic uncertain-
ties in the global energy picture anrd the ahsence of a
firm U.S. energy policy, industry is hesitant to risk
resources, manpower and capital. Thus, it is up to
Government to initiate an OTEC testing and developrent
program to yicld a working commercial plant which will
attract private capital, if ecenomic projections are
substantiated as expected. The rime to act is at hand;
it makes little sense to perform an annual ritual of
predicting the future of OTEC by taking last year's
predictions and extending the completion dates
of future milestones.
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SALINITY GRADIENTS, TIDES AND WAVES
AS ENERGY SOURCES

by

Dr. Michael E. Mclormick
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Annapolis, Maryland 21402

Abstract

The alternate energy sources of wind-waves, tides and salinity gradients are
discussed in terms of their resource potentials, required technolegies, and environ-

mental consequences.

From the various aspects discussed, it is concluded that salinmity

gradient energy conversion will yield the most energy and, yet, is the mest unfeasible

in light of present technology.
no technological breakthroughs.
shoaling waters with existing technologies.

Tida1 power conversion is very regional but requires
Wave energy can be extracted both in deep waters and
Further, the environmental consequences

appear to be minimum, thus making wind-wave energy conversion most feasible.

Introduction

Throughout recorded history there are many
descriptions of attempts to harness the conspicuous
energy forms of the oceans, i.e., waves, tides and
ocean currents. More recently, the not-so-obvious
energy sources of thermal gradieats and salinity
gradients have also been considered. The purpose of
this paper is to present discussions of three of these
alternata epergy sources in the oceans: wind-waves,
tides and salinity gradients. Each discussion covers
the following three aspects of the particular energy
source:

{a) Resource potential. Is there enough energy
available to merit a natipnal effort into conversion

of the energy?

(b) Technology. If the resource is sufficient,
is the technolegy available to convert the energy,
or are technological breakthroughs required?

(¢) Environmental Consequences. If the alternate
energy source is utilized, what beneficial or damaging
effects on the environment will result?

Wind Waves

Waves which one normally encounters at the
shore are wind-waves, i.e., they have been generated
by the wind blowing over a patch of the sea. The
Yength of the patch in the wind direction is called

the ™fetch" and is denoted in Figure 1 by F. The
energy which the wave receives from the wind depends
on the fetch, the duration of the storm and the wind
velocity. This energy of the wind-wave in deep water
{where the depth is greater than half of the wave-
length) is characterized by the wave height, H, and

eriod, T. Theoretically, the total wave energy
Fsee McCormick {1973)] is
E = pg H2T? m
T .

As explained in the U. S. Army (1974) publica-

" tjon, the waves created by a given wind velocity are

"Fully developed" for a given minimum fetch, Fpin.
and/or minimum duration of the wind. This means that
for a wind velocity existing longer than the minimum

© duration or extending over a disiance greater than

Frin there is no change in the net energy content of
the waves so that the height and period (and length)
of the wave are fixed.

A. Resource Patential

On a national scale, let us use a value of 1/2 %
of the total annual energy consumpticn in the United
States as a minimum eneryy resource value to justify
the investment of Federal funds to tap the energy
source. For example, this means that for the case
of waves the total annual wave energy available to
the country must exceed /2 % of the national re-
quirement in order to be a viable resource.



From seasonable wave height and wave period data
presented by the U. 5. Army (1974) the author calcu-
lated the seasonal changes in wave power in the coast-
al waters of the continental United States. These
data are presented in Figure Z. From the curves in
Figure 2 one can see that the most advantageous
region to convert wave energy is atong the Oregon-
Washington coast during the Fall and Winter months,

A not-so-close second is atong the coast of California,
atthough rather strong argumerts have been presented
to this authaor by residents of Southern California
for wave energy conversion in their region. From
Figure 2, using rather crude distance measurements
along the coastlines, the maximum wave power striking
the Oregon-Washington coastline occurs in March and
has a value of 12 x 10* megawatts, while the minimum
value of 3.8 x 10" megawatts occurs in August. Along
the U. §. coastline in the Gulf of Mexice, which is
more than twice the length of the Washington-Oregon
coast, the maximum wave power is 1.1 x 10* megawatts
and occurs in April while the minimum value (in
August} is 0.4 x 10" megawatts.

Isaacs, et al {1976), present an interesting
idea based on the concept of a "fully developed”
sea (which has been previously described). S$ince
the energy of a fully developed sea is constant,
energy extracted from the wave beyond the minimum
fetch, Fpin in Figure 1, can be restorad by the wind
in the region Fpip < x < F.  This means that for
large fetch values, i.e., F > nF pj, where
n=1,2,3--, maximum quantities of energy can be
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extracted at cne or more x-positions depending on the
wind velocity, the valug of F, and the duration.
Thus, if wave energy is converted both at sea and on
the coast the total emergy converted from wind-
generated waves is much greater than that obtained
simply from shoreline conversion.

B. Technology

There have been many devices conceived for the
purpose of converting wave energy. For example. in
the early 1900's a Frenchman by the name of Bouchaux-
Praceique designed ard constructed a "wavemotion
turbine" which supplied a1l tight and power to his
seaside home. Arthur Palme {1920) described the
device as being unaffected by tides and, because of
a unique design, the turbine was free from fouling
and corrosion. A schematic diagram of the Bouchaux-
Praceique converter is shown in Figure 3.

More recently John Isaacs, et al, (1976) con-
ceived and successfully tested a2 deep water device
which has an excellent potential for practical usage.
The device, which is sketched in Figure 4, consists
of a float (designed to take advantage of the orbital
motions of the water particles within the wind waves)
through which a long, vertical, center-pipe passes,
The bottom of the center-pipe is in free-communication
with the sea. When the flcat heaves downward, the
valve within the centerpipe opens allowing water to
flow upward, When heaving upward the valve is
ctosed and the internal water level remains at a

constant height relative to the pipe. Over each
GENERATOR
N
.
N
oy

v

f _ABY-PASS

//@K—\—\g

ACCUMULATOR —
GENERATOR\'_

CENTER-PIPE |

ONE-WAY mve-—-—-zl\

/I

Isaacs Wave-Energy Converter.

FIGURE 4.

PRESSURE CA7

FIGURE 3.

WATER SLOW T10E
AN\

//:Q\

Bouchaux-Praceique Wave-Energy Converter.
35



wave cycle more water accumulates above the valve “"“Lfﬁﬁ’
until air above the water in the accumulator tank
is so compressed that no more water is accepted.

|
The air pressure, p, combined with the hydrostatic :mus-——-._‘:::ﬁd[lH : ::xmun

head of the water forces the water through a turbine,
This encrgy from the turbo-generator system can be FLOAT OR PLATFORH
used to create hydrogen for export to land in LNG-

\TURBIIIE

type carriers, or can be transmitted to shore through s ' ﬁﬂf/?j
cables if the distance is not too great. _J; 'i;# ks
—_——— —— Ly - h e —— —
. . . / 7] /""-‘./‘
A device which can be used either in deep or -“_"’,'f;’//_/b’lj AR ("“’f~““-_____

shoaling waters is the pneumatic type converter

devised independently by bath Masuda (1971) and !
R. Rodrequez of the RMR Corporation of Maniia.

This system depends on the surge-chamber resonance

of a center-pipe situated as diagrammed in Figure 5. CENTER-PIPE—" |
Since the water-column in the center-pipe is designed

to resonate with the wave, one would assume that the
device would onty be effective in a narrow bandwidth ‘/‘/f t\§:“

about the natural period; however, in a thearetical
analysis of the device McCormick (1975) showed that
if the radius of the center pipe is 4.6] m and the
draft of the pipe is 1.5 m, then the half-power band-
width of the device is approximately 7 seconds in a

1 meter sea, and the air driven through an alternating
turbine system above the free-surface of the water-
coturn will ideally deliver a maximum power of 24
kilowatts at a period of 4.5 seconds and drop off to
12.5 kilowatts at both 3.5 seconds and 10.5 seconds.
Both the Masuda system and the Rodrequez system are
comercially available for buoys, and the Masuda
system has also been successfully used in Japan to
power lighthouses.

FIGURE &, Preumatic Have-Energy Converier,

J. S. DeMaree of the Suppliers, Inc, of Lexington,
Kentucky has invented a system for use in deep ard
shoaling waters whicn prematurely czyses the waves
to break. Inshore of the break the wave naturally
begins to surge and then strikes an impulse-type
device shown schematically in Figure 6. The advan-
tage of this device is that by prematurely breaking
the wave it converts the wave-motion to a surge and,
therefara, mast of the wave energy is kinetic. A
sccond advantage is that the structure's foundation
can be placed below the region of wave action and,
therefore, will not encounter the problems caused
by scour. Further, by being placed offshore of the
surf zone the structure does not interfere with
Tittoral currents. "

RELIEF YALYES

for use in the surf zone, the Bolding-Atexander ATR PASSACE MoK Tioe
Corporation of Rialto, California has proposed a
preumatic device which is sketched in Figure 7.
This davice takes advantage of the surging motion
of the broken wave (hopefully in either a plunging
or surgirg condition). The surge forces air
through cne-way valves intD a storage tank. The
compressad &ir can then be used to drive an air
turbine. When the backrush occurs, the tank supply

valve is closed while a breathing valve cpens which - ‘.;:;%
prevents a partial vacuum te occur durirg the o e
backrush.

A wave-energy conversion device invented by
S, H. Salter (1974) should also be mentioned here and
is further illustrated and discussed in Part I of the
three part article by Arthur Fisher {1975). This is a FIGURE 7. Bolding-Alexander Wave-Energy Converter.



retating device which is designed to operate in deep
water, i.e.. where the wavelength, %, is less than
twice the depth, h., i.e., A < 2h. Since Dr. Salter
is a contributor to this conference, the author will
leave a more knowledgeable and detailed discussion to
Dr. Salter.

C. Envirommental Conseguences

As an introductory statement, it can be stated
that all energy-conversion devices have some environ-
mental consequences associated with their use. Some
may be trivial and others may be seriopus. No matter
how minor, however, all environmental effects must
be thoroughly studied before each device is oper-
ational.

Wave-enargy extraction may result in an ecolog
fcal disaster or may result in a minute ecologicat
change, depending on where the energy is extracted.
Energy extraction in a shoaling region, i.e., where
the wave "feels™ the bottom, can drastically alter
the littoral processes along the coast. The energy
needed for both erosion and accretion of sand comes
from the waves, If the energy is removed from the
waves at an pffshore position where the waves cannot
recover {from the wind) then accretion wiil take
place and a "tombolo" may form between the device
and the shore, thus, depriving the downdrift side
of the tombolo of sand [Figure B),.

If the device 15 placed offshore of the mouth
of an estuary, then a "delta" may form causing a
redirection of the currents and, thus, changing both
the salinity gradient and temperature gradient in
the near region of the estuary. This region is
normally the most biologically productive.

Devices which utilize the energy of waves broken
along the coastline are actually using energy which
would normally be dissipated by turbulence or perco-
lation. The littoral current within the surfzone
should experience 1ittle change and therefore, the
coastal environment is slightly affected by this
type of device.

The method of energy extraction from a fully
developed sea at a position where the wind can
replenish the energy lost by the wave is the most
ecologically satisfactory. As previously menticoned
beyond the position where the sea is fully developed
the wave energy is unchanged by the wind at the
air-sea interface. For example, if

50 km/hr
4 hours

{a} Wind velocity, V
{b) Wind duration, T

a0

then

(c) Minimum Fetch, Fpip = 45 km
and
) {d) Significant Wave Height, H_ = 1.68 m

{e) Significant Period is 5.2 feconds

From these data, which are from the U. S. Army {1973),
one sees that the wave energy can be extracted every

45 km or about 27 miles. The waves begin to form
Just beyond the point of extraction so that the
oxygenation of the surface waters by the wave
motion is assured.

Tides

Tidal-energy conversion, 1ike wave-energy
conversion, has stimulated man's imagination for
centuries. In 1966 the dream of harnessing the
tidal power was realized with the construction and
operation of the first commercial tidal power plant
in France near St. MiTo on the Rance River. An
excellent article describing the history and per-
formance of this power plant was recently written
by C. H. Lebarbier (1975). There is much litera-
ture devoted to tidal-energy conversion, one of
the most thorough coverages being in the collection
of papers resulting from an international conference
which took place in Halifax, Nova Scetia in 1970,
The collection was edited by T. J. Gray and 0, K.
Gashus (1972).

A. Resource Potential

A "rule-of-thumb" which is used in the deter-
miration of the feasib3lity of tidal-energy con-
version is that it is not practical to convert the
energy of tides with an average tidal range of less
than 5§ m,

Using this as a criterion,let us examine the
average tidal ranges along the coastlines of the

ZBREAI(ER LINE

WAVE DIRECTION

{a} -Tombolo Formatien {b} Delta Formation

FIGURE B. Possible Coastline Alterations,
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continental United States, as shown in Figure 9.
The data in Figure 9 is taken from the 1973 U. S,
Army publication. Referring to our mintmum tidal
range requirement of 5 m, one sees that the region
which is most suitable for tidal-energy conversion
is along the northeast coast of the state of
Maine, particularly in the Passamaquoddy Bay-Cobscook
Bay waters. These waters are shared by both the
United States and Canada. There was 4 tida) -power
project started during Franklin D. Roosevelt's
administration in the 1930's. This project,
however, was abandoned because of the high costs
involved. An excellent history of the Passamaguoddy
project was written by J. G. Crowley (1975) and was
geproduced in the Congressional Record on July 8,
975,

With the recent increases in the price of
petroleum and the severe effects of the oil embargo
on the New England Statss, wuch political pressure
has been applied to harness the tidal power of the
Passamaquoddy. The Energy Research and Development
Administration (ERDA} has been asked by Congress to
further study the feasibility of the tidal power
conversion,

B. Technalogy

The harnessing of tidal power requires no
technological breakthroughs. The turbines used in
the Rance River power station, from Lebarbier{1975},
are of the Kaplan type with feur adjustable runner
blades. The efficiency of the turbines depends on
the head and varies from 55% to 857 with 2
corresponding head variatien of from 3m to 11 m.
The reader is referred to Lebarbier {1975} and to
Gray and Gashus {1972} for a compiete coverage of
tidal power technology. Further, the three-part
paper by R. H. Charlier (1969 and 1970) contains
one of the most complete lists of references on
tidal power in existence.

C. Environmental Consequences

The natura) sites for tidal power plants are
unfortunately in rather biologically productive
regions. The waters are "relatively shallow
coastal estuaries and qulfs," as stated by
E. M. Wilson (1973). Any alternation of the flow
patterns in these waters will affect some link in
the food chain either directly, or indirectly.

Some of the environmental effects of proposed tidal
power plants are discussed by D. H. Waller in the
book edited by Gray and Gashus (1972).

Salinity Gradients

The concentrations of salts in the oceans vary
from place to place and, also, with depth since
these concentrations are functions of temperature.
Thus, the warm surface water {e.g., at 20° C) will
have a higher salinity than that at the colder
depths {e.g., 5°7 at 600m) where the salinity will
range T-om 36.0 ®fon On the surface down to 35.0 9/co
at a deoth of 600 m. The most significant change in

~a function temperature.

the salinity occurs at the mouth of an estuary where
the fresh river water meets and mixes with the
saline ocean waters.

When a semi-permeable membrane is placed between
waters of different salinities, a pressure gradient’
occurs across the membrane which causes water to
pass from the lower salt concentration to the higher
and, therefore, dilutes the water of higher salinity,
This high pressure is known as the “osmotic pressure"
and is a function of temperature, Water may also
pass through the membrane in the opposite direction
if the ambient pressure of the water of higher
salinity exceeds the "natural” osmotic pressure just
described. Thus, there is a natural and continuing
process which can both produce fresh water and, in
the case of power generation, create a difference in
head between the waters of different salinities.

A. Resource Potential

The osmotic pressure, as previously mentioned, is
According to Francis A.
Richards in the book edited by J. F. Brahtz {1968)
t?e ?smotic pressure(in atmosphereslat a temperature
T(°C} is

_ 273 + T)
P = P, 553 {2}
where P ° -12.08 (ATF)
and aTF js the towering of the freezing

COLUMBIA RIVER, 2 M
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FIGURE 9, ODally Aversged Tida] Ranges for the Lontinental United States.



temperature due to salinity from the fresh water
value of ¢°C, 1.e.,

AT = -8.66 x 1072 ¢ - 6.2 x 107%{c1)? {3)
Using these relationships Richards states that
for T = 25°C an increase im chlorinity, ¢1, from
10 /00 to 22 /oo will raise the osmotic pressure
froui 12.87 atm to 29.33 atm. If a semi-permeable
membrane could be stretched across the mouth of an
estuary to separate fresh water from 35 Osgo sea
water then the osmotic pressure would be avout
24 atm, i.e., a head of about 238 m of fresh water.
One can think of an equivalent dam which is 238
m high supplying water to a turbogenerating system.

As pointed out in the publication by Wick and
Isaacs (1975}, the hypersaline bodies of water, such
as the Great Salt Lake or the Dead Sea, and salt
flats present even greater potential energy
source. It is pointed out for each 1 2/00 of
salinity there is about 0.7 atm of osmotic pressure,
Thus, for the Dead Sea, where the salinity is
270 /oo, P = 189 atm which is equivalent teo a head
of 1,890 m of fresh water, i.e., somewhat over
one mile in height.

B. Technology
To this author's knowledge there have been

three methods of converting salinity gradient energy,

The first methed was discussed by Levenspiel and
deflevers (1974). Their idea is to take a large

\
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vertical tube with a semipermeable membrane on the
lower end and drive it into salt water. Referring
to figure 10, the tube would remain empty, {(Fig 10a)
unti) the osmotic pressure is reached. If the salin-
1ty of the water is 35 O/go then this pressure would
be reached at a depth of 238 m {Fig. 10b). Beyond
this depth fresh water would pass into the tube
leaving the salts behind. Since fresh water is
Tighter than salt water, the level of fresh water
would rise above the 238 m depth {Fig. 10c), If
now, as sketched in Figure 10d, the fresh water is
allowad to pass through a turbogenerater and empty
into a tube which draws less than 238 m then the
fresh water wilt generate etectrical energy and pass
out through the semipermeable membrane of the
"shallow" tube. If the draft of the original {(deep)
tube is sufficient, then the fresh water will rise
above the free-surface of the salt water. In this
case the "shallow" tube is not needed since the
exhaust from the turbogenerator will empty into the
free-surface. As an example of this concept, given
by Levenspiel and deNevers (1974}, consider the
original pipe drawing 10* m in 35 O/op salt water.
The fresh water in the pipe will rise to a heigh

of .

Zo=-238m+(% -1 10*m
ot
- 238 m+ (JI-% -I) 10" m
= 26m (4)
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FIGURE 10. Deep Water Salinity-Gradient Energy Converter,
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Thus, a head of 26 m of fresh water can be converted
to olectrical energy and, in addition, the fresh
water can be used for other purposes.

The second energy conversion techrnique described
by Wick and Isaacs ?19?5) involves damming-up the
mouth of an estuary as shown schematically in

Figure 11, allowing the fresh water to pass through

a turbogenerator and into a buffer lake the free-
surface of which is less than 238 m delow that of

both the river and the ocean. BDue to osmotic pressure
the fresh water would then pass through a series of
tubes which would be capped with semi-permeable
membraneas.

In both of these methods the main technological
problem is associated with the sami-permeable mem-
brane. Membrane technology has nct advanced to a
point where very large self-cleaning membranes can
be manufactured.

Further, the cost of constructing the twin-dams
needed for the second technique is enormous. The
costs of other fuels, however, may eventually
justify the construction of such devices, provided
that the membrane problem can be solved and the
environmental consequences minimized.

The third device suggested for the conversion
of salinity gradient energy is the dijalytic battery.
This is a rather Tow-yield device and cannot be relied
on to significantly help satisfy cur energy needs,
For this reason and because of a Tack of space this
device is not discussed here. The reader is referred
to the Wick and Isaac (1975)paper for further details.

€. Envirpnmental Consequences

The Levenspiel and deNevers {1974) device has
practically no environmental conseguences since the
device is placed in the deep ocean where the dif-
fusion of the fresh water is rather local. Further,
the fresh water will be on the surface where evapora-
tion will take place.

The estaurine device has many environmental
consequences. Obviously, the salinity at the mouth
of the estuary is drastically changed. A second,
and possibly much more serious change, is the alter-
ation of the temperature gradient. Since the estu-
aries are primary sources of marine Jife, these two
environmental changes would be disastercus. Finally,
by constructing twin dams at the mouth of the estuary,
migration- of certain species into and from the estuary
is prevented.

Discussion and Conclusions

Three pcean energy sources are discussed from the
viewpoints of resource potential, technology, and
environmental consequences. From the discussion
it appears that salinity gradients have the greatest
rescurce potential whereas tides have the least.

The present technolegy available, however, makes tidal

energy most feasible and salinity gradients unfeasible.

Both salinity gradient conversion at the mouth of an
estuary and tidal energy conversion have thc same
environmental problems.

Thus, wave energy conversion in both the deep
ocean and coastal waters appears to be most feasible
from all aspects. The resource potential in deep
water §5 there because of the wind-wave's zbilily
to regain lost energy. The technology is available
and has been demonstrated on a small scale.

Finally, except for possible alteration of the
1ittora) currents, the environmental conseguences
appear to be minimum.

These three energy sources should all be studied
and further developed in the.future to help satisfy
our energy needs.

SEMI-PERMEABLE MEMGRANE

FIGURE 11. Estuarine Salinity-Gradient Energy Conuerter;
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Intrecduction: Methodology of Study

LEGAL, POLITICAL, AND ENVIRONMENTAL ASPECTS
OF OCEAN THERMAL ENERGY CONVERSION:
A REPORT ON AN ASIL/ERDA STUDY

H. Gary Knight*
Abstract

The deployment of ocean thermal energy conversion (OTEC}
devices in the world ocean raises a number of domestic and interna-
tional legal, political, and environmental problems. International
aspects include jurisdiction to deploy and cperate OTEC devices,
pelitical implications of such deployment, regulation of operations,
and protection of the marine environment. Domestic aspects include
multiple use of ocean space, state and Federal regulation, respon-
sibility and liability for damage to and by OTEC devices, protection
of the marine environment, finarcing, and general economic issues.
The Emerican Society of International Law, pursuant to an NSF~ERDA
grant, commissioned studies on these and related problems during
1975, the results having becen disseminated at a werkshop held in
Washington, D. C., on January 153-16, 1976. The study provided an
overview of legal/political problems contemporanecusly with tech-
nical research work on OTEC devices., Since legal/political issues
have usually been raiscd after the perfection of a new technology,
this approach affords zn opportunity for current feedback to fore-
stall impediments to implementation of OTEC projects.

stage of practical application.

In 1974 the American Scciety of In-
ternational Law {("ASIL") oktaincd a grant
from the Waticnal Science T'sundotion ("NSF")
to investigate the legal, politiecal, and
environmental implications of ccean ther=
mal energy conversion ("OTEC") devices.

The grant later came under the administra-
tion of the Erergy Research and Develop-
ment Administration ("ERDA"). The study
requested was unigue becausne it sought to
jdentify and analyze legal and related nan-
technical issues at the same time that
fundamental work was being undertiaken on
the technical feasibility of OTEC devices.

* Campanile Charities Professor of Marine
Resources Law, Louisiana State University
Law Center:; Co-Manager, Ocean Thermal
Energy Conversicon Panel, American Society
of International Law (1975-1976}.

In the past, legal and policy gquestions
have often been deferred or not railsed at
all until a new technology reached the

A2

verse effects of late bleoming jurisdic-
tional and environmental impediments to
implementation of new technologies has a
well knewn history, some examples being the
§8T, the Alaskan pipeline, and outer
continental shelf ©il and gas development.

The study commissioned by NSF/ERDA
sought, in part, to avoid this error of
the past by considering legal, pelitical,
environmental, and related issues from the
outset, simultaneocusly with the develop-
ment of QTEC technology. If the study
results in appropriate action to ameliorate
probable legal and political impediments,
and if OTEC proves feasible and the deploy-
ment stace is reached, then hopefully ro
gignificant time loss would be incurred as
a result of newly discovered non-technical
problems. The study would presumably have
alerted decision makers to the issues, and
proper legislative, regulatory, or other
action would have been taken to coincide
with the target deployment date.

Another benefit of this approach was
the interaction between the study group
members and representatives of the compa-



nies (TRW and Lockheed} performing the
basic feasibility studies. If legal or
political problems discovered by the study
group can be ameliorated at a pre-deploy=-
ment stage by technelcecgical modifications,
legal problems which might otherwise prove
to be serious impediments to OTEC deploy-
ment could be eliminated entirely. Like-
wise, sufficient knowledge of the technol-
ogy at hand on the part of study group
members enabled them to identify problems
which might ctherwise have escaped their
attention. Accordingly, the interaction of
technology and law in this study may prove
to have bencficial effects both for the
developers of the technolegy and for the
public interest.

The ASIL's apprcach to the study,
which had been utilized in prior ASIL pro-
jects, was to form a panel of experts in
various fields such as law of the sea,
environmental law, political science, and
economics. Issues were then identified by
the principal investiqgator and the two pro-
ject co-managers, and research papers were
commissioned to members of the Panel (a
list of the OTEC Panel members is set forth
at the conclusion of this paper). The
Panel met five times during 1975 at ASIL
headguarters in Washington, D. C. to criti-
que the papers in first, second, and final
draft form, This inter-disciplinary ex-
change process resulted in improvements in
each draft of each paper, and also provided
a wider range of inputs to the respective
authors than could have been achieved by
any author working alone.

Because the study's purpose was not
to reach any definite conclusions but rather
to identify and analyze legal, political
and other issues which could have an effect
on OTEC deployment, the papers were ulti-
mately presented, without specific conclu=-
sions or recommendations, at a workshop held
in Washington, D. C., on January 15-16,
1976. .

Some Major Issues Raised

Because the papers are for the most
part gquite long and detailed, this portiecn
of the paper will simply identify each
major issue area discovered, identify the
paper commissioned and its author, and give
a brief synopsis of the paper’'s contents.
Those interested in pursuing particular
issues further can obtain copies of the
full texts through one of the methods in-
dicated in the conclusion., The legal,
political, environmental, economic, and
other issuwes raised cover both internation-
al and domestic problems, the first four

issues described below being concerned
basically with international matters.

l., International Issues.

a, Jurisdictional Problems.

A nation's or an indivi-
dual's right to make a particular use of
the ocean depends on the jurisdictional
legal regime applicable to the site in
guestion. .The right to deploy and operate
OTEC devices depends on the particular zone
of ocean space involved {e.g., territorial
sea, economic resource zone, high seas).
The legal content of such zones is in flux,
with the final legal regime dependent on
the outcome of the current law of the sea
negotiations and the Third U.N. Law of the
Sea Conference. It seems relatively cer-
tain, however, that coastal states will
possess authority sufficient to warrant the
deployment of OTEC devices off their coasts
to a distance of 200 miles. Beyond 200
miles the outcome is less clear. A problem
also exists with respect to "ownership® of
ocean thermal energy. For the present it
seems likely that it will be considered a
"free" resource, with "ownership" vesting
in the nation or person who first makes use
of it. However, recent international eco=~
nomic developments, particularly involving
underdeveloped naticons (the so-called "new
internaticnal economic order”} indicate
that international control over many ocean
resources, perhaps including thermal
energy, may not lie in the too distant
future.

less compelling,
For

There are other,
problems raised by international law.
exanple, the protection of OTEC devices
from accidental or deliberate intéerference
may necessitate the promulgation of safety
zones surrounding such installations.
OTEC's may be subject to internaticnal
terrorism, Issues will also arise concern-
ing inspection, flags of convenience, and

-cables transmitting power to shore.

All of these guestions are addressed
in the paper by Prof. H. Gary Knight en-
titled "International Jurisdictional Issues
Involving OTEC Installations," in which the
author discusses the present state of the
international law of the sea, the trends in
development of that body of rules, and such
concepts as the economic resource zone, the
"common heritage of mankind,* and the requ-
lation of scientific research in the ocean.
He also focuses on the “"reasonable use"
theory as a legal kasis for deployment of
OTEC installations.
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b. Political Problems.

The internaticnal politiecal
ramificatione of OTEC are discussed by Dr.
Ann Hollick in "The International Folitical
Implications of Ocean Thermal Energy Ceon-
version Systems.” Though such impacts are
difficult to ascertain because cof the time
frame and the many variables invclved, an
examination of current international deve-
lopments does indicate some possible future
developments which could interact with
OTEC. The paper discusses such issues as
the political geography of OTEC operations,
international political factors affecting
OTEC, and operational issues affecting OTEC.
Of particular interest is the possible
effect on energy relations between deve-
loped and underdeveloped nations stermming
from the fact that, with the exception of
the United States, the nations situated
within the eguatorial band conducive to
OTEC dcployment are not major consumers of
energy at the present time. Depending on
the quantity of OTEC energy produced, this
could provide a new basis for "north-scuth”
energy relations.

c. Regulatory Problems.

In "International Regulatory

Authority Concerning Ocean Thermal Erergy
Conversion Devices," Capt. C. R. Hallberg
observes that although there are no inter-
national organizations which can be said to
be clearly seized with authority or compe-

tence to deal with OTEC devices ..t present,
T it is certain that some agencies will assert
jurisdiction at or prior to the time of
deployment., There are obviously national
and internaticnal public interests of scme
importance to be protected -- environmental
protection, laber standards, general econo-
mics of operation, safety of life and
property at sea, to mention the more impor-
tant -- and there is a multiplicity of
international organizations apparently
competent to deal with each such interest.
The most likely body to become involved,
howeveyr, is the International Maritime
Organizaticon (formerly IMCQ) which is con-
cerned with such matters as pollution of
the sea by o0il and safety of life at sea.
Work already underway on the schiject of
ocean data acquisition systems (ODAS}) by
the Internaticnal Oceanographic Commission
(INC) could also have an impact on OTEC
deployment. These problems will not be
armecliorated by the establishment of 200
mile economic resource zones under national
{coastal state) control, for activities in
such zones will still be subject to agreed
international standards concerning pollu-
tion, safety, and so forth.

d. Environmental Protection.

One of the most important
internaticnal issues analyzed is that of
protection of the marine envirocnment, ad-
dressed in Robert E. Stein's paper entitled
"Ocean Thermal Energy Conversion: Interna-
tional Environmental Aspects." OTEC's may
cause changes in ocean temperature and per-
haps in the atmosphere which could have
impacts far from the site; water intake and
exhaust could affect biologic conditions
and fish life in broad areas of the water
column; and the use of fluids and chenicals
of a potentially hazardous nature could
produce adverse effects if spilled. Al-
though some legal precedents exist to deal
with international pollution, new initia-
tives stemming from the Stockholm Confer-
ence on the Buman Environment and the
United Nations Environment Program (UNEP)
are more likely to have significant effects
on OTEC deployment. There are alsc a num-
ber of internaticnal agreements which may
impact OTEC, such as the 1972 Ccean Dumping
Convention and the 1973 IMCO Convention for
the Prevention of Pollution from Ships.

The paper dealing with this sukject con-
cludes that there will inevitably be envi-
ronmental effects from OTEC deployment and
that there will as a result be a grewth in
multilateral regulaticn of OTEC devices.

2. Domestic Problems.

a. Multiple Use.

As the diversity and inten-
sity of the use of ocean space has in-
creased over the past three decades, several
conflicts have arisen over proper alleca-
tion of resources or space in the marine
environment. The list of old and new uses
is long -~ continental shelf cil and gas,
merchant shipping, fishing, artificial
islands, military operations, oceanographic
research, dumping of wastes, deep seabed
mineral mining -- and the introduction of
still another use is certain to create at
least minor conflicts with existing users
of the area. 1In addressing this problem
in his paper "Spatial and Emerging Use Ccn-
fllets of the Ocean Space,” Dr. Byron Was~
hom first identifies all of the significant
present and emerging uses of the ocean,
demonstrating that the intensity and diver-—
sity of ocean space use is already causing
problems of accommodating conflicts for the
same space or resources. The paper then
identifies a range of probhable conflicts
of OTEC with such ocean space uses and con-
cludes with a section on possible methods
for the adjustment or resclution of such

conflicts,



b. Regulatory Problems.

A common current complaint
of the populace is overregulation by an
increasingly large and pervasive state and
Federal bureaucracy. Nowhere is this more
evident than when one seeks to make a par-
ticular use of a portion of ocean space
under the jurisdicticn of the United States.
Permits or approvals must be obtained from
a plethora of departments, agencies, and
bureaus. Often there is little or no effort
toward consolidation or coordination of
these requircments. James C. Higgins, Jr.'s
paper, entitled "Ocean Thermal Encrgy Con-
version Plants: Federal and State Regula-
tory Aspects," identifies a long list of
state and Federal agencies which will un-
doubtedly assert jurisdicticn with respect
to OTEC devices. Over a dozen such agen-
cies are identified and the bases for
their jurisdicticn analyzed -- including
the Army Corps of Lngineers, the Coast
Guard, ERDA, the Federal Enercy Administra-
tion, the Federal Powwer Commission, and
the Departments of Defense, Commerce, In-
terior, and Labor. The major problem fore-
seen is the multiplicity of permits and
approvals which would have to be obtained
before deployment.

¢. Responsibility and Tdability.

J. Daniel Hyhart's paper.,
"Problems of Legal Responsibility and Lia-
bility to be Anticipated in OTEC Opera-
tions," deals with the thorny questions of
who bears the burden of responsibility for
damagye to or by OTEC devices, and who is
ultimately liable for any such damage,
Even though procedures for conflict avoid-
ance may be developed, as peinted out in Dr.
Washom's paper, it is inevitable that some
other user of ocean space (perhaps a vessel)
will cause damage to an CTEC, or that an
OTEC will (perhaps through polluticn or
inadvertant collision) cause damage tO some
other object or area of land. This paper
examines the applicability of traditional
maritime law concepts to OTEC {including
the issue whether OTEC devices will be con-
sidered as "vessels” for purposes of ad-
miralty law), as well as complicated ques-
tions of liability resulting from various
financing arrangements such as ship nort-
gaging and leveraged leasing, Because of
the problems inveolved in applying "eold" law
to "new" technologies, it may be necessary
to secure legislation specifically directed
at OTEC devices.
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d. Environmental Problems.

In his paper "Ocean Thermal
Energy Conversicn: Domestic Environmental
Aspects," Thomas B. Steol addresses the
effect of the Wational Environmental Pro-
tection hct (NEPA), subsequent litigation,
and environmental impact statements. This
paper differentiates between the research
and development -stage, the demonstration
stage, and commercial development in dis-
cussing the likely applicable domestic
environmental laws and regulations.

e. Financing.

"Legal Aspects of Financing
Ocean Thermal Energy Conversion Plants," by
John H. Riggs, Jr., analyzes a wide range
of possikble financing devices for OTEC.
Included in the discussion are the finan-
cing of privately owned OTEC plants through
such devices as unsecured debt or egulty
financing by the corporate owner, ship
mortgage financing, and lease financing:
financing of government owned OTEC plants;
and mixed forms of Financing. Riggs con-
cludes that capital should be avallable for
OTEC financing, despite the looming compe-
tition for capital funds over the next 10~
15 years, but that much will depend con the
willingness of the Congress and the Execu-
tive branch to make available federal lcan
guarantees and tax advantages for such fi-
nancing.

f. General Economic Analysis.

Finally, Prof. Carlcs Stern,
in "Economic Issues Related to Ocean Ther-
mal Energy Conversion Plants" has addressed
a wide range of general economic guestions.
Among the issues with which he is concerned
are electric power in a utility system
{power demand and market), the potential
market for OTEC energy, cost comparisons
between OTEC and other energy sources, cost

-astimates for OTEC, and direct on-site pro-

cessing of OTEC electricity.
Conclusion

Although the study was not designed
t¢ preoduce definite conclusions or make
specific recommendations, it seems clear
from the papers prepared that a variety of
legal, pelitical, and economig problems
face OTEC, both at the domestic and at the
international level. Consideration needs
to be given, therefore, by appropriate
legislative and executive personnel, to



methods for coping with these impediments
prior to the time that OTEC deployment --
even in the demonstraticn stage -- is upon
us. One possible approach is to continue
the work of the OTEC Panel, this time focus-
ing on specific jurisdicticnal, legislative,
and regulatory methods for coping with the
problems already identified.

Al} of the papers described in this
summary will be available shortly in a
hard-cover book published under the auspices
of the ASIL. Prior to that time a limited
number of copies of the typescript versions
remaining from the January 15-16, 1976,
workshop will be availabkle from the ASIL,
Resort to individual authors is also appro-
priate for single issues. A list of the
authors and OTEC Panel membhers, and their
affiliations, is contained in the annex.

Annex

OTEC Panel members and paper authors:
Robert E. Stein (Internaticnal Institute
for Environment and Dovelopnent), Prof,
H. Gary Knight (Louisiana State University
Law Center), Prof, J. D, Nyhart {Massachu-
setts Institute of Technology)}, Bennett
Boskey (Volpe, Boskey & Lyons; Washington,
D. C.}: Dr. Robert Cohen (ERDA), Capt. C. R.
Hallberg (U.S5. Ce¢ - Guard), James C. Hig-
ginsg, Jr. (Offshc.e Power Systems, Jack-
sonvitle, Fla.), Dr. Ann Hollick (Woodrow
Wilson Internaticnal Center for Scheolars,
Washington, D. C.}, Dr, Arthur Konopka
{NSF), John H. Riggs, Jr. (White & Case;
Brussels, Belgium), Prof. Warren M. Rohsenow
{Massachusetts Institute of Technology).
br. Herman E. She=ts {Univ. of Rhode Is-
land), Prof. Carlcs Stern (Univ. of Connec-
ticut), Thomas B, Stocl, Jr, {National Re-
sources Defense Council; Washington, D. C.),
Dr. Byron J. Washom [Massachusetts Institute
of Technology), Worman 5. Wulf (NSF).



POTENTIAL MARICULTURE YIELD OF FLOATING SEA THERMAL

POWER PLANTS. PART 1--GENERAL STATEMENT

0. A. Roels*, S. Laurence, L. Van Hemelrijck and A. F. Amos

Lament-Doherty Geological (Observatory
of Columbia University
Palisades, New York 10964

*and The City University Institute of Marine and
Atmospheric Sciences
Wave Hill, 675 W. 252 Street
Bronx, New York 10471

Abstract

Mariculture is not only compatible with electrical power production
in sea-thermal power plants, but it is a highly desirable and economically
sensible approach to the energy and food situation currently facing the

world.

The technical feasibility of maintaining the proper mixing of

deep and surface water, and keeping this mixed layer at an optimum depth
within the euphotic zone, remains to be demonstrated, as does a simple and
inexpensive means cof growing and harvesting shellfish in the open sea.
Increasing cooperation between the power engineers, economists and maricul tur-

ists interested in OTEC plants is obviousiy meeded.

No sea-thermal power plant

design which excludes the possibility of mariculture should be adopted until
the relative contribution of the energy-production and biglogical potential of
OTEC plants is examined carefully and in detail.

Introduction

During recent years, we have been made aware
of the enormous problems facing the world in
obtaining sufficient guantities of inexpensive,
renewable, and non-polluting sources of energy.
This shortage of energy, in addition to great
increases in world population and the insistent

demands of develeping countries for energy-intensive’

industrial and agricultural progress, is swiftly
leading to a possibly calamitous food crisis.
Energy and food production represent a complex and
interdependent whole which must be analyzed and
jmplemented together (Pimentel et ai., 1975}.

As Beck {1975) and others have pointed out, the
direct utilization of sunlight, through a variety of
means, is probably the only resource by which energy

*This paper was presented at the 1975 Fall Meeting
of the American Geophysical Union, San Francisco,
Ca., Dec, 8-12, and at Conference on "Energy From
the Oceans--Fact or Fantasy?", Raleigh, North
Carolina, Jan. 27-28, 1976. The work presented in
this paper was supported by the U. 5. Energy
Research & Development Administration under Contract
E(11-1} 2581,
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“and food problems to be faced by future generations

can be overcome., A rumber of the talks given at
recent conferences indicate an understanding of
this point, and it is clear that sea-thermal power
plants could be a significant step forward in
attempting to harness the energy given off by the
sun and absorbad by the upper layers of the ocean.

In addition to this enormous reservoir of
energy which can be tapped by utilizing the temper-
ature gradient known to exist between surface and
deep {over 400 m) water, however, the deep water
contains significant quantities of nutrients
necessary for phytoplankton growth, Thus, the
water discharged from & sea-thermal power plant
can be used to start marine food chains, after its
energy has been tapped. In this way, the sea-
thermal power plant represents a unique and unified
approach to the solution of the dual problems of
energy and food production.

This paper presents, briefly and generally, a
description of the potential biological yield of
water discharged from sea-thermal power plants.
The results are highly encouraging and make it
clear that cooperation among those interested in
the engineering, economical and mariculture
aspects of such plants cap all profit from closer
collaboration and mutual support.



Mariculture As A By-Product

of
cea Therma)l Power Plants

The technical feasibility of producing
energy from the temperature differential exist-
ing between deep and surface water was demonstrated
by Claude in 1930, usirg an open-cycle plant on the
Morth shore of Cuba. Since 1969, the mariculture
potential of deep-sea water has been demonstrated
by our group at the St. Croix Artificial Upwelling
project.

The Artificial Upwelling project is located

on St. Croix, in the U. S. Virgin Istands, about I
sixty miles southeast of Puerto Rico and 1200 Virgin lslandsP(Qsaqa
miies southeast of Miami, Florida.
A< can be seen from Figure 1, the sea floor Figure 1. Isobaths (m} in the U.$, Virgin Islands. The aeean floor
drops precipitousty off the North Shore of 5t. drops precipitousty off the sorth Shors of St. Crolx.

Croix, reaching a depth of 1000 m approximately

1.6 km offshare. This topography and its tropi-
cal 1ight and temperature made the island ideal

for the installation of the Artificial Upwelling
project.

The Mariculture System in S5t. Crolx

Nutrient-rich deep water is pumped to the
surface through three polyethylene pipelines, the
intakes of which are located 1900 m offshore in
870 m of water. Each pipeline has an internal
diameter of 7.5 cm and a wall thickness of approxi-

Phytoplankton growth in desp water is limited mately 1 cm, The water flow through these lines
by the availability of dissolved inorganic nitrogen. 15 about .3 m secT, and conduction warms the water
The amount of dissolved inorganic nitrogen {Table 1}
present as nitrate {(NO3-N}, nitrite (NO,-N), and
ammoniz {NH3=N) is much greater in the deep water
than in either the offshore or reef surface water.

Table 1 lists some physical and chemical
properties of the deep and surface waters off
St.Croix.

In combining the total nitrate, nitrite and
ammonia in surface water, we find that the total
dissolved nitrogen in these chemical species is
approximately 1 pg-at 174, while t?e deep water
contains approximately 32 ug-at 17 . Phosphate
{POg-t: and silicate {S104-51) are also much more
abundant in the deep water., The respective sali-
nities and tomperature for surface and deep water
are very different, of course, and this is of great
importance for the mariculture potential of fleat-
ing sez-thermz] power plants, since they yovern the
density of the deep and surface waters, and, there-
Fore, the fate of the deep water after its discharge
from the sea-thermal power plant.

TRBLE 1. ST. CROIX WATER PROPERTIES

N ¢ T R I E N T_ S SALINITY TEMPERATURE
- - - - - ) - . o -
hD3+N02 N N, N NH, N PO, P - 510,451 {@/c0) {°c)
OTPSHORE
SURFACE WATER .2 ] .9 .2 4.9 35.539 26-29
LEARSIORE REEF
SURFACE WATER W2 .2 .8 ) 2.1 15.596 26~29
a70-M
DEEP WATER 31.3 .2 .7 2,1 20.6 34.852 7




ta between 21.5 and 23.00C at the tand discharge.
The total flow through these three pipelines is
170 liters per minute.

A schematic layout of the mariculture system
js given in Figure 2. The deep water is pumped
into two 45,000-1iter concrete pools in which
unialgal cultures of planktonic diatoms are grown
in continucus culture. These pool cultures are
started by cultures grown in cyclindrical 757~
titer polyethylene tarks which have been inacu-
Jated from axenic cultures grown in a constantly
illuminated and temperature-controlled laboratory.

Through the processes of photosynthesis,
nutrient uptake and cell division, the algae in
the pools utilize sunlight to convert the dis-
solved nutrients in deep water into new cells,

The growth rate of the algae is regulated by the
rate at which nutrients are supplied by the
incoming deep water, thus assuring nearly complete
utilization of the nutrients in the deep water.
One species being tested, the diatom Chaetoceros
curvisetus Cleve {clone STX-167), grows extremely
well on unsupplemented deep water, while the

other spocies currently being used (Thalassiosira
pseudonana Hasie & Heim, {clone 3H) and
Bellerochea polymorpha Harg. & Guill. {clone
3TX-114) require suppiemental additions of
vitamins and iron. Our goal, of course, is to
grow a variety of organisms which provide the
shellfish with optimum nutrition and yet grow
well in unsupplemented deep water.

The algal Cultures in tEe pools, contain-
ing from 1.0 x 107 to 7 x 10 cells per milli-
liter, are pumped continuously into the shell-
fish tanks at metered rates, based on the feed-
1nn activity of the shellfish. The total flow
pumped into the shellfish tanks matches the
flow of deep water into the algal pools, so that
tha pool volume remains constant. At present,
turnover rates in the pools of from 1.1 to 1.5
volumes per day are used; we produce 117,000
liters of phytoplankton culture per day.

Flow into the shellfish tanks is adjusted
to ensure that the animals remove up to 20% of
the algac from the pool-culture suspension.

In this system, with a yearly temperature
range of from 22 to 25°C in the tanks, we have
successfully raised to market size ten species
of shellfish, listed in Table 2. The most
successful of these are the Japanese Tittle-
neck clam (Tapes semidecussata) and the
Kumamoto variety of the Pacific oyster
{Crasspstrea gigas).

Not shown on Figure 2 are tanks holding
spiny lobsters, Panulirus argus, which are
being fed bivalves culled from our growing

TABLE 2

SHELLFISI GROWN TO MARKET SLZE IN THE $T. CROIX ARTIFICIAL
UPWELLLNG MARICULTURE SYSTEM

SPECIES

Crassostrea gigas Thunberg

Crassostrea gigas (Kumamoto variety)

Ostrea edulis Linnaeus

Argopecten irradians Lamarck

F clam (M. mereqnaria !g x M.

Marcenaria campechienzia Gmelin
Tapas semidecussata Reeve

Pinetada martensii Tanita &

Pacific oyster

"Gigas"-type oyster for
half-shell trade

Furcpean oyster
Bay scallop

T " Crosa of northern and
campechiensis g] gouthern clam or quahog

Southern clam or guahog

Japanese littleneck clam

i L e L L)

Japahesse peurl oyster
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stock. MWe have also reared the Queen conch,
Strombus gigas, on algae growing on the sides
and bottoms of small ponds which receive
effluent from the shellfish tanks.

The effluent from the animal tanks1 which
contains approximately 10 ng-at titer - of
amvonia-nitrogen excreted by the shellfish, is
fad into seaweed tanks. Hypnea musciformis,

a carrageenan-producing seawsed, can double
jts weight every three days by utilizing this
ammonia. Aside from adding to the economic
yield of a deep-water mariculture system, the
seaweed helps to eliminate contaminants in the
discharge.

The St. Croix site also contains a
hatchory and an experimental shellfish area,
the latter is used for the optimization of
plankton protein to shelifish protein con-
version., Twenty 2000-1iter concrete cultur-
ing vessels are used for shelifish diet
studies and for the testing of new species
of planktonic algae. These vessels were used
to test phytuplankton production in mixtures
of surface water and deep water described in
this study.

The resylts of these tests demonstrate that
it is technically feasible to operate a maricul-
ture system utilizing the nutrients in the deep
water. In addition to the high biclogical pro-
ductivity offered by such & system, the use of
deep water has other jmportant advantages, for
it is free of parasites, predators, pollutants
and diseasa and disease-bearing organisms.

High Fconomic Potential

During recent, highly controlied studies,
we have been able to convert over 43% of the
dissolved inorganic nitrate-nitrogen present in
the deep water into shellfish meat protein-
nitrogen, This high conversion efficiency
{(which, it must be emphasized, is pccurring
through two trophic Tevels) means that the
system appears very attractive from an
economic point of view. If duplicated on a
large scale, shellfish yields of over $360,000
per hectare per year could be achieved.

The Need For A Shore-Based Pilot Facility

Based upon these results, we recomrend that
a commercial feasibility test which would pump
100 cubic meters per minute be coupled with a
chore-based sea-thermal power pilot plant. If

these mariculture results are confirmed, a
significant part of the costs of technical
development tests of desalination, aircondi-
tioning and power generation would be offset,
by the sales of the mariculture products.

Qpen-Sea Mariculture

Basad on this work, we have recently
initiated a series of studies to determine if
mariculture operaticns could utilize the con-
denser effiuent of large floating sea-thermal
power plants. The major factors affecting
phytoplankton productivity utilizing the deep
water nutrients from such a system are:

(1) the fate of the doop water, after its
discharge from the powsr plant condenser,

(2) the dilution of the deep water with sur-
face water, (3) the depth of the mixed layer,
(4) the size and species compesition of the
phytoplankton population in surface and deep
water.

1t is important to determine first
whather the nutrient-rich deep water, after
being warmed in the condenser, can be dis-
charged in such a way that it remains near
the surface of the ocedn in concentration
great enough to allow for sufficient primary
production to occur, or whether mechanical
containment of some kind is necessary. Table
3 1ists the characteristics of St. Croix deep
and surface water which influence its density
and hence the vertical movement of the dis-
charged de=p water, Table 3 also lists the
amount of heatina of deep water required for
density equilibrium with surface water and the
density equilibrium for a 70:30 deep-/surface-
water mixture,

The deep water, with a temgerature of
6.79C and a salinity of 34.85Z2 "/oo has a
o. of ?7.364, while surface water, with a
témperature of 27.5°C and a salinity of

- 35.339 0/pp, has a lower density (o, =

22.983). The greater density of thé deep
water is due to its Tower temperature alone.
For density equitibrium with surface water

to be reached, the deep water must be raised
by 19.19C, and therefore discharged at a
temperature of 25.8°C. In batch experiments,
it was ascertained that a mixture of 70%

deep and 305 surface water would result in
optimal blooms of phytoplankton, and such a
mixture would have to be at 26.4°C for density

equilibrium with the surface water at 27.50C.

TABLE 3. CBARACTERISTICS OF ST. CROIX SURFACE AND DEEP WATER
AT NECESSARY TEMPERATURE
FOR DENSITY FOR EQUILIBRIUM
TEMP. SALINITY o4 EQUILIBRIUM WITH WITH SURFACE
{°C} {9/00) SURFACE WATER WATER -
SURFACE WATER (8] 27.5 35.539 22.983 - -
DEEP WATER (D) 6.7 34.852 27.364 +15.1 25.8
30:70 MIXTURE {5:D) — 35.058 —_— - 6.4
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Batch Studies

To assess the mariculture potential of
floating sea thermal paower plants, a series of
batch experiments were done in which a range of
surface water/deep water mixtures were used to
assess primary production and tag time of the
plankton blooms, Since the surface water is
nutrient~poor but contains the phytoplankion
necessary to initiate & oloom, it 1s clear
that the greater the percentage of surface
water used, the shorter the lag time will be
before exponential growth is initiated, and
the lower the final level cf productivity will
be since this derends upon the concentration
of nutrients, Conversely, hianh proportions of
deep water would rasult in extznded lag times,
but greater levels of productivity.

These expectations were confirmed experi-
mentally; generally, mixtures containing mare
than 40% surface water resulted in unacceptable
levels of productivity, while mixtures with
more than 8Q° deep water resulted in such Tong
lag times that some cultures failed to bloom
at all. In general, we found that batch mix-
tures of 70% deep and 307 surface water resuit-
ed in ar optimal combination of lag time and
productivity. In such mixtures, we found that
1 ug-at NO4™N yielded .26 ug Chla, and that
the half-sdturation constant, K., was 1.55
pg-at NO,™N per liter. The max?mum doublings
of the pﬁytop]ankton per day which we obtained
with such mixtures was 3.55.

Continuous Flow Studies of Primary
Producticn

Continuous flow phytoplankton studies and
shellfish feeding studies were then started,
using these optimal mixtures of surface and
deep water. This work is stili in progress,
Preliminary analysis indicates that the
phytoplankton blooms obtained in mixtures of
deep and surface water--if properly managed--
resutt in very efficient conversion of dis-
solved inorganic nutrients to phytoplankton
protein and, in turn, to a very efficient
conversion of phytoplankton nutrients to
shel1fish meat protein.

For these studies, 2000-1iter, epoxy-
coated concrete culturing vessels ("reactors")
measuring 113 cm wide x 223 cm long x 93 cm
deep were used for growing the phytoplankten,
and these cultures were fed by gravity into

small trays holding juvenile Tapes
semidecussata. Tne blooms are manaced by
Tirst filiing the "reactors" with 470 liters
of surface water, which is pumped from 30 m
offshore through a 3.75 cm diamzter polyethy~
lene pipeline and 500 liters of deep water
pumped from 870 m depth, 1800-m effzhore.

This combination results Tn a minimum lag time
to growth, and orce peak productivity is
attained, deep wa cor is added so that the
final mizture consains 80% deen and 20% surface
water. Once thigs mixture rearhes peak producti-
vity {ascertainer throush daily measures af
phytoplankton prolein and dissnlved inorganic
nuirients}, the roactor is "activated", or
placed on continucuy flew, with the 00:20
propertion of deer:surfice water maintainad.
During currest studies, the phytoplenkton
blooms which result can he maintained on con-
tinuous flew for about 40 days. 2t a turnover
rate of 2000 liters per 24 hr (1.0 turnovers
per day). Under these conditions, cver 932

of the available dissolved inorganic nitrate,
nitrite and ammonia nitrogen is assimilated by
the phytoplarkion,

Theoretically. oncs a bloom has been
started, maximum productlivity shouid be
reached with 2 continuous fiow of 1C0% deep
water, as we use the pool cultures cescribed
earlier. However. uader open-sea conditions,
it is highly untikelv thot a mixturo contain-
ing mere than £0°% deep water could be maintaine
ed. The optimal mixtures which could be main-
tained under such condizions remain unknown.

A carefully considered compromize between the
maximum productivity which can be realized and
the ¢ests and techical problems associated
with control over “he discharced water will be
necessary.

Shelifish Feeding Studies

The growth of juvenile Tapes semidecussata fed
from these cultures has ucen spectacular. In

a “"consiant weight™ experiment, 100 grams

{total wet Tive w2ight} of Tapes in a scuare
tray of four-liter volume very efficiently con-
verts phytopiankton nutrients when ‘ed at a

rate of 1.0 ml per sec. (The weight is maintain-
ed “constant” by perigdically culling the
animals, and therefore leeping the iotal weight
in the tray rear 100 g.) Undecr thece conditions,
100 g of Tapes will proiuce 50 g of culied
animals over a 3N-day perind, end the conversion
efficioncy of decr and surface water inorganic
nitrate, nitrite 22d amwonia nitrogen to sheil-
fish meat protein nitrogen s 45%,
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Economic Potential of Cpen-Sea
Mariculture

Table 4 illustrates the potential gross
sales value of the power and of the shellfish
produced by a 100 megawa}t sea-thermal power
plant utilizing 4.5 x 10’ liters deep-sea
water per minute.

1f such productivity could be maintained
under open-sea conditions, the economic poten-
tial of the mariculture operation would be very
large: 17 times greater than the value of the
electrical power produced. There are a number
of ways to look at such figures: shellfish
meat could be sold for as little as 10¢ per
pound, and the economic benefits of the mari-
culture operation would still exceed that of
the power generation alene. Of even greater
interest is the fact that the plant could be
one-tenth of the proposed size (100 MW
Lockheed design), and still produce ensugh
shellfish to make the economic return greater
than that obtainable from the electricity
sold by a 100 MW piant. This means that an
economically viabte olant, perhaps of pilot-
scale size, could be constructed for a rela-
tively swall investment compared to currently
proposed plants. In addition, we estimale that
perhaps 59,000 tons (dry weight}, ar 530,000
tons (wet weight) of Hypnea musciformis or

¢arragecnan containing seaweed could be produced

from a 100 MW OTEC plant. The seawe2d would
utilize the shellfish excretory products,

It must ba stressed that animal protein
will become an increasingly important economic
resource in the foreseeable future, and the
dosign of an integrated power and prot=in pro-
during plant makes not only sound ACanomic
sense, but will help to alleviate the crctein
shortage currently experienced by much of the
world's population.

Conclusion

Mariculture is not only compatible with
elcetrical power production in sea~thermal
power plants, but it is a highly desirable
and economically sensible approach to the
energy and food situation currently facing
the world. The technical feasibility of main-
taining the proper mixing of deep and surface
water, end keeping this mixed layer at an
optimum depth within the euphotic zone, remains
to be deconstrated, as does a simpie and

Q0 mmaera

inexpensive means of growing and harvesting
shellfish in the open sea. Increasing
cooperation between the power engineers,
economists and mariculturists interested in
OTEC plants is obviously needed. No sea-
thermal power plant design which excludes the
possibility of mariculture should be adopted
until the relative centribution of the energy-
production and hiological potential of OTEC
plants is examined carefully and in detail.
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MARITIME ASPECTS OF FRODUCING PRODUCTS AT OTEC PLANTS AT SEA
AND DELIVERING THEM TCQ THE TNITED STATES

G. L. Dugger and E. J. Francis
Applied FPhysics Laboratory, The Johns Hopkins University
Laurel, Maryland

Abstract

The conceptual deaign of a 100-Mi,, 313-ton/day, Ocean Thermal Energy Conver-
sion (OTEC)/ammonia plant~ship has been developed in sufficiernt detail to assure
that it can be built in and launched from existing U.S. shipyard facilicles for

deployment to rropical ocean sites.

a-kind ¢ost estimate from which extrapolations were made for n
300-M,, 1697-ton/day commercial-size OTEC/ammonia plant-ship.

This design previded the basis for s f{ilrst-of=-

D plant cost of a

With a reasonable

level of govermment cost sharing in the early years of operation of such a commers
cial-size vessel, it is estimated that azmonia can be produced and delivered to
U.5, porte at a cost of $90/ton (1975 dellars) compared to recent sales prices
near $180/ton, yielding a 50% return on sales and a2 cash flow that would equal the

plant investment in approximately 5% years.

Ammonia, produced via water electro-

lysis for the H, and air liquefaccion or combustion for the N, , appears most attrac-
tive as the product for early (1982-1985) plant-ships, because it is needed for
fertilizers and other chemicals, it is presently made from natural gas (in short
supply), no raw materials are required for its manufacture by OIEC at sea, and the

economics appear to be attractive in the near term.

Altermative uscs of OTEC for

the energy-intensive process of reducing alunina to aluminum (7-8 kWh/1b AlY and
for making liquid hydrogen (LH,)} are also sufficiently attractive to warrant fur-

ther study in depth.

position for electrolytically produced LY, in large quantities im the 1990s,

It appears possible to achieve a commercially competitive

This

IH, c¢ould serve as a fuel for heating and transportaticnm, a chemical for industrial

uses, and a source of electricity via fuel cells on shore.

Other possible OTEC

plant-ship products are magnesium and a variety of fuels and chemicals (e.g., meth-

anol).

Introduction

In the period April-December 1975 the Applied
Physica Laboratory (APL) conducted an analysis® of the
maritime aspects of Ocean Thermal Energy Couversion
(OTEC) plant-ships for deployment Iin tropical oceans
to produce ammonia or other energy-intensive products.
This analysis was supported by the U.S. Maritime Admin-
istration {MARAD), Department of Commerce. Working
with APL were the Sun Shipbuilding & Drydock Company
{85&N1D}, who provided substantial company-funded
desiun and consulting efforts; Hydronautics, Inc., who
condiicted analyses on platfomm motions and other ma-
rine aspects; the Woods Hole Oceanographic Institutian
for site selection and deslgn criteria; Avondale Ship-
vards and Kaiser Aluminum and Chemical Corporation who
contributed consulting efforts; the law firm of LeBoeuf,
Lamb, Leibvy, and MacRae, who addressed the Internation-
al legal considerations; and many industrial organiza-
tions and consultants who provided information on the
OTEC and product eqguipment,

The baseline design for a L00-M{, OTEC/ammoniz
plant-ship features the integraticn of a novel concept
for low-cost OTEC heat exchangers with a simple, retla-
tively low draft, rectangular concrate hull. The con-
cepr for the heat exchangers, which employ large-diam-
eter, multipass aluminum tubes with the ammonia work-
ing fluid inside rhe tubes, was devcloped under APL in-
house support and support from the U.S, Energy Research
and llevelopment Adminiscration (ERDA).?
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The present U.S. fnterest in Ocean Thermal energy
was stimulgted by the Andersons, who developed a closed-
Rankine-cycle, OTEC plant concept in the early 1960s.®
There 1s still interest in the open-cycle process (vac-
uum-flash-vaporization of the warm water to drive a low-
pressure steam turbine) that was initially demonstrat-
ed by Claude in L93C* and has been analyzed recently
by Brown aund Wechsler.® Beck™ and Zener and Fetko-
vich” have conceived improvements con the open cycle
that would use a "steam 1ift water pump" or a foam
1ift concaept, respectively, to raise the warm water,
which would then fall to drive hydroelectric turbine-
penerators. ltowever, most of the recent OTEC werk ia
the U.S., which was supported primarily by the Natiom-
al Science Foundation prier to January 1973 and has
beed supported primarily by the Solar Energy Divisior
of ERDA sinee its fermation at that time, is addressed
to closed«Rankine-cyecle svstems., In these systems, &
working fluid (e.g., armmonia) is vapeorized by heat ex-
change with warm sea water, drives a turhine, and then
is condensed by hea: exchange with cold sea water
pumped from L100-4000« £t (340-1220 m) depth. Notable
have been the plant concepts developed by the Univer-
sity of Massachusetts,® Carnegie-Mellen University,9
and induscrial teams headed by the Lockheed Missilea
and Space Co., Tnc.*® and TR{ Systems Group,'! The
first three of these are described in other papers at
this Conference,



There are two primary concepts for uslng OTEC
powe~. One 1s to meor a plant near shore, e.g., in
the Gulf Stream off the lower U.S. East Coast, and
deli-er to shore either electricity via cables® or
high pressure gaseous hydregen. Development of a
demorstration plant using this approach would offer
greaver visibility to the U.§. public than one in
tropical cceans, and the potential exists to deliver
g elcnificant amount of energy to the southeastern
states, However, plants in the Gulf Stream would have
to be much more rugged to withstand hurricanes and
large currents, and would have to operate with a much
lower ocean temperature difference (T, 30-34°F) than
is available in oceans nearer the squator. These
fact~rs make such plants more expeasive per unit of
electric pewer developed on hoard.

The other concept, addressed In this paper, 18 to
base OTEC plants in selected tropical ocean sites where
desirn winds and currents are much smaller and available
ATs are mush higher (40-43°F) and are less subject to
seasonal variation. The available :T is @ powerful
fact r; plant cost varies inversely with LT to a power
of 2 to 2.3. The total energy potential from large
sitirg areas in tropical oceans is much greater, teo.

The pawer generated by OTEC plants at surch sites
in tropical oceans must be used to make energy-inten-
sive products (e.g., ammonia, alumirum, Liquid hydro=-
gen) which can be shipped to U.S. or fore!l:n markets.
This paper presents primarily the concept and econcmic
esti~ates for bulldins UTEC/ammonia planc-ships and
prodizing and delivering the liquid ammonia., Briefer
descsiptions of the plants and costs for aroducing
alum wum ard ligquid hydrogen are included. At present
ERDA s sucrorting other studies of production of am-
monin and hydrogen on OTEC plants:p and of ccean in-
dnstrinl conplexes based on UTEC plamts.’® The writers
have not received any results from those studies at chis

writing.

The Baseline, 100-M, Plant Concept

At the outset of the platform desizn studw by APL,
SS&DD, and lydronautiecs, consideration wus given fo

eircular, squate and ractangilar suriice vessels. Each
was ecvalogtod in terms of potential for seakeeping
qualiries, -tructure arrangement, complexity of piping

and ~21d arl wam water ponds, and ability to ifabricate.
The rcsulting baseiina configuration for the 100-MW,
(net’, OTEN/srmonia Dermomstration Plant Ship is =zhown
in Fig, 1, Tke following primary design considerations
essentially fix the configuration:

1) Heat exchanger enclosure and access;
7} Deck area for machinery, maintenance, and crew;
5y Volume for product storage and trimming ballast;

4) Simpliecity of hull fabrication using mass-
produced subassemblies;

5% Hull shape to permit construction in existing
shipyards (beam width is 196 fr);

%) Reassconable weighe, low draft for launching in
40- Tt waterways, and sufficient recerve buoy-
ancy to meet all conditjions at sea;
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Qcean Thermal Energy Conversion (OTEC)/ Ammonia
Plant-Ships

Fig. 1

7) Bull stability and strength; and

8) Minimum malntenance.

The platform arrangement is basically symmetric
about & centrally leeated cold water pipe (CWP). The
cold water is pumped frem 2500-ft depth through this
60-ft-diam CWP to head ponds over the condensars,
flows down throuph the condensers by gravity, and is
discharged from them belaw the platform at 80-ft depth.
There are two condenser head pends, one each fore and
aft. Each has a sloped fced channel on each outboard
side, deepest near the CWP, from which the water over-
flows transversely imward toward the pond centerline,
thus providing a distribured flow over the ponds, The
ponds prebably will have removable covers (not shown)
to mitigate free-surface dynamic effects and minimize
grawth of marine sliwes (hiofouling)} on the tubes.

The werm water 1s pumped from the surface with 20 pumps
supplying 20 separate evapeorator head ponds; the: water
from the evaperators also is discharged beneath the
ship at a depth of 80 fr.



Smooth-sided, prestressed concrete panels are used
for the heat-exchanger compartment walls (the only heat
ex-hanger "shells' required in this gravity-flow design),
These walls also serve as ship structure and are tied
together in the lengitudinal and transverse directions.
Ali equipment 1s housed on decks above the water line.
Twin deck houses containing crew quarters and control
rooms are located amidship to minimize walking distan-
ces to the machinery. A total staff of 48 is required
{31 on board and 17 ashore on leave}. The accommoda-
tions on the SS&DD demonstration plant design include
24 spare cabins for sclentists, inspectors and Govern-
ment officials participating in the demonstration tests
and programs,

The arrangement allows clear vertical access over
411 the heat exchanger units and lecation of the tur-
bines and associated equipment on decks above them with
& mipimum of piping, Aveas at the ends of the platform
are available for product manufacture, for rapair and
maintenance of heat exchangers, and for the conduct of
several tasts and programs simultaneously. A 200-ton
gantry crahe spans the beam and travels the length of
the platform. The hull is made of concrete to minimize
maintenance, provide lomg life, and reduce cost. The
guperstructure 1s made of steel to retain flexibllity
to make changes in the machinery houses, labs, ete.,
and to reduce the weight and buoyancy requirements of
the total strucrure, The total 'dry"” operating weight
is 63,800 long tons (LI), Provision is made for
10,000 LT of product and 42,000 LT of ballast. Total
operating displacement is 141,600 LT {Table 1}. The
heat exchanger tubes provide a significant fraction of
the buoyanecy. Closed areas between the heat-exchanger
compartments (Thull tanks'} provide all of the volume
nerded for ballast as well as for the product.

TABLE 1
WEIGHT AND BUOYANCY SUMMARY {LONG TONS}

HULL 39000 LT
SUPERSTRUCTURE,HULLOUTFﬂZPROPULmON 3000
HEAT EXCHAMNGERS 2300
HEAT CYCLE MACHINERY 3500
PRODUCT MACHINERY 2500
DELIVERY TOTAL {WITH 345 FT. DRAFT*") 57300
COLD WATER PIPE {CWP) __6500
“DRY" OPERATING TOTAL 63800
10% MARGIN {6400}, NH, STORAGE { 100000 16400
POND WATER {15000), WORKING NH5 i4400) 19400
TOTAL WT. LESS BALLAST 99600
DISPLACEMENT (BUOYANCY),
HULL WALLS & TANKS, CWP 103100
HEAT EXCHANGERS _38500
TOTAL DISPLACEMENT (AT 84 FT DRAFT) 141600
{141600-99600]
BALLAST REQUIRED (141605099690} 42000

STHIS GRAFT FOR LAUNCHING EXCLUDES THE DRAFT SEDUIREMFNT FOR
THE CONDENSER SUMPS AND AMMONIA PUMPS, WHICH WOULD BE
INSTALLED ONSITE
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A propulsion capability for “grazing" at 0.3-0.95
knot relative to the local current and for steering
is provided by four 1200-SHP electrie drive thrusters,
one st each ship corner. The power requirement for
normal station-keeping against a 0.5-knot current is
only 750 SHP total (0.6 M, input).

The Two=Phase«Flow Heat Exchangers

The fundamental design decision for this OTEC
plant-ship concept was the selection of submerged,
modular heat exchangers with 3-in. to 6-in. diameter,
mulripass, aluminum tubes with the ammonia working
fluid inside the tubes and the sea water outside.
This approach has been selected for the following
reasons:

(a) Use of a relatively large tube diameter re-
duces the number of tube joints, thus reducing fabri-
cation and assembly costs and facilitating cleaning,
maintenance, and repairs.

(b) Ko heat exchanger "shells" per se are re-
quired.

(¢) A strong potential for economical, in situ
cleanin% of the heat exchangets using the Hydronaurics
CavijeriM system* results. This advantage of a
simple heat exchanger design could outweigh the ini-
tial efficiency of a more complex design.

(d) The use of BO heat exchanger medules assem-
bled into 20 power modules in a total plant will per-
mit regularly scheduled cleaning and maintenance
operations, one molule at a time, without a large re-
duction in the total power ocutput,

The objective is te achieve the lowest cost
overall plant-ship design, which will not nrecessarily
result from optimizing the heat exchanger arrangement
per se. A vertical arrangement of the multipass
tubes, in which the ammonia would flew up and down in
alternate passes comnected by return bends, was con-
sideraed first, but was frund to have excessive in-
ternal pressures losses due to gravitatiomal effects,
which were confirmed by an APL experiment. Therefore,

a horizontal orientation was chosen which also re-

duces the probability of flow instabiliries among mani-
folded tubes in heat exchanger modules and offers lower
weilght and structural/installation advantages. The com-
puter program developed for the analysis of these two-
phase-flow, convective hcat exchangers2 uees a Chis-
holm approach for estimating frictional pressure
drops,*® the Chaddock and Brunneman correlation for
evaperator heat transfer,'” an ASHRE-recommended corre=
lation for condenser heat transfer,!” and estimates for
the effects of gravity, acceleration, and tube bends on

“pressure drop.'®

Many conflicting factors are involved in the se-
lection of the tube diameter, pass length, and tube
spacing. In general, the best tradeoff among the fol-
lowing effects is cought:

1, For a given total power output requirement
and a given enthalpy dreop (or pressure ratio) across
the turbine, the total ammonia flow rate is fixed.
ammonia velocities entering the heat exchanger tubes
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also remain the same, the total number of tubes Ny re-
quired is inversely proportional te tube diamerer

squared, [P, However, the required total length L of
a rnltipass tube increases approximately as D**%, Two
heat

effects cause this exponent on D to exceed 1.0:
transfer efficiency decreases slightly as D is in-
croased, and, for a given heat exchanger compartment
widh (available tube pass length 1), the number of
return bends per tube my increases with D, so that Ln-
ternal loss increases (see ltemw 3}, Letting Ar =
total heat exchanger surface area, Ny total number
of return bends, Vg = total internal volume of the
tubes, and VY = volume of amwonia being elrculated,
the following approximate relations apply (= = pro-
por<ionality sign):

1.2

NT o« D-z; L= Dl'z; n, = Lite= D" 1)
. -2 1.2 _ -0.8

NR = thr a« D "D D _2)

v v = w2 -21.2.2 _ L2

JT ES \w NT L 4 pT«D D D D 3)
. -21.2) (0.2 4)

AT NT InD = D

2, Although volume V. decreases as D is decreased,
ﬂR and Ny increase, making the plurbing more complex,
an” required ship planform area may not be appreciably

rernced fiee item &), although ship depth can decrease.
The eontribution of the heat exchangers to platform
bucrancy also decreases.

3. The internal pressure losses affect heoth the
amronias pmping power requilrement and local water-to-
arronia tomperature differences (#T's) for heat trans-
fer. The latter effect arises because the saturacion
temperatu-e at which the ammoniz boils increases as
the pressure is increasad. As D is inereasec, a higher
ini ial pressure In the evaporator is rejaired to over-
cor - losses due to more bencs (higher m, ' and to a
lar nr gravity head (depth reached by tF . mnltipass
tut ), resulting in a lower AT and lower heat flux.

4, Tube spacings must be sufflclen: for practi-
rube-~oundle [abricatiom, and a uniform lararal

ing hotween rows is important Pecauss it sortrols

« flew distribution. §ince variations in straight=
nes - of low-cost-production tubing may ruo nant 174 in.
per 25 ft, this is not a trivial problem. E[opireering
judcement indicates that design spacings should be at
least 3/4% in., so a 3/4=in. spacing in the vertical
plare is used in all cases. This desire fnr large
spacings teduces the volumefric advantage achicved by
redncing 9.

ecal
spa
wat-

5. Sea water veloclty v, Is Inversely related to
lateral tibe spacing., A vy of 5 ft/sec or mere is de-
air-d {a) to keep the water-side heat transfer coeffi-
ciert h, ur and (b) to minimize the rate of biofouling,
espzcially in the evaporators. However, the proposed
metiad for cleaning the tubes empicys a cleaning head

2f ioproxirately l-in, te 1,5-in. diameters which would
be 'ranslated vertically through the lateral spaces.

6. The water-side pressure drop is preportional
to ‘FE and to the number of tube passes in a bank.

Sir: : the water pumps are among the major OTEC cost
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items, and the required water-pond height above the
heat exchangers adds to ship buoyancy requirements, the
system cost optimization leads to v,'s below 5 itfsec,
which tends to increase the lateral spacing as desired.

7. To take advantage of a reasonable platform
depth, striking a balance between reguired planform
area and depth, it is desirable elther to "eier' or to
pest'' twe or more tubes in the vertical plame (¥igp.
2). Edther approach lemds to a multiple of the lateral
tube spaciug for a given water velocity, since approxi=-
mately the same guantitv of water per tube must flow,
for a glven water temperature change through the total
deptn, to accomplish the heat transfer, Thus, either
approach would alleviate the lateral spacing problen
{items 6-8).
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Downeomert l e e - b[——“:f
Tier 1 U ) Two-Phase Flow Sections Two-Phase Flow
Cowncomer Sections
Tier 2

b} "Nested” Svstem
of Two Tubes

" a) “Tiered"” Syst'm
of Two Tiers

Fig. 2 Ilustration of Tiered :nd Nested Evaporator Systems. The
Tiered System Reguives Separata Inlet Mainfalds to Deliver
Equae! Ammoria Heacs; The Nested Te-be System Can Usa
a Comimon Intet Manifoid with Very Small Head Difference

8. The tiering approach, Fig. 2a, ralses prob-
lems, however, in cqualizing the input ammonia heads
to the various tiers in the evaporators (see item 4&47.
4 more corplex and sxpensive plumbing system would be
required to provid: s separate inlet manifold system
for each tier. Moreover, the bottom tier will see the
iowest-temprrature water, wnich has already given up
heat to the uppet tier{s), so that the remaining avail-
able water-to-ammoe-ia AT will be smaller, and it will
be more Aifficuls to [ix the peint for the begloning
of nucleate bailing. This means, in turn, a greater
danger of encountering flow instabilities among tiered
cubes if comron ex’t manifolds are uced, s0 2 saparate
exit plurbing syvs+=cm for each tier might also be re-

guired.

9. The "nesting' approach, Fig. 2b, therefore,
ts preferved. Two or mere multipass tubes run in
adjacent, parallel passes, so that all experience



essentially the same full sea-water AT and essen-
tially the same internal ammonia head conditions
throughout.,

The computer program was used to explore all of
these factors and to compute the case for triply nest-
ed, 6-1n.-0.D, tubes {Fig. 3) which was selected in
October 1975 for the development of the baseline
plant-ship comcept. The results computed for the
evaporator and condenser were arithmetically averaged
to obtain cormon spacings, pass lengths, and numbars
of passes and tubes, on the assumprion that a small
change in rhe distribution of the overall available
ocean AT among the evaperator, condenser, and turbine
ean produce this desired commou.iity »f parts and
Eabrication and packazing requircments (aside from in=-
let and outlet manifold differences) between the evap-
orator and coudenser modules. These results are sum-
marized in Table 2.

(Subsequent to the selection of tris configura-
tion for the plant-ship design work, additional heat
exchanger configurations were evaluated. It presently
appears that use of [ive nested 4=in,-1r.D. rubes per
element and 26 elements per module would lead to heat
exchangers with redvced volume requirements and some
cost reduction,® and the commerciai-size plant-ship
costs are based on the latter,)

Heat Exchanger Operation and Power Sumrary

In an evaporator element (Fig. 3) each of the
nested tubes is fed liguid ammonia viaz a downcomer
pipe in which part of the liquid heat-up Is accom=-
plished., A short (about 5 ft) riser, in which the
liquid flows upward, is then provided to enhance the
oneet of nucleate boiling while avoiding the possi-
bility of gas bubbles forning toe scon and flowing
up the feed pipe. As the ensuing two-phase mixture
flows upward throueh che multipass tube, G0% of the
liquid is vaporized, i.e., a minture of 607 quality
goes from the top of the avaporator to a demister.
The demister returns the Lisguid ko the evaporator im-
let, and the vapor drives the turbine and then goes
to the condenser.

In a2 condenser element, ammonia vapor enters each
tube at the top, is condenscd completely as it flows
down, and is delivered through a manifold ro the sump,
from which 1t is pumped with the tetal pressure re-
quired for delivery to the top of the evaporator. The
condenser element is iden-ical to the evaporator ele-
ment except for replacement of the downcomer section
by the sump pump sec-ion. This approach simpiifies
eonstruction and inventorv problers. Figure 3 shows
Bquare corners to make thz return bends, but several
alternatives that may offer lower cost are being evalu-
ated.

The heat exchangers are fabricated from an aluminum
alloy (possibly Alctad) to minimize weight and cost.
Mich experience with aluminum in marine environments®?
a'd in heat exchangers In water desalring plants®’ In-
d'cates rhat satisfactery Lilc can be achieved; our
cesign 1ife is 20 vears. Since the tubes are cleaned
in place, it is only necessary to remove a module when
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TABLE 2

SUMMARY OF CHARACTERISTICS OF THE THREE-NESTED, B-in-Q.D.-TUBE
HEAT EXCHANGERS USED FOR THE BASELINE 100-WMWe NET-OUTPUT PLANT DESIGN

1154 FT
45

TOTAL LENGTH OF EACH 61N .-0.D. MULTIPASS TUBE
PASSES TUBE [TOTAL OF 135 PASSES/3. TUBE ELEMENT}
LENGTH/PASS |OCCUPYING 239 FT LENGTH TO ENDS OF BENDS AND

AVG. 1.7 FT LENGTH DUE TC RISE) 256 FT
TAANSVERSE TUBE SPACING [FOR 3.5 FT/SEC WATER VELQCITY) 1BIN.
VERTICAL TUBE SPACING 075N,
TOTAL TUBES {2300 EACH IN EVAPOAATORS AND CONDENSERS) 4300
NO. OF MOCULES {40 EACH, EVAPORATOAS AND CONGENSERS) e
NO. OF 3.TUBE ELEMENTS/MODULE (33 FT COMPARTMENT LENGTH! 20
TATAL HEAT EXCHANGER SURFACE AREA B2 x 108 FT2
EVAPORATOR WATER £LOW 4 62 n 105 gpm
CONDENSER WATER FLOW 4,45 x 105 gpm
AMMONIA FLOW 750 LB/SEC

repairs are required. The overall baseline 100-MA,
(net) demonstration-sire plant contains 40 condenser
and 40 evaporator modules. Two each of the evaporator
and condenser modules are used to drive one §6-Md, out-



Five turbines are comnected on a shaft
to drive each of four 2%-M.-cukput, a.c. generator/
transforwer/rectifier sets, With L6 MW, of power out-
put required for the pumps and propulsiom, the total
pet output is 100 MW, (Tadle 3}.

put turbine.

TABLE 3
POWER SUPPLY FOR 100-MW,g BASELINE
DEMONSTRATION PLANT

TURBINE GUTPUT TOUMVALENT {20 TURBINES) 121 MW,
ELECTRICAL QUTPUT I4 GENERATOR/

TRANSFORMER/RECTIFIER SETS! 1186
ANMONIA PUMP INPUT {40 PUMPS) 2.3
WARM WATER PUMP INPUT {20 PUMPS) 5.0
COLD WATER PUMP INPUT {19 PUMPS| 8.1
SUBTOTAL,AUXHJARYPOWERREOUIRED 15.4
PROPULSION POWER (1/2 KNOT) 0.6
NET POWER CQUTPUT 100 MW,

"The Cleaning Concept

The aforementioned CauijetTM cleaning head** com-
prises a 4-fr-loung pipe with radially disposed l/B-in.-
diam nozzlies, Tests have indicated a cleaning rate of
about 3000 Ft2/hr for slime removal with a single l/4-
in. Cavijot at 2000 psi. Other tests at 2000 psi have
remcved heavy encrustations of barnacles from painted
stecl plates without damaging the paint. Furthermore,
plates of 061 I6 aluminum with paint stripes have
been subjected to 2000-psi jers; the paint remained,
and there was no detectable damage to the aluminum.
Hydronautics, Inc. predicts that a rultijet cleaning
head designed for use ou the aluminum heat exchangers
will remove slimes at a racte near 5 ££2/sec. Lf so,
one heat exchanger module can be cleaned by one auto=
mated cleaning head in 6 hr, and a routine heat-~ux-
charger cleaning cycle for a 100-M plant can be accom=-
pli-hed iun 20 days with 1 head or in 3 days with 4
hea’s, Tie cost should be far less than with systems
des gned Z“or other OTEC plant concepts based cn clean-
ing the insides of tubes with abrasive rubber balls.

Dceanngraphy and Flatfntm Motions

The six shaded areas in the Atlantic and Pacific
Ocesns in Fiz. 4 were found by A. R. Miller of the
Woo-'s Hels Oceanograpbic Institutien to have the fol-
lowing suitable characteristics:

1) Surface currents of approximately 1/2 knot ot
less, atnd no substancial subsurface currents;
deep currents of 0.2 knots or less.

Deep bathymetry which insures that there is
nn possibility of encountering an under-ocean
peak extending up to 1/2 mile below the sur-
face.

2)

1) Available water AT betwaen the surface and
2500-ft depth exceeding 20°C (36°F); surface
temperature > 259%¢ {77°F),

4} Normal winds of Reaufort force 3 to & {7-16
knots).

5) Normal sea states £ 5 (wave height < 12 ft or
4 m), '
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Fig. ¢ The Six Tropical Ocean Sites Selected for Deploymant of
OTEC Plan1-Ships

For the preferred initisl site, Atlantic 1, datas
are available based on observations back ro 1888 and
the rearby "Gare" experiment of 1974 {conducted by an
intervational assemblage on site for 60 days with in-
struments continuously ir the water), This 360,000 sq.
mmi. area is located 300-900 miles off Brazil from 5°
to 15° south Jatitide., Water depth exceeds 5000 ft
(1500 m). There are no Islands or other national land.
Therefore, the preliminary opinion of the law firm
LeBoeuf, Tawb, Leibv and MacRae is that an OTEC plant
i{n this locztion w.il be a protectad activity under the
law of the high seas, similar ro fishing.

The on-site temperature, wind and wave conditions
have been characterized® by oceanographiec data for four
Marsden Squares covering and near site Atlantic I,
which comprises the lower half of Square 302 and the
uprer half of Square 338. llistograms show that the
predominant temperatures are 81-83°F (27-28°C) at the
surface and 39-40°T (4-4,5°C) at 2500-ft depth, yleld-
ing a vepresentative AT of 4397 (23.9OC), our design
value. No Beaufort wind force greater than 6 was re-
corded. A 20-fr sipnificant wave heirht is, therefore,
the extreme on-site desi: 1 condition. The correspond-
ing sea-state histegrams (Fig. 5) show that the most
probable sea state i< 3, bHur sea stare 4 rreurs with
appreciable precbabliity cnd therefore s rhe aominal
on-site desipzn sea state, The sipnificant wave height
is 8 ft, with maximoum energy occurring at a frequancy
of 0.80 rad/sec.

When the OTCC plant-ship Is operating on site,
pumps malntain the water levels in the ponds, The
large cold-water head ponds could be subdivided
transverselv and lorgitudinaliy to reduce the free
surface and the resulting less of stability, and
elther a hish-reliabilitr, pond-level control system
or Temovable pond covers will be employed, as well as
some pumping power margin above the nominal require-
ment, TNowever, the estirated water plane inertia for
the stabhility calculaticrs did pot include the water
in the heat exchangers or subdivision in the cold
water pord. The heat exchangers arve buoyant and pro-
vide stability to the vescel, but they may be removed
for repairs,
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Platform stability was estimated for six cases.
The worst-case, very improbable, emergency condition
with the lowest stability was one with the heat ex-
changer head ponds filled but with the fleat exchangetrs
withdrawn and the cold water pipe (CWP) missing.
This condition still has a positive transverse
stability satisfactorv for a sea-going werchant
ship. 1lhus, the stability of this vessel appears
to be entirely satislactory.

The on-statlon seakeeping or dynamic behavier
with WP deployed was calculated using a j-degree-
of-freedom seakeeping program. For this analysis,
the platform was idealizec as z hull having a dis-
placement of 80,000 long tons and 2 transverse GM
of 110 fr, Based on caleculations of the dynamics
of the water in the CWP, this water was assumed not
to respond to CWP heave and yaw merions but to fol-
low CWP pitch, roll and sway motions exactly. The
CWP was assumed to have no amplitudes of motion
relative to pipe diameter.

The foregolng design conditions and estimated
worst-case ship motions for normal-operating, ex-
treme operating, and in-transit-to-site conditions
gre summarized in Table 4. Of particular interest
are the normal operating conditions, for which the

5%

platform 15 very stable indeed, It should be very
useful for a variety of research activities in
addition to its primary misaion of ammonia produe-
tion.

For deployment of the plant to this site, the
hurricane months would be avoided, Avallable data
ipdicate that the worst condition in "nen-huryi-
cane" months (November through July) is the top of
sea state 7 having a "significant" (or one-third
highest) wave height of 40 fr. Thus, the max imum
loads and motions experienced in transit should re-
sult from encounter with a wave at or pear the peak
energy frequency, which is 0.36 rad/see¢ correspond-
ing to a wave length of 1560 ft, (The maximum in-
stantanecus forces acting on the platform would
correspond to the "1 in 10,000™ value, which can be
expected to occcur at least once in a storm, and is
2,22 times the above-defined significant value.)

The American Bureau of Ships requires survivabilicy
in a 100-knot wind and vse of a 70-knot wind for
design operating corditions for offshore platforms inm
open ocean locations, For sheltered locations they
permit an operating design wind of 50 knots. Since
the hurricane season ls to be avoided for plant de-
ployment, a 70-knot wind has been used for the sur-
vival condition during transit, and a 50-knot wind
for a survival condition on station. The resulting
motions (Table 4), which are based on the platform
alone (no CWP) experiencing the worst expected sea
conditions and the werst heading angle, do not appear
to be hazardous; the significant acceleration is about

0.15 g.

TABLE 4
ESTIMATED SHIP MOTIONS FOR 100-MW,, DEMONSTRATION-SIZE PLANT SHIP
PARAMETER ON SITE IN
NORMAL EXTREME|TRANSIT
DESIGN BEAUFORT WIND FORCE 4 7 -
DESIGN WIND [SURVIVAL CONDITION], KNOTS| & 33 {501 (702
DESIGN SEA STATE (TOP END} 4 8 T
SIGNIFICANT (1IN 3} WAVE HEIGHT, FT -1 20" a0k
PITCH, deg 0.02 < 0.3 6
ROLL, deg 0.02 o1 13
YAW, deg 0.2 07 2
HEAVE, FT 2 12¢ 23
SWAY, FT 05 2.3 14
SIGNIFICANT ACCELERATION ¢ - ~ 01 ~0.15

ADEFLOYMENT ONLY IN NON-HURRICANE MONTHS, NOW, . JULY.
BHIGHEST (4 IN 16.000] WAVE IS 2.2 TIMES THIS: DETERMINES MAX. INSTANTANEQUS FORCES.

CEXCEEDS SIGNIFICANT WAVE AMPLITUDE QF 10 FT, $0 PLATFOAM TENDS TO “CONTOUR™ OR

FDLLOWWATER SURFACE (GOOD FOR HXERS)

The estimates of CWP bending moments made to
date have limited accuracy because elastic effects
could not be considered. The pipe wall thickness
required to resist such bending moments is estimated
te be less than the 1,88 in, determined by buckling
considerations over much of the pipe length, but a
2.5-1in. thickness is estimated to be required in the
upper part of the pilpe, (A thickness of approxi-



mately 1.25 in. at the plpe-platform junctiom would be
suf "icient to resist the bending moment induced by
steady motion of the plant at a speed of one knot rel-
ati-e to the water,)

Ammonia Production

Hyd-ogen Production by Electrolysis

The background and basle tradeoffs in the elec=-
trolytic preduction of hydrogen were reviewed by
Konopka and Gregory.al A few points are of inrerest
here as background for the information from Teledyne
Energy Systems, Timonium, Md., and the General Elec-
tric Company, Wilmiogtom, Mass., upon which the pre-
sent investigation is based.

The isothermal generation of hydrogen and oxygen
by water electrolysis at 25°C (77°F) ideally requires
that a quantity of energy be supplied equal to the
heat of formation of ligquid water, which is the same
as rthe higher heating value (IiV) of hydrozen, 61,030
Btu/1b. This energy could all be provided as elec-
trical energy at a cell potential of 1,47 Vv, in which
cas~ the quantity can also be expressed as 17.9 Wh/lb
of 1,, or 9 kih per 1000 SCF.* In this isothermal
case, no heat would be added from or wasted to the sur-
rourdings. However, a voltaue as low as 1,23 V could
still generate hydrogen (Fiz, €) at a very alow rate;
this would correspond to an eleoctrieal erergy imput of
79 ¥WR/1000 SCF, or £3.7% of the HHV of hydrogen: tha
other 16.2% would have to be supplisd as heat., 5Since
the "therral efficiency” of electrolysis is defined as
the thermoneutral voltage of 1.47 V divided by the
actunl voltage used, this mzans that an ultimace effi-
ciency of 119.5% is theoretically prssible if that
heat Is supplied by the surroundings.
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Present industrial electrolyzers do provide all of
the energy as electrical energy and, in fact, operate
at a voltage above the thermoneutral value due teo in-
efficiences inherent in a given design and to a desire
to Increase the rate of production of hydrogen. The
rate of production increases as the applied current and
hence the current density [/A {current per unit area of
electrode) increases. However, the cell operates as a
non-linear resistor, so there are tradecffs among E,
I/A, and ecapital cost. Thus, many industrial wnits
today operate at £ ~ 2,0V, or 23,8 Wh/lb, or 74%
thermal efficiency. However, near-term advances prom=
ised by recent and planned developments mentionad here-
inafter appear to assure improvements to the 1.,5-1.8 ¥
range, corresponding to 18-22 ¥Wh/1lbk, or efflciencles
in the 82-98% raunge.

the remperature will decrease the
resistance and overveltage because the
activation proccsses are accelerated.
The solid curve in Fig. G was provided by Taledyne™ ®
for a cell operating at 456 amp/fr”. For the GE solid
polymer electrolyte (SPE) cell,”® the dashed ecurva was
obtained in tests of a single cell at a current density
of 1000 amp/ft; thy efficiency increased from 765 at
120°F to 907 at 100°F. The advantage of operaring at
hipgh temperatures isz, in some designs, offset by de-
creased life of the cell materials. If an attemct is
made to achieve efficisncics very near {or ultimately
tn excess of) 1007, heat will have to be supplied from
the surroundings, because the teotal eunthalpy change of
the reaction, as indicared by the rhernnoneutral line in
Fig. 6, increases slightly with temperature.

Increasing
cell's internal
diffusionral and

The Teledyne Flectrolysis_System--The Teledyne
Energy Svstems Company is curvently ranufacturing and
marketing commercial systems ranging in sizes up to
430 SCFH of hvdrozen and expects to have a breadboard
model of a large-scale cell operating early in 1976.
their proposed system for the OTEC application™® a 25%
KO solution 1s used in o filter-press-type electroly-
sis module., The hvdrogen is generated at 100 psig,
separated from the ~lectrolyte and piped te the hzaat ex-
changers and compre:sor cf the armonia synthesis icop.
The iustallation for a L0Q-M, demons tration plant would
be made up of 16-M, input unit plants, each containing
five elecirolysis modules run by auxillaries. The
hydrogen and oxygen gases generated are removed from the
exiting KO solution in separators, and the KOH solu-
tion is cooled from LBOF to 163°F in heat exchangers
and filtered before re-~crtering the five electrolysis
modulez from a main header, Teledvne has propesed that
far the OTEC/asmon”a plant application, the aforemen-
ticned heat excharuers would be in the ammonia synthe=~
sis plant, used ro preheat the reactant gases.

In

Control equipment will monitor electrolysis module
inlet temperature and flow rates; if a high tempera-
ture or low flow is encourtered, an ‘alarm will be
sounded, and Lf the condition persists, the plant will
be shut down automatically and purged with nitrogen.
The I, and Q product gas streams will be saturated
with water vapor at 180°F; the heating values of rhese
streams can be utilized in the ammonia planc. A deion-
izad water svstem capable of croducing pure water for
ail six plants required will be supplied. Input Lo



thiz system will be potable water supplied from a fresh-
water plant on the platform. The deionized make-up feed
water ie delivared to the hydrogen separators on demand
from level switches in the separatora.

Each electrolysis module may be run from 257% to
100% capacity by varying the voltage between 840 V and
B60 V (1.68 to 1.72 V/cell) and the current between
950 and 3800 amps. The cathode members of the cell are
modified by a proprietary technique to achieve the cur-
rent density required withour anm unacceptably high cell
voltage, To date, thils technique has been verified omly
by preliminary laboratory tests. Table 5 lists the per-
formance characteristics per unit that would apply for
n demonstration plant.

TABLES
TELEDYNE ELECTROLYSIS PLANT PEAFORMANCE AND RECUIREMENTS
{16.14-MW PLANT UNIT COMPHISING 5 MODULES & AUXILIARIES)
’ MAX. CAPATITY
ITEM OR RFQUIRENVENT

HYDROGEN QUTPUT 140 500 SCFH OR
776 LB/HR
CELL VOLTAGE 172 v
POWER DEMNSITY 791 WiFTZ
YILTAGE SFFICIENCY 35.6%
CURRENT EFFICIENCY 98.0%
O 7ERALL SYSTEM EFFICIENCY B838B%
AAXIMUM OPERATING PRESSURE 1043 psvg
GASPURITY AFTER WATER REMOVAL a8+%
DEWPOINT 180 F

‘REDUCED TC NH; PLANT AEDQ'T. IN MH; PLANT)

SPACE REQUEREMENT 25 FT w26 FT x 15 T HIGH

TOTAL WEIGHT 149000 LB
PLANT LIFE 20 YEARS

PLANT MANNING
DPERATIONS: COMPLETELY AUTOMATIC WITH MANUAL
OVERRIDE - ONE MAN CAN START UP, RUN. AND SHUT
DOWN IN MANUAL MODE
PREVENTIVE MAINTENANCE: 183 MAN-HA, FIRST YEAR,
124 MAN HR, 2nd THROUGH 20t4 YEARS

_SERVICES FEOUIRED

DEIONIZED WATER: 500,000 GHM/CM RESISTANCE IMININLIM!

COOLING: WATER MUST BE AVAILALLE IN Ny SYNTHESIS LOOP
10 COOL KOH ELECTROLY F'E TO 165 F

POWER: 3.2 Mie PER MODULE 440V 2 FOR PUMPS,
REMA'MDER 220V 30

AtA: DILFREE, BO PSIG MINIMLIM
NITROGEN: 700 SCF PER STARTUP. 20 000 SCF FOR ENMERGENCY PURGE USE
INFTIAL KOH CHARGE: 13,764 GAL OF 25% WT. SOLUTION

The General Electrie SPE Electrolysis Svatem--GE
is developing a large-scale electrolysis plant and is
recelvins some funding frem ERDA for this work, 1In
thetr Sclid Polymer Electrode (SPE) system, ~ the 5-
Mig-cutput (in hydrogen thermal equivalent) system de-
picted in Fig. 7 is thei- basic unit, The electrelysis
nodule 1s 3 fr in diameter by & ft high, contains 580
enlis of 2.9 £t5 and 220°F, weighs 300C 1b, and gener-
ates approxirately 533,800 SCFH of hydrogen. Distilled
water 1s circulated through the cell anode cavities at
a sufficient ratc to remove internal wasce heat as well
as the amount needed for the electrolysis reaction.
Part of this water is carried over te the cathode side
in the proton tramsport procesr, so that some liquid
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Fig. 7 Conceptual Layout of General Electric’s 5-MWy-Output SPE
Water Electrolysis System

water is discharged with both the hydrogen and oxygen
gases, The 0,-water mixture is passed through a heat
exchanger to remove the waste heat from the system, and
then to a water separator from which the water is re-
circulated to the pump inler. The H, -water mixture
goes directly to a water separator. If required, gas
driers can be added to the system downstresm of the
water separators. The system will be completely auro~
mated for unattended oparation.

Although the 580-cell stack used in the electro-
lysis module had not yet been produced at this writing,
continuing improvements in anode electrocatalysis are
being demonstrated in the laboratory from which GE has
projected that the cell voltage at 2000 amps/ft® will
be reduced te approximately 1.75 and 1.6 V by 1980 and
1985, respectively, Two other areas of development are
demons trating significant potential for achievemenc of
these goals: an increase In operating remperature
(Fig. 6), which reduces both the catalytic activation
losses and the internal resistance of the electrolyte,
and permits a veltage reduction of 0.25 V; and a reduc-
tion of the SPE thickness from 10 mils to 5 mils, per=
mitting another 0.25 V reduction. With the latter two
improvements alone, the voltage would be reduced to
within 0.05 V of their 1985 projectad performance, Life
testing up to &4 vears on single units without mainten-
ance showed no degradation of performance, and during
the past 7 vears (10¢ cell hours of operation), there
have been only two failures im SPE cells, both due to
gasket failures.®" With improved sealing technigues
now avallable, GE confidently projects a reliable,
maintenance-free life potential of 10 to 20 years for
the SPE electrolysis stack fin commercial service.

Cell efficiency is primarily a function of the
cell voltage, since the coulombiec losses at ambilent
pressure are z;most negligible. The projected®® elec-
trolysis efficiencies are 86% for the demonstration



plant (1980), and 90% for commercial plants (1982-83),
assuming that adequate govermment funding for develop-
ment is provided. That rate of development would cor-
respond to the schedule advanced by APL for the devel-
opment and production of OTEC ammonia-producing plant
shkipa,

Sunmary of Hydrogen Cutput and Cost Data--The hy-
drogen output and cost information provided by Tele-
dyne®? and CE** {3 summarized in Table 6. Teledyne's
projected costs cover the electrolysis medules, auxil-
lary equipment, and installation; BC power is supplied
directly at a suitable volrage from the OTEC genara-
torg. (Teledyne has advised thar H, output can be in-
creased by modifying the cathode members of the cell
by a proprietary technique, by increasing cell oper-
ating temperature to 350°F and other develapments.
With R&D Funding, Teledyne states the output for the
500-M4 plant could rise as much as 8-144 with no
attendant capital cost increase,)

The GE plant cost is quoted for delivery ta a U.S.
shipyard, tested and installed. It does not include
the power for the air driers which would be supplied
from an integrated tatal OTEC/ammonia plant. A funded
pilot plant development program is presupposad. Hydro-
gen 1s generated at 14,7 psia. At 500 psia, the hydro-
gen output for the 500-%%, plant would be raduced to
4,605,000 SCFH, allowing & tradeoff beitween armonla out-
put and compressor Investment.

For the production of ammonia in a plant which
uses the air liquefaction process to obtalin the nitro-
gen, our preliminary estimate was that the nominal
160-M{. plant would deliver 97 MJ, to the electroly-
gis ceTls and 3 ¥, to the ammonia plant and air
liquefaction equipment, (Ancther 3 M4, needed for
the latter equipment would be obtained from the waste-
heat recovery in the plant.) Thus, the hydrogen out-
put £igures shown in Table & were reduced by 3% in the
subsequent economic analyses for ammonia plants,
which are based on use of the Teledvne system for the
100-Md, demonstration plant in 1980, and on the more

favorable projections by GE for the lomger term for
500-14,, commercial-size plants,

The Need for Alternatives for Ammonia Produetion

Ammonia is considered the prime near-term candi-
date product for tropical OTEC plants for the follow~
ing reasons. 1Ir is a vital commodity for use in
fertilizers (75% of the U.S. ammonia consumption at
present) and other chemicals. TFurthermore, over 495%
of U.S. ammonia production uses natural gas as the
feedstock (H, source}. In 1975, 16 million tons were
produced, which required 640 billien SCF of natural
gas--nearly 3% of the total U.S, consumption. FPro-
jections suggest that by 1980 ammonia production may
require over 5% of the U.S. total, and by 1990, over
11%. These figures are approximately doubled when

the projected petrochemical use of natural gas is
added. The forthcoming additional pressure on prices
and availabilitv of gas to home-owners and orher con-
sumers is readily apparent. Furthermere, ammonia it-
self as a sale commodity no lomger contributes ta the
U.5. trade balance. In the August 1974-May 1975
period, the U.S5. exported oaly 335,000 tonms of ammonia
wnile importing 495,000 tons.?® The total U.S. demand
for ammonia 1s expected Lo increase by 10 million tons

per year by 1983.

Thus, it is clear that the U.S. will need an
alternative to armonia production from natural gas.
Ammonia can be made from petroleum (maptha) or coal,
and for the longer terr, coal would be the batter of
these two fossil fuel routes for the U,S. However,
there will be many compating demands for coal, and
many social and envirormental problems will attend a
substantial increase in coal mining and rranspertation
capabilities, in addition to the environmental prob-
lems of using coal to make ammonia on shore. The
atrainable schedule which we have projected for bufld-
ing OTEC ammonia plant~ships would have 15 commercial
gize plants in opcraticda by the end of 1985, saviag
536 billion SCF of natural gas per year; the projected
cumulative saving through the year 2000 is 12 trillion

TABLE 6

SUMMARY OF PROJECTED LEAD-TIME REQUIREMENTS, HYDROGEN QUTPUTS,
ANDELECTROLYNSSYSTEMCOSTSFROMTELEDYNEANDGENEHALELECTHm

100 MW, (1980) 50O MW, {1982-856}
LEAD 1000 SCFH S$/kW, LEAD 1000 SCFH S$/kWg
TIME. YR, OUTPUT INPUT  TIME YR, OUTPUT INPUT
TELEDYNE 25 926 142 3 4634° 128
GENERAL ELECTRIC® 25 932 198 3 4876 78-89

*coUlLD EXCEED 5,000,000 SCF WITH R&D FUNDING

bae PROJECTIONS REQUIRE ADEQUATE R&D FUNDING
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SCF, Table 7 shows that our estimates for the cost of
producing amnonia via hydrogen generated by OTEC plants
and delivering it to the U.S. would be competitive with

TABLE 7
COMPARISON OF ESTIMATED U .§. PRODUCTION COSTS FOR AMMONIA
FROM VARIOUS SOURCES

WH; cOoST  |ENVIRONMENTAL
SOURCE FUEL COST $/SHORT TONB IMPACT
NATURAL GAS |$0.80 ~ 1.90/10% SCF 64 — 1068 MODERATE
NAPTHA $80 — 95/TON 108 — 1222 MOGERATE
CRUDE C:iL $11 - 14/bol 11 - 1283 MODERATE
COAL $22 — 42/TON 108 — 1502 GREATEST
OTEC NONE 68 — 20b LEAST (SOME
ASPECTS
FAVORABLE]

SESTIMATES FOR PRODUGCTION FROM FOSSIL FUELS ARE BASED ON A
REPQRT Y HARAE £T At OF THE TVA NATIONAL FERTILIZER

DEVELCPMENT C

ENTER 38

bYHE $68/TON ESTIMATES FOA DCEAN THERMAL ENERGY CONVERSION
(OTECH 1S FOR THE POSSIBLE COST AFTER AN AGRESSIVE R & O PROGAAM
THE $90/TON FIGURE +5 FOR ESSENTIALLY STATE-OF-THE -ART {1982}
TECHNOLOGY WITH STRAIGHTFOAWAAD DEVELOPMENT (SEE TABLES 9
AND t0 AND FEXTI.

costs of making it on shore from coal, or even from
naptha or natural gas. Successful development of OTEC/
ammonia plant-ships could also lead to sale of that
technaology or the plant-ships themselves to other
nations who do not have large supplies of fossil fuel,

The Selected OTEC/Ammonia Frocess

Electrolytic hydrogen generated by equipment pre-
viously described could be used to syuthesize ammonia
by either of two approaches, The first approach
studied' "2® was to use approximately 1/7 of the hydro-
gen in a burner to remove oxygen from air, condense
the resulting water to be used as feed to the electro-
lysis cells, and combine the remaining gas (mainly
nitrogen but containing carbon oxides, argom, and
other trace gases) with the other 6/7 of the hydrogen
to make the feed gas for the ammenia synthesizer, The
other approach is to cobtair the nitrogen by using an
air liquefaction plant to remove the oxygen, water
vapor, C{, and argon from the alr, using a process
similar to that used to produce liquid oxygen on Navy
alrcraft carriers today. The latter approach, used
for our cost estimates herein, requires a slightly

. higher capital investment but, due to the greater

 ammonia yield for a given OIEC power plant size, is
presently judged to be more attractive., It is illuas-
trated schematically in Fig. 8. We have not yet con-
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Fig. 8 Schematic Diagram of the Selected OTEC/Ammonia Process
Using Air Liquefaction
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durted a specific process engineering study or prepar-
ed a heat balance for this application, However, for
purposes of our plant sizing and cost estimate we used
thr values summarized in Table 8. Most of the costs
are based on installed costs of equipment in the TVA
National Fertilizer Kesearch Center's experinencal,
2:% ghort-ten-per-day (STPD} ammonia plant, increascd
to the 313 STED level (1,26 ratic) for our LOO-MW

Ot 0/ammenia plant ship, and escalated to 1975 doilars
{1.57 ratio to 1970 costs per Chemical Enginecring
Plant Cost Index), The TVA plant is a natural pas re-
former plant; the 1970 equipment cosrs were provided
by TVA for the aforementioned plant,”® The cstimate
of $2.5 M for the air liquefaction equipment, based

on fnformation from Air Products, is in line with a

45 M estimate for a 1000-STPD plant.?®”

TABLE 8
AMMONIA PLANT EQUIPMENT FOR 100-MWe PLANT
DECK
ITEM AREA, FT.7 WT., LT COST, $M
Al7T LIQUEFACTION 600 19 25
GAS CONPRESSOR 150 16 1.2
SYNTH. CONVERTERS {3}

SN CATALYST 30 ad ng
W 5TE HEAT BOILERS () 25% 8 0.1
V7 SUL HXERS, COOLERS 8390 146 0.7
BRI FRIG'N COMPRESSOR 150 1% 1.3
£CUDENSZRS & SEPARATORS 1660 54 0.3
Li7UID STORAGE (107LT} {HULL) 0.8
TP ANSEER PUMPS, HOSE (HULL) a0 04
INSTALLATION & CONTROLS 1 23

3880 337 10.4

The demonstration-size plant-ship described ear-
lic:- has emple space and a great deal mere buoyancy
than necdid to accomnodate the electrolysis and ammonia
sy-thesic plant equipment., 7The zreat stablility of that
ple' form in the normal, on-site operating ronditiens
ha: been -escribed, A larger, commercial-sirze plant
ship will be even more stable. The optiuum size for a
commercial-size OTEC ammonia plant ship is expected te
be in tha 1000 to 1700 STPD rance, requiring an OTEC
pov.:r capacity of 300 to 500 Mé, ner, An jimportant
fac-or for an armonia plant is to exceed a o00-51PD
tevel in order tz gain the economies of using centrif-
uge | comnrassors (as sketched in Fig. 8) as npposed to
reciprocating compressors. The costs established Eor
the 100-1%, demonscration-size plant were as fnllows
in 1975 dollars: heat exchangers, 531 M; other OTEC
cycle equipment, $30 M; platform, $29 M, cold-water
pize, $14 M electrolysis and ammenia plant, 323 M,

The 100-MM. plant-ghip costs were then extrapolat-
ed *o the case for multiple-vessel araduction of 504-
M{ . 1697-5TPD, OTEC/ammonia plaut shigs in 1922-85
us: g tho GE preojectlon for electrolysis system cost
and no advance in ammonia synthesis tochuologv. The
maj r factors taken into dccount were the relative

savings due to a learning curve in multiple production
of the platform (10% savings) and re-use of the forms
for the concrete hull; optimization of the heat ex-
changer module size and packaging arrangement (5% on
the heat exchangers); approximately 30% reduction In
turbine, generatoer, and water pump costs for sizes 2-3
tires iatpger; economy of scale on the cold-water
pipe(s), approximately 20%; and the relative saving on
reguired crew accommodations and outfitting that re-
rult for a lLarger commercial ship. The resulting cost
estimate is presented in Table 9.

TABLE®
COST ESTIMAYE FOR 500 MWy, OTEC/AMMONIA PLANTS
{ALL FIGURES MILLIONS, 1975 DOLLARS)

HEAY EXCHANGERS s124
MULTIPASS ALUMINUM TUBRES 60
ANCHORIMNG. LIFTING SUPPORTING STRUCTURES 51
VALVES, MARIED D53 15
CAVIJET CLERNING SVATEM 0.2

MACHINERY na
WATER PLMPS & STARTERS 43
AMMON'A DEMISTERS TURRINGS & PUMPS b«
GENERATORS, TRANGT DitMEAS & RECTIFIERS 27
COMTIOLS & AUXITIEl ¥ FALIMIERT 17
AMMON A SV ENINUY INMEAT TULE L}

PLATFORM ni
BASH CONCRETE byl 47
SUPEFSTRUCTRE LEITS, PROPILSION 52
ENCHERING & SE.01ES 7

COW 0 WATER PIPE 50

TOTAL BASIC GTEC SHEP COST 5391

ELECTRODLYS'S PLANT /NCL FHESH YIATER SYSTEM a7

AMMONIA BLANT 39 _

NET PLANT SHIP COST 8477
CONSTRUATION INTEREST & ESCALATION 57 _

GRAOSS L ANT SHIP £OST “g534
GOVEANMENT COST.GHARING* —153
DEPLWYMENT TO SITE 2

PLANT INVESTMENT £303m

or $765/kW,

PLANT INVESTMENT, BASIC OTEC SHIP ONLY $573 MW,

LAPPLIED NI Y 1O BASIC SHIP DOST AND CONSTRUCTION INTEREST AND ESCALATION
112%) ON SAME ARPLIED AT A 0% RATE

The bottom line im Table 9 shows the required
plant investmant for privare funding on the assumption
that Government suppoert for the construction of OTEC
plant ships will be provided at a level of 35% of the
basic power-plant <hip, not including the electrolysis
and ammenia production and transfer eguipment. This
35% level ia the same as the Construction Differential
Subsidy level currertly suthorized by the U.S. Merchaunt
Marina Act of 1970 for ships built in U.8. yards te fly
the U.5. flag in competition with foreign vessels on
specified trade ro:tes., It is not clear that OTEC ships
will qualify under that 2ct, but it seems reasonable
that a similar lewv:l o7 ruvpport should be provided by
some means for this new altermative in the energy field.

Using the resulting $384 millicn (in 1975 dollars}
plant investment for a cummercial-size plant, the cost
for producing armoria ai rite Atlantic 1 and deliver-
ing it to U,S. ports has been calculated as shown in



Table 10, Straight-line, 20-yr depreciation is used,
and other assumptions and bases for the calculation are
indicated by footnotes to the table, The calculated
ammonia cost, FOB New Orleans, Louisiana, is $90/tom,
which would provide a 50 percent return on sales at the
1975 price level of $1B0/toa.

TABLE 10

ESTIMATED AMMONIA PRODUCTHON COST {1975 DOLLARS) FOR A 500-MWe
{NET), 1697 — SHORT-TON/DAY, COMMERCIAL OTEC/AMMONIA FLANT SHIP

PLANT INVESTMENT: $283M

WORKING CAPITAL {120 DAYS}: S11M

RATED CAPACITY: 585600 SHORT TONS/YEAR {346 DAYS)
COSTS PER SHORT TON:

$/s7

CATALYST AKD CHEMICALS? 0.60
LAROR AND OVERHEADD 453
MAINTENANCE MATERIALS {1% OF PI) 653
INSURANCE {2.8% OF PI — QDSI¢ 9.14
DEPRECIATION {20 YEAR, 5% OF PI) 32.66
INTEREST (8% OF 1/2 P1} 2813
PROQUCTION COST 79.59
INTEREST ON WORKING CAPITAL (8%} 150
SHIPMENT TO U.S. PORTd 9.00
COST AT U.S. PORT ($/TON} 80.09
RETURN ON INVESTMENT {$180/TON) 89.01
GROSS PROFIT (% OF SALES) 50%

IPER HARRBE ET AL TVA NATIONAL FEATILIZER RESEARCH CENTER IS pLUS
CHEMICALS COST FOR $TILL AND ELECTROLYS!S CELLS.

binELUDES ALL WAGES AND OVERHEAD FOR 39 ON BOARD CREW PLUS 20
STAND BY CREW (4 WEEKS ON. 2 WEEKS OFF CYCLE} AT AN ESTIMATED
$45,000/YEAR AVERAGE COST PER MaN.

SNCLUDES HULL INSURANCE, PAOTEGTION ANG INDEMNITY RISKS, AND
CONSTRUCTION AISK. CREDIT OF 50% COMPARABLE TO AN OPERATING
DMFFERENTIAL SUBSIDY (QDS) UNDER THE MERCHANT MARINE ACT OF
1970.

d5HIPPING COST ESTIMATED BY A LONG-RANGE STUDY BY 45 & DD USING
THEIR COMPUTER ESTIMATOR MODEL INCLUDES CREDIT FOR DOS AVAIL.
ABLE TD US FLAG SHIPS.

The relatively high plant investment required for
an OTEC/ammonia plant remains a matter of concerm.
However, depending upon the income and tax situvation
for the investing company, the total cash reguirement
may be recovered in a relatively short time. TFor ex-
ample, the 1975 update of the Investment Credit and
Accelerated Depreciatiocn Restoration Act of 1967 allows
an fnvestment credit of 10% with a limitetion that the
eredit can not exceed 50% of a corporation's federal
income tax, For a corporation in a 487% tax bracket
with other income sufficient to allow use of the inveat-
ment credit to at least the amount of the computed tax
on ammonia profits, an annual cash flow of $72 willion
per year would resule, and the plant investment of $383
million would be recovered in 5.3 years,

The “gross plant-ship cost" of $534 million (ex-
eluding deployment) in Table % is considerved te repre-
gent state-of-the-art for the 198285 time period with
the assumption that funding is provided for the devel-
opment required on clectrolysis systems te wmeet the GE
projection of cost and performance, as well as the
necessary program for development and demcnstration of

the OTEC equipment from the exIsting concepts and tech-
nology base, An estimate was made of the cost reduc-
tions that could be achieved by research and develop-
ment to advance the heat cycle and platform technolegy,
use of emhanced heat transfer surfates, a 3°F elevation
of local water surface temperature by use of s monomo-
lecular film (currently used to reduce evaporation on
agricultural ponds®®), sharing the cose of the cold-
water supply system with a mariculture operation, and
recaiving a small credit for the oxygen produced by the
electrolysis system, These factors could bring the
plant-ship cost assignhed to ammonia production down to
$362 million, With the same percentages of government
cost-sharing on construction and operating ceosts as in
Tables % and 10 in the early years, the ammonia produc=
tion cost would be reduced to $68/ton., Without this
govermment cost-sharing, the cost would be $95/ton.

Another interesting possibility is that U.S5. plant-
ghips built to sell ammonia to other nations might re-
ceive Export-Import Bank financing with a 6% Incterest
rate.?® This advantage, coupled with a lower trans-
portatien cost to nearby foreign ports (55/ton) would
reduce the production cost ia Table 9 from $90/ton to
§79/ton.

An economic aspect which will be important to in-
vestors 1s the fact that the competitive position of an
OTEC/ammenia plant will be expected to improve as the
years pass. Its production cost will be affected less
by inflation than will that for a land-based plant using
fossil-fuel as a feedstock, The OIEC plant's relative-
ly high fixed costs will remain constant, while the cost
of feedstock for the compectitor probably will rise con-
tinuously.

This OTEC plant-ship, which uses zluminum heat ex-
changers and is designed to take advantage of high
ocean AT's at selected troplcal sites where all envi-
ronmental cperating conditions are most favorable, is
considerably lower in cost than the baseline designs
that have been developed by the teams headed by Lock-
heed!® and TRW.'! The latter teams reported that
cost would be reduced by replacing their tiranium-
tubed heat exchangers by aluminum ones and making
other design changes. Howaver, they did not present
complete cost breakouts for such changes to their
baseline OTEC ships (which were of 160- and 100-M{,
slze, respectively) or for commercial plants of larg-
er size, We made rough estimates of OTEC/ammonia
plant-ship investment costs {on the same basis as in
Table 9) for 500-M4, plants for their cases by re-
ducing their baseline OTEC ship costs per kW, by 21%
for economies of scale, substituting a lower cost for
dynamic positioning in tropical oceans for Lockheed's
mooring svatem cost, and adding our $B6M estimate for
the equipment meeded to produce ammonia. The resule-
ing plant iovestments are approximately 210% and 180%
of the $766/kW, APL value, respectively. The corre-
sponding ammonia production costs are appreximately
150% and 130% of the APL value, respectively, with de-
preciation based on 38-yr and 40-yr plant life for
their cases rather than the faster write-off (20
yearg) we assumed.



Aluminum Production

The Situarion for Aluminum

The situation with respect TO energy require-
menta for aluminum production is less eritical than
for ammonia. MNevertheless, there appear to be eco-
nomic, envirommental, and politfcal incentives for
irplementation of ccean thermal energy plants Lo pro-
duce power for elther nearby on-shore production of
aluninum or for onboard refining of alumina to alumi-
num, as followa:

1) Economics. The aluninum producers have been
enjoying the use of low-cost electric power because
a) they have provided for company-owned power Sources
or lopg-term favorable price comtracts, and b} they
have been large users when power was abundant and have
received price concessions based upon the marginal
dollar of business concept. Howevetr, the latter con-
cept is being attacked by smaller power users today.
In California, & recent decision by the Public Utili-
ties Commission reflects the belief that preferential
rates to large users are inappropriate with fuel not
in surplus. Recent Maryland decisions also pass elec-
tricity rate Increases only to larger users. By our
est jmates, aluminum can be produced in an OTEC plant
economically and will be very attractlve if the cost
of “ower to aluminum producers ashore rises to the 25-
$0 mill/Kéh range charged Lo swaller consumers, as
showm later.

2) Envirommental. The aluminum producer today
pays a premium price for a large tract of land to pro-
vide an emipsions buffer between his plant and his
residential neiphbors. His lnvestment in pollution
contrel equipment is substantial, and still there are
gignificant emissions. As our alr beacomes marginally
mafe, it is wlse to look for production alternatives,

v.S. aluminum companies, to get
cheap power, low-cast labor, and favorable land and
environmental costs, have gone abroad. Some of the
host governments have cast an increasingly acquisi-
tive eye at these industrial complexes. 3ome national-
jzation of U.S. industry abroad has already takem place.
An open-seas-hased OTEC plant-ship would be exempt from
exrropriation elaims by others as menticned earlier.

3) Political.

Aluwsinum Production & Costs

Aluminum is the most abundant metal in the earth's
erust (8%). The principal raw material used for alumi-
num production is bauxite cre, a mixture of aluminum
mincrals, ehiefly aluminum hydroxides. The ore is
leached under presaure and heat by a caustic solution
to obtain a sclution of sodium aluminate, from which
hydrated aluminum oxide is precipitated, washed, and
calciped o obtain alumina, AL 0, using the Bayer pro-
cess. This alumina is reduced to the metal by elec-
trolysis of a hot molten solution of alumina and cryo-
1ite {NagAlFy ), a process requiring 7 to 8 kWh/1b of
aluminum,

In the 1964-74 decade, U.S. primary aluminum pro-

ductlion climbed about 6.8% per yesr, reaching 4.9
million short toms per year (STPY) im 1974, Stamper®®
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presented high, median, and low projections for future
growth, The median projection Indicated increases of
4.5 million STPY by 1985 and 18 million STFY by rhe

year 2000. At 7 Kih/1b, the latter figure would require
an additional 252 billion kWh/yr. If this electricity
is generated by foss{l-fuel power plants at 33% thermal
efficiency, it wili consume 2.5 quadrillion Btu (2.5 Q)
per year, equal to 1.2 million bbl/day of oil.

There are two ways OTEC plants could be used for
aluminum producticn: they could supply power by under-
mea cables to aluminum plants on tropical land sites or
the electrolysias of alumina to aluminum could be con-
ducted on board. Since others are studying electrical
energy transmission from OTEC plants to shore, this pre-
liminary feasibility study addresced the potential for
onboard alumina reduction at site Atlantie 1 off Brazil.

Potential sources of alumina and possible loca-
tione for the necessary on-shore support facility are:
Brazil (1750 miles) where a billion dollar expansion of
aluming and aluminum processing facilities 250 miles up-
river on the Amazon iz in progress; Jamaica (3750 wmiles);
Surinam (2000 miles); Venazuela (2400 miles); or St.
Croix (300 miles). Large bauxite mines are iocated in
Jamaica, Surinam, and Guinea; large new mines fn Venez-
uela are not yet in production. Jamaica has long been
a large alumina producer. The U.S. has imported alumi-
pe from Surinam for many years, averaging about 400,000
ghort tons per year from 1970-1975. New alunina facilli-
ties are being developed in Venezuela ¢m the Orincco
River. Bauxite produced in GCuinea has heen shipped to
gt. Croix where facilities are available to refine it
to alumina. These various sources imply crip times of
3-11 days to site Atlantic 1.

An OTEC/alumina-reduction plant-ship might have
the configuration sketched in Fig. 9, with the OTEC
power plant located in the center and one-half of the
alomina reduction facility located on each side, For
a 240-cell, B7,600 STRY demonstration planc, there
would be 120 cells per side on twa decks, i.e., 60
cells per deck.® [Inboard areas near the power plant
are devoted to mecal casting, anode assembly and
atorage, and ingot storage. Liquid metal produced on
the upper deck is discharged from the tapping ladles
directly into the furnaces on the lower deck. The
QTEG genesrators, traneformers, and ac-de rectifying
equipment are located on a deck below the lower zlumi-
num production deck. Alumina and baked anode blocks
are delivered by a support ship to the stern of the
plant-ghip., The alumina is transferred by a pneumatic
conveyor (airveyor) to distr{bution bins on each of the
aluminum production decks. The support ship can also
be uaed for crew transfers.

The nominal cell operating condition Ls 135,000
amps at 4.3 VDC per cell to produce 1 ton/day/caell.
The cells are of the center break (lL.e., centrally
located crust breaker) type shown in Fig. 10. The
carbon-lined cathode contains a layer of melten
aluminum 8-12 in. deep. Floating on the liquid metal
is a 6+8 in.-thick layer of electrolytic bath, prim-
arily cryolite (Na AlF; ). The carbon anodes are sus-
pended from the anode bus on both stides of the super-
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.Fig. 9 Possible 140-MW,g, 87,600-STPY, OTEC/Aluminum Reduction Demonstration Plant Layout

structure and are lowered into the bath so that they
rest approximately 2 in, above the metal level. As
the current passes from the anode to the cathode,
oxygen lona released from the ore combine with the
anode carbon to form CO and CQ, while molten aluminum
deposits on the cathede.

CRUST &R

Periodically, the "erust breaker" breaks the fused
crust which has formed between the rows of ancde blocks,
and alumina is added to the cryolite bath to maintain 2
to 5% in solution. This operation will be controlled
by a process computer. Insulated fume hood panels
are placed berween the top of the steel shell and the
ore bin. Each cell contains 18-20 anode blocks,

ALUMING (ORE} MIN

risER BUS o T

NEXT €

ANODE BVUS
SIDE HOOD FOR

F~— YENT CONTROL

ALUMINA

CRYST
SRYOLITE BATH

AMODE ROD
CLAMP
EAXER

MOLTEN
ALUMINUM

CATHODE
RING BUS

FLOOR

Each block Ls 30 in. x 60 in, x 20 in. high and 1is

L
— ALUMINA INSULATION

grouted to a bracket/stem. The anodes are gradually
consumed over a 25-30 day period and are replaced one

Ll
RN

/

gt a time (if.e., one every 36 hr or so), The steel
ahell of the cell (14 ft x 30 £t x 5 ftr deep) is lined
with carbon, and stecl collector bars embedded in the
carbon extend out rhe sides of the shell, Aluminum
busbars are bonded to rthe ends of these steel bars

and extend to the adjacent cell anode bus, thus
creating a series circult.

67

‘é STEEL CRADLE

STEEL CATHOOE
COLLECTOR BAR

Fig. 10 Center-Break-Type Alumina Reduction Call



Approximately 1 million Btu/hr/cell of waste heat
is generated; approximately 60% of this 1s in the hood
gases, and 40% ias emicted from the cell below deck
leval, If 90% of this heat is salvaged {(by use of
good insulation and a compact circuit) and used to
drive a closed-Rankine-cycle turbine generator, one
will obtain a power output of 17 Mé . We have assumed
that ‘this will be done, reducing the OTEC power plant
requirement from 140 MA, net to 123 M4, pet.

Every 36 hours or so a porticn of the molten
alvninum is _tapred (by suction) from the cell at
976 'C (L778 F)} aud transferrad to one of two pairs
of olectrically-heated, 26-short-ton-capacity, hold-
ing furnzr2s5. Ore pair plus & vertical direct chill
casting unit will be located on the lower deck on each
sicd= of t"= planz. Each ol those casting facilities
will produce 170 SIPD of 60-in, T-ingots. Casting
temperature {5 aprroximately 1300°F.

Becanse of the slight rell of the plaunt-ship at
the extreme on-site conditlons, some method of stabi-
lizing ti:z cells may be required. analysis of this
requirement was beyond the scepe of this study, bat
two methols arpear to be feasible: active mechanical
stabilinetion and use of hydrodynamic bearines. In
the latter approach, grouns of ten calls wonld he
flo~ted ov precsurized hydradvnamic beavinugs, ~hich
wili provide a high degree of inherent isolation from
ahip moti ~s. A possibilicr exists chat the passi-re
nse of such bearings would pravide adequate stabili-
zaton, £ active stabilization proved necessavy, a
“fa l=soft," or gradual degradation design appreach
with redundant ecomponents would be employed, because
a failure could lead to significant damage to the re-

duciion plant.

an alternative alumiour production prncess has
beer. paterted by the Aluminum Company of Ameérica
(ALCOAY, U.5. patenc 3 ¥25 222, Tr is stili onderx
devslopman. (a pilot plant {s under construetiond.
It ¢onsists of two stages: 1) The Bayer hydrate of
alurina, a poraus Al O, .30 0 of large spreific snr-
face, 13 processed to obtain alwurinem ebloride (A1CL ).
2) The Ai(i, is electrolyzed in a vertically-stacked
cell of senveral electrolysis sectioms in a snlidly
fixe? anoda/inrermediary electrodes/cathode arrange-
ment, The molven alurminum produced within this horie-
zontal stack §i. understood to overflow from the edpges
of the stak at a cortrolled rate. Tt appears npnssihle
that this process would not require a ecell srahiliza~
tion systou., The output per cell also is underarood
to be higher. However, the process appaars Lo ke more
compiicate:! than the "classic'" one wa have deseribed,
and the infrrration neccssary for a tradeoff srudy
has rot bezn made available.

Although the cell cathode is notr consumed like
the s~nodes, “k usvally fails after 4-5 vears. Then
this acqurs, a bypass bugsbar is placed around the cell,
the rell i reroaved frowm the electrical circuit, tap-
ped aut, & 1 ailowsd to cool, It is then shipped to
the onshur: support facility for relining.

Anods blnck producrion is the largest operation
at t'.2 on-shore support Facility. The blocks are

made from a "paste" produced by erushing, sfeving,
heating, and mixing petrolem coke and coal tar pitch:
they are then baked to cokefy the pitch and improve
their resistivity, The shore facility alse includes
more complete maintenance facilities than those leocat-
ed on the plant-ship.

The onboard equipment for this 240=-STPD alumina
reduction plant is estimated to cost 532 M and to weigh
52,700 long tons.®  aAbceut 62% of this cost and 96% of
this welght vould e in the reduction cells, The basic
ATFC power-pilant =:ip items would be increased by 237
from the 100-*I. =fze to provide 123 Md., and the waste
heat recoverv evstom would be added to provide the other
17 L (140 i, torald meadad for rhe cells., Tt was
estirated that the Jecks on each side of the platform
for the alumina plant would add about $30 M, and twe
support ships to cperate between the site and the shore
facility would cost approximately $30 M.

Since it was not possible to develop this plant-
ship concept in 2w depth during this limited program,
the preliminary estimate of cost is subject to several
uncartalnties. Tioe Kajger Aluninum and Chemical Corp-
oraripy advised that an sprropriate size for a com-
mercial planr weould be nearer 600 ST!D or more. There-
Fore, to obrain g [irst ¢otimate of alumiaum production
cost we inerecased the Toragoing plant size by a factor
a® 3 and agsumed a2 13% saving through economies of
arcle. bEsing recent cost figures for the raw materials
and labor, te.cether with financing sinilar to that in
Tab'es 9 aad "0, we astir ated an inveswrment (plant
plis suppor~ - of 5543 M ond an alumirum preoduction and
delivery (%7 ton) crst o: 33¢/lb, comnared Lo recent
prices (Tabls 11¥' npear «l¢/lb. Some of the most
modern plants prodrce al Tinum at a cost of over al¢/
1b even at 107 caracity, however.?®

TABLE 11
ALUMINUM PRICE AND CGST HISTORIES?
PRICES - COSTS

1968  25.6 ¢/LB 1870 17.4 ¢/LB
1969 272 13774 249
1970 287 afe/7a 291
1971 29 00 7/9/74 29.1
1972 265 10/12/74 305
1973 253 1/3/75 323
1974 341 4/6/75 335

1/8/7% 39.0
8/10/75 410

BPRIVATE COMMUNEICATINN SROM MA. R. REAGAN, AMERICAN
METALS MARKET MAGAZINE, NEW YORK, N.Y. OCT. 28, 1975,

Although the cconomic eompetitiveness of OTEC/
aluminur plar:g arpears co be marginal at present, the
present U.5. 2luninn corranies are paying only 14
cilis/kWwh or Jess for electricity based on old agree-
ments for laree voiine use. The power cost for a new
plant might be 25 mills/kW™ or more, similar to rates



now chetged to smaller consumers, in new agreements
with power companies. If so, the OTEC/aluminum plant
will become very attractive economically. Table 12
compares the projected investment costs and production
costs over an 18-year period (1982-2000) for an OTEC
aluminm plant and new 1,8, conshore aluminum plants
using electricity at 15 and 25 mills/kWh Iin 1973, each
producing 262,800 STPY. For the onshore plants, an
estimated $150 million plant investment for an 87,600
STPY plant in 1975 was multiplied by 3 and then re-
duced by 10% for economies from the larger scale. In
all cases, the 1982 plant investment was established

" by taking the 1975 plant investment and increasing it

TABLE 12
LOMPARISON OF ALUMINUM REDUCTION PLANT PRODUCTION COSTS
CHANGES OVER &N 13-YEAR PERIOD

262,800 SHORT TON/YEAR PLANTS

YEAR 2000
PRODUECTION
1975 1982 PLANT ESTIMATED PRODUCTION cngr:
POWER COST. INVESTMENT, COST i3/LB) USSS&‘!::F
ALUMINUM PLANT  MILLS/kWh S5 MILLIONS 1375 1982 1900 2000 panTcoST
OTEC PLANT SHIP  {ONBCARD} 789 033 050 074 129 3%
U.5. DNSHORE % 638 039 055 096 177 100%
U.5. ONSHORE 2] &35 G486 064 135 214 121%
QTEC COST AS % OF 15MILL ONSHORE CASE 8gn  91% 7PN 7I%

for inflation at 7% per year (5 years to contract plus
2-year construction period; 12% interest and escalation
during construction) and the interest on plant invest-
ment was taken to be §% through the lB-year period.

The prices for alumina, coke, electricity, laber, and
other malntenance and operating expenses Increase at

7% year, The production cost for the OTEC plant rises
more slowly, from 91% of the new onshore plant with 15-
miil power im 1975 to enly 73% in the year 2000, because
the OTEC plant does not need to purchase electricity.
Since only about cne third of the fuel energy used to
produce electricity oushore resches rhe user, the reason
for the improvement in the OTEC position with time is
apparent. Even if the Initial capital requirement for
the OTEC aluminum production plant-ship exceeds our in-
ttial estimate, an attractive picture still will be ex-
pected; the interest and depreciaticon costs, once
fixed, do dot escalate during the plant life.

Liquid Hydrogen {LH, } Productien

The Lonz-Term Product for Tropical OTEC Plants

The present market for hydrogen is quite varied
and ranges from small consumers paying relatively high
prices to larger consumers with captive scurces at
relatively low cost.®” A general market for hydrogen
for use as a fuel for heating and coocking and for
transportation does ner yet exist but is foreseen by
mery for the longer term. Hydrogen stored as a liquid
could be used to power all forms of ground and air
transportation im the 1990s and beyond, Many competing
methods for making hydrogen, including thermochemical
decomposition of water, are belng studied by others and
will be sublects of papers at the First World Hydrogen
Enevgy Conference to be conducted by the University of
Miami at Miami, Florida, March 1-3, 1976.

For an OTEC plant-ship sited in tropical oceans,
gaseous hydrogen obtained by water electrolysis would
have to be liquefied for shipment to U.$. ports. 1t
could then be fed inte a gas pipeline network for heat-
ing and other uses. In this case, the L, storage
facility to which it is initially delivered should be
associated with some Industrial operation which could
baenefit from the refrigeration capacity it could pro-
vide during its vaporizatiomn, As a liquid, it could be
transferred by rail or trueck to plant sites or points
for transportation fueling.

Although we can not see a large, near-term market
for L, from OTEC plants, we do believe that in the
longer term it is likely to be the primary product teo
bring the benefits of the ocean thermal resource to the
U.5, and the world,

OTEC/LH, Plant-Ship Costs

For OTEC/LH, plant ships, the General Electric
Company's projection for electrolysis equipment was
empleyed for a 500-)7,, 230-STPD commercial plant in
1985. For the estimates of hydrogen liquefaction and
storage costs we drew upon Ref. 27 (which drew upon
Ref. 34). For liquefaction equipment the cost given
was $0.5M/STPD of LM, produced plus 50% for installa-
tion for plant capacities from 10 to 2350 SIPD. It was
stated that economies of scale could be expected near
the upper end of this range and that technology improve~
ments are expected, For the OTEC/LH, plant in 1985, a
30% reduction In cost was assumed, yielding a cost for
liquefaction equipment of (30.735M/STPD)(0.7) (230 STPD) =
§121 M. For LK, storage a cost of $1.8 M for 10% SCF
was given. For 30-day storage on the plant-ship, the
capacity required will be 26.4 times this large, and
it was assumed that the scaled-up LH, storage and
transfer system cost would increase with the 2/3 power
of the volume stored. Thus, & cost of $23 M was esti-
wated. The resulting OTEC/LH, plant-ship cost if $487 M
as shown in the first column of Table 13.

TABLE 13
ESTIMATED COSTS AND RATED CAPACITIES FOR 500-MW, OTEC/LH;

PLANT.SHIPS IN 1985 AND POSSIELE PLANT.SHIPS IN THE 1990s
{(MILLIONS OF 1975 DOLLAARS)

1985

BASIC POWER-PLANT-SHIP COST k)]
ELECTROLYSIS INCL. FRESH-WATER PLANT® 35 32

HYDROGEN LIQUEFACTION 21 12
LH, STORAGE 130 DAVS) & TRANSFER SYS. _23 N
TOTAL OTEC/LH, PLANT COST 570 405
CONSTRUCTION INTEREST {12% OF COST} _68 _49
GROSS FLANT-SHIP COST 638 484
GOVEANMENT COST-SHARING 183 -84
NET COST 485 360
DEPLOYMENT TO SITE 2 2
PLANT INVESTMENT $437M  S362M
RATED LH; GAPACITY, STPD 230 267

*REDUCED COST ACHIEWABLE WITH AGGRESSIVE RAD PROGRAM AND OTHER FACTORS

BYYDROGEN LIOUEFACTION EFFICIENCIES (FRACTIONS OF THE MIGHER HEATING VAL UE
QF Hg] ARE ASSUMED T0 BE 0 75 AND (80 IN 1985 AND 1990, RESPECTIVELY FOR 1900,
187% COST AEDUCTIONS DUE TO R&D AND 98% ELECTROLYSIS CELL EFFICIENCY ARE
ASSUMED

“45% OF BASIC POWER PLANT SHIP COST AND CONSTRUCTION tNTEREST ON SAME



As previously mentioned, an estrimate was made of
numerous improvements in the basic OTEC power-plant
ship cost that might be achileved through R&D and other
factors (which ineluded use of enhanced heat transfer
gurfaces, credit for sharing cold-water system cost
with & mariculture operation, a small credit for the
La, produced, sea-water surface temperature enhance-
ment, and use of large water pumps). If all of these
{mprovements are achieved by the 19908, the estimated
cost for the basic 500-M, power-plant-ship will be re-
duced to $240 M. If 15% i{mprovementa in cost of each
of the LH, plant componenta also are achieved through
R&D, and hydrogen liquefaction efficiency am a percent-
age of the higher hearing value of hydrogen 1s increased
ro 80%, the pogsible 390 OTEC/IH, plant-ship invest-
ment {in 1975 dollars) becomes 5362 M for a& rated pro-
duction capacity of 267 STPD as shown in the sacond
column of Table 13.

Unit Production Costs of LH, Delivered to U.5, Ports

The plant investment costs in Table 13 lead to the
estimated production and delijvery costs shown in Table
14. For the 1985 case, the delivered cost is $815/
short ton or $7.90/10° Btu based on the lower heating
value (LHV) of hydrogen. The possible cost for the
1990s is $558/8T or §$5.40/10° Btu based onm the LHV of
K, {or $4.60/10° Btu based on the higher heating value).

TABLE 14
DELIVERED COSTS (1975 DOLLARS! OF LIQUID HYDROGEN
FROM 500-Mwy OTEC/LHz PLANT SHIPS

1980 18901
PLANT INVESTMENT S 437M § 362M
WORKING CAPITAL (120 DAYS) $12M S1IM
RAATED CAPACITY (345 DAYS/YR), STPY 79 400 92,100

PRACD. cosT
LABOR AND DVERHEAD? 542 542/57
MAIMTENANCE MATERIALS (1% OF P} 61 »
INSURANCE {2.8% OF PI - OD%) 86 55
DEPRECIATION (20 YEARS. 5% OF P1) 306 196
INTEREST (B% OF % P)) 245 i57
PRODUCTION COST (L) 483
INTEREST ON WORKING CAPYTAL (8%} 13 9
SHIPMENTY TO U5, PORT? 5 54
COST AT PORT lwio BOIL-OFF) 207 552

ADD. 1% £0R BOIL-OFF LOSS a &

COST AT PORT PER SHORT TON £815 £558/ST
PER 105 BTU [LHV,19.4 LBI® 57.90 ' 5540
PER 106 BTU [HHV, 16.4 LB %6.70 £4.60
CASE I SALE PRICE PER 10° BTU [LHW} s18.25¢ $2.00
GROSS PROFIT MARGIN AS % OF SALES 57% 38%
CASE It SALE PRICE PER 0% BTU {LHV) $25.009
68%

GADRSS PROFIT MARGIN AS % OF SALES

SCREW OF 49 ON 80ARD AND 25 ASHORE, EACH AT S45 000! YEAR AVERAGE
DESTIMATED TO BE § TIMES THE COST FOR SHIPFING AMMONILA

CLOWER KEATING VALUE (LHWY = 51 570 8TL/LE; HIGHER HEATING VALUE [HHY] - 61.030
aru/iLe

dCASE 1, 1985, FOR SMALL VOLUME USERS = 5571000 SCF; CASE 11, 1985, COARESPONDS
ROUGHLY T(t A RECENT NASA CONTRACT FOR LM, FOR THE SPACE SHUTTLE

The sales price of LH, depends strongly on the
customer's volume requirement in the current market,
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For customers needing about one million SCF per day,
the price is approximately $5/1000 SCF.®7 This price
corresponds to $18.25/10° Btu (based on LHV of IL) and
is shown as case I for 1985 in Table 14. At this price,
the estimated gross profit margin as percent of sales
would be 57%. A recent NASA contract for LH for the
space shuttle during the period 1975-198%5 {a calcu-
lated to correspond to a price mnear $26/10° Bru. As
Case II in the table, m price of $25/10F is comsidered,
which would yield an estimated gross profit margin of
68% for the OTEC/LH, plant.

For hydrogern users in the 100 million SCF/day
class, the forecast prices of LH, delivered from land-
based, fossil-fuel-feedstock plants are considerably
lower. For a plant using partial oxidation of coal,
the cost estimated”” for production of paseous hydro-
gen, when adjusted to late 1975, to a higher ceoal
price (328.50/con),”™ and to the lower heating value of
H,, is approximately $4/10° Btu, For production of
1H, , this would yield approximately $8/10° Btu. Thus,
the essentially state-of-the-art OTEC/LH;, plant fn 1985
would have only a marginal chance of returning a sub-
stantial gross profit margin in competition with such
land-based plants, However, there will be many other
demands for fossil fuels that will make additional R&D
on the DIEC/LH, resource very worthwhile to achleve
the more attractive LH, cost of $5.40/10° Btu in the
1990s. Compared to a sale price of $8.00/10° Btu, this
eost would vield a 32% gross profit margin.

This cost of IR, 1s still rather high for direct
use ags a fuel for, say, automobiles and commercial
aircraft. However, it is not far greater than the cost
of synthoil made from ceal, which has been estimated to
cost 525/bbl or $4.31/10° Bru.®” Since future aute-
mobile engines,®” aircraft engimes, and other heat
englnes will operate at higher efficiency on LH, than
on synthoil, operating costs could be comparable.

Cost of Electricicy from OTEC LM, Used in Fuel Cells
on_Shore

An interesting possibility is that the 1H, ship-
ped from OTEC plants could be used in fuel cells on
shore to generate clectricity, The General Eleetric
Company's electrolrsis cells can be operated revers-
ibly to serve as fuel cells., The efficiency of opera-
tion in this mode curremtly is 57%, but laboratery
tests have shown 61% at 100 amp/ft? in continuous
operation. A reasonable projection for 1990 is judg=
ed to be 70% efficiency. Table 15 shows that the
estimated 1990 cost {in constant 1975 dollars)} of the
electricity generated on shore by this approach ts 27.3
mills/WWh, a figure that surely will be of interest.

Conc luding Remarks

A concept has been developed for Ocean Thermal
Energy Conversion plant-ships for use at selacted
sites in t;opical oceans to produce energy-intensive

*In September 1974 the TVA negotlated a contract with
Webgter County Coal Co. for 1.5 milllon toms/yr for 3
years at $28.50/ton, subject to price adjustment
(Energy Users Report, Nov, 28, 1974.)




TABLE 18
POSSIBLE 1990 COST FOR GENERATING POWER WITH FUEL CELLS
ON SHORE USING LHp FROM OTEC PLANT
$ 723w,
o5M
$146W, {OUT}

POSSIRLE OTEC/LH; PLANT SHIP INVESTMENT AT SEA*
EFFICIENCY FOR DELIVERY OF LH, TO SHORE®

EFFECTIVE OTEC/LH; FLANT-SHIP INVESTMENT PER kW,
QUTPUT FROM FUEL CELLS

FUEL CELLS INSTALLED ON SHORE® 5 156
STORAGE SYSTEM INSTALLED ON SHORE S5
SUBTOTAL COST PER kW, GUTPUT S1627/kivg
RECOVERY FACTOR (PARTIAL RECOVERY OF ENERGY OF
LIOUEFACTION] 106
EFFECTIVE TOTAL INVESTMENT S1535/kW,
13.26%

WEIGHTED FIXED CHARGE RATE
13% ON PLANT - SHIP, 15% ON SHORE FACILITY)

FIXED CHARGE
QOPERATING COSTS, SHiP + SHORE
FUEL COST (TAANSPORTATION OF LMy TO SMORE)

23.2 MILLS/kWh
20
21

27.3 MILLS/kWh

*PLANT-SHIP INVESTMENT IS S362M FOR T00 1AW, GENERATED DNBDARD

.’“ODUC1 OF THE FOLLOWING PLANT FACTCR AT SEA 345 DAYS VAL 0 345 FLECTROLYSIS
EFFICIENCY D93, LIQUEFACTION FFFICIENCY FRACTION OF HAV, 0 B0 FUEL CELL
EFFICIENCY .0 70, STORAGE EFFICIENCY (BOILAFF LOSSES), 098

CRASED ON 15, IMPROVEMENT OM FUEL CELL COST DUE TO RAD. 30~ ADDITION FUR INSTALLATION.
O.70FUEL CELL EFFICIENCY AND O Y0 PLANT FACTOR ON SHORE.

products on board. It employs a novel concept for

the OTEC heat exchangers, which are made of alumipum
and are integrated structurally with the barge-like
hull to minimize cost, Theese slowly grazing (l/Z to 1
knot) platforms will be very stable under normal oper-
ating conditions and ¢ould serve many other needs
gimultaneously {e.g., oceanographic research, and cold-
water supply for mariculture}.

Tha most attractive candidate product from such
plants in the near term {early 1980s) is ammonisa,
which is presantly produced mainly from natural gas;.
both are expected to be in inereasingly short supply
in the U.S. Estimated costs for preducing ammonia on
OTEC plant ships via electrolytically-produced hydrogen
are gttractive. This means for obtaining ammonia for
U.S. agricultural and chemical needs would appear to be
more attractive eeconomically and far more attractive
environmentally and socially than preducing it from
coal, the most abundant fossil fuel in the U.5, It
could be very attractive to any nation not having an
abundant and assured supply of natural gas.

Some consideration has been given to the onboard
reduction of alumina to aluminum, a process which re-
quires 7-8 kWh/lb of aluminum produced. An OTEC/alumi-
num plant-ship would be much larger and more costly
than an OTEC/ammonia plant ship and would reguire mere
complex c¢ngineering for the plant-ship installation.

A preliminary estimate indicates, however, that alumi-
mum could be produced economically and that it will be-
come very attractive if mew competing onshore plants
have to pay power rates of 25 mills/kWh or wore.
Alumina reduction alse could be done on shore using
power from an offshore OVEC plant-ship, but the number
of sites where this would be economically and environ-
mentally acceptable probably is small,

Tropical QTEC plants producing liquid hydrogen for
deiivery to the U.S. probably would have limited market
access and be considered higher risk for investment in
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the near term (1985). However, an aggressive R&D pro-
gram on OTEC and the technologles for water-electrolysis
and hydrogen liquefaction, storage, and shipping would
lead to a competitive position for LY, from OTEC plants.
If fuel cell technology alsc advances as expected, this
1H, could serve for preduction of electricity on shore
as well as for transportatiom, heating, and chemical
and industrial uses,

The key sister technology to OTEC for both ammonia
production and LH, preduction is water electrolysis,
it {a strongly recommended that at least two paths for
development of electrolysis saystems be given priority
support along with OTEC.

A strong reason for giving high priority to the
davelopment of OTEC technology now can be appreciated
by considering the situation 1if an OTEC/ammonia plant
existed now. The ammonia production cost would be only
$90 per ton. If this plant-ship proved to be still
fully usable with only routine maintenance beyond the
20 years we have projected, the ferecast production
cost for 1996 and beyond (depreciation no longer in-~
c¢luded} would be only $121/ton, increasing at, say,
only 5% per vear thereafter, while the production cost
using coal feedstock would have exceeded 5200/ton by
1996 and would increase at 7%/vear.

We believe it would be possible to develop and pro-
duce enough OTEC/ammonia plants by the mid-1980s to meet
the projected additional U.5. requirement for ammonia
by that time, estimated at 10 million tons per year.
After satisfying this need, many additional OTEC planots
could be used to produce liquid hydrogen or aliminum or
other energy-intensive products. The attractive poten-
tial for related mariculture operations alsc warrants
further study.

" A priority plan to build OTEC/ammonia plant ships
will have positive natiomwide economic significance
on the employment of American workers and, if utilized
for foreign sales, on the U.5. balance of payments.
The impact will commence with the pilot and demonscra-
tion planc-ships and become pronounced with the build-
ing of commercial plant-ships in 198l. With Z1 commer-
cial OTEC/ammonia plant-ships irn operation by 13986,
economfc impacts can be expected in the following
major areas:

1)} Every natural gas consumer will benefit from
reduced pressure on limited natural gas resources.
Twenty-one plant-ships producing domestic amuonia would
relieve the natural gas demand by 500 billiom SCF, the
equivalent of 0.25 million barrels of crude oil per day.

2) Increased shipyard revenues and employmant
would reault., Seven plant-ships constructed in the
year 1985 would produce additional shipyard revenues
in that ome year of $4.0 billion in 1973 dollars and
provide an estimated employment inerease of 101,000
private shipyard workers.

3) .S, aluminum companies would have higher
revenues and more jobs. The estimated aluminum re-
quirement to build each plant ship deliverable in
1985 is 17,700 short tons, The expected additional



1695 revenues to aluminum companies in that one year
in 1975 dollars would be $257 million, =nd jobs would
be provided for about 1500 additional workers,

4} Farmers would benefir from reduced pressure
on the nitrogen fertilizer marketplace, particularty
aver the longer term, The estimated OTEC ammonia
price in the 1990s {i= only half that for ammonia made
from eoal on shore.

5) U.5. Flag shipping would be Increased by
eleven 70,000 TWT tankers, providing jobs for about
. 300-400 more crewmen. OTEC crews provide an addi-
tional 1286 jobs.

Many contacts with industry have indicated that
fndastry will be willing to bear a share of the pilot
plant and demomatration plant costs and participate in
a major way in the first commercial-size plant, pro-
vided the demonsrration is technically end economi-
cally successful. The program recommended is:

End of 1976: Complete heat exchanger performance and
biofouling/cleauing tests.

End of 1978: Conduct tests om a 5= to ID—MHe OTEC
pllor plant,

End of 1980: Complete and demonstrate a l00Q-MW, OTEC/
ammonla plant ship.

End of 1982: Bepin operation of flrst SOO-MNe commer-
clal-size plant.

Have 20 more commerclal-size plarts in operatiom by
1986,

Acknouledsment

The authors gratefully acknowiledse the support of
the U.8, Marltime Administration (MARAD) for this work.
Messrs. James Cross and James Lisnyk of MARAD provided
helpful guidance. Many people at APL/JH concributed
to the program, including W. H. Avery, R. W. Blevins,
W, B. Shippen, H. L. Olsen, P. P. Paundol.ini, M. B.
Tat. and A. S. Polk, Jr, The Sun Shipbuilding & Dry
Doclk team headed by E. Schorsch and E. C. Hunt, the
Hydronautics, Inc, team headed by E. R. ¥i{ller, Jr.
and R, A. Barr, and A. R, Miller of the Woods Hole
Oceanographic Institution made major contributiens, To
ther and many others Lrom ipdustry,® as well as the law
firm of LeBouef, Lamb, Leiby & MacRae, we are indebted.

References

Francis, E. J. (Principal Investigator}, 'An Analy-
8ls of the Maritime and Construction Aspects of

Ocean Thermal Energy Comversion (OTEC) Flant Ships,’

APL/ MU flnal report in process for the U.5. Mari-
time Administration, Department of Cowmerce, Con-
tract No. 5-38054.

Olsen, H. L. and Pandolfini, P, P,, "Analytical
Study of Two-Phase-Flow Heat Exchangers for OTEC
Systems," APL/JHU final report iln process for Divi-
sion of Selar Energy, U.3. Energy Research and
Development aAdministracion, Task ZES under Contract
NOOO17-72-C-4401, Department of the Navy.

T

72

3.

10.

i1,

12.

13,

14,

15.

Anderson, J. Hilbert and Anderson, James H., Tr.,
"*rhermal Power from Sez Water,' Mechanical [nsinesr-
ing, Vol. B8, April 1966, pp. 41-46.

Claude, G., "Power from Tropical Seas," Mechanical

Engineering, Vol, 52, December 1930, pp. 1039=luas,

Brown, C. E. and Wechsler, L., "EIngineering an Open
Cycle Power Plant for Extracting Solar Energy from
the Sea," Paper OIC 2254, Offshore Techmology Con-
ference, Houston, May 5=-8, 1975,

Beck, E. J., "Ocean Thermal Gradient Hydraulie
Power Plant,” Sclence, Vol. 189, July 1975, pp. 293~
294,

Zener, C. and Fetkovich, J,, "Feam Solar Sea FPower
Plant," Science, Vol, 189, July 1975, pp. 294-285.

Goss, W. P., Heronemus, W. E., Mangarella, P. A. and
McGowan, J. G., "Summary of University of Massa-
chusetts Research on Gulf Stream Based Ocean Thermal
Power Plants,' Proceedings, Third Worksghop on Ocean
Thermal Fnergy Conversion, ioustom, Texas, May 8-10,
1975, APL/JHU Report SR 75-2, Avgust 1975, pp. 51l-62.

Lavi, A., "Final Report, Scolar Sea Pover Project,™
Report NSF/RANN/SE/GI-39114/PR/74/6, Carnegte-Xallen
University, Pittsburgh, Pa., Jan. 31, 1975.

"Ocean Thermal Energy Conversion (OTEC) Power Plant
Technical and Economic Feasibility,” Report NSF/RANN/
SE/CI-C937/FR/75/1, LMSC=D0536566, by Lockheed Mis-
ailes and Space Co., Inc. to the National Science
Foundation, 12 April 1975 (2 volumes; Lloyd C.
Trimble, Principal Investigator; see also pp. 3-20

of Ref. 28}.

"Ocean Thermal Enerpgy Conversion,' Final Report by
TEW Systems Group, Redondo Beach, Calif., to U.S.
Energy Research and Development Adminiscration,
Contract NSF-(C 958, June 1975 (5 volumes; Robert
Donglass, Principal Investigator; see also pp. 22-36
in Ref. 28).

Gregory, D. P. and Blederman, N. P., 'sn Optimiza-
tion Study of Ocean Thermal-Energy Delivery Systems
Based on Chemlcal-Energy Carriers,' Proceedirgs,
Third Workshop on Occan Tharmal Energy Conve:rsion,
Houston, Texas, May 8-10, 1975, APL/JHU Report 5K
75-2, August 1975, pp. 121-124,

Hornburg, €. D., Lindal, B, and El-Ramly, N., "Pre-
liminary Research on an Ocean Energy Industrial Com-
plex,” Proceedings, Third Workshop on Ocean Therral
Energy Conversion, llouston, Texas, May §-10, 1975,
APL/JHU Report SR 75-2, August 1975, pp. 125-127.

Conn, A. F. and Rudy, 5. L., "Parameters for a
Ship Hull Cleaning System Using the cavIIETTH
Cavitating Water Jet Mathod," Hydronauties, Inc.,
Teehnical Report 7510-1, July 1975.

Chisholm, D., "Pressure Gradients Due to Friction
buring the Flow of Evaporating Two-Phase Mix-



16,

17.

18.

19.

20.

21,

22.

23.

24.

25.

26.

tures in Smooth Tubes and Channels,' National
Engineering Laboratory, Glasgow, Scotland, Pro-
ceedings of the Institute of Mechani-al Engin~
eers, May 1972, pp. 347-357.

Chaddock, J. B. and Brunemann, H,, "Forced Con-
vection Boiling of Refriperants in Horizontal
Tubes==Phase 3,"™ Report HL-113, School of Engin-
eering, Duke University, Durham, N. C., July 1967,

Handbook of Fundamentals, American Society of
Heating, Refrigeration, and Air Conditioning
Engineers, ¢A.5.H.R.A.E.), New York, 1972,

Collier, J. G., Convective Boiling and Condensa-
tion, McGraw-Hill, Lendon (1572),

Fink, F. W. and Boyd, W. ¥., "The Corrosion of
Metals in Marine Environments,'' DMIC Report 245,
May 1970, Defense Metals Information Center,
Battelle Memorial Institute, Columbus, Chio.

Verivnk, E. D., Jr., "Aluminum &lloys for Saline
Weters,' Chemical Engineering, Vol. 81, April 15,
1974, pp. 105-110,

Konopka, A, J, and Gregory, D. P., "Hydrogen Pro-
duction by Electrolvsis, Present and Future,”
Recard of the Tenth Intersociety Fnorgy Conversion
Engineering Conference, Kewark Del., August 18-22,
1975, IEEE Catalog Ko, 753 CHO 983-7 TAB, pp. llB4-
1193. .

Vogelberger, P. J., Jr. and Feldwick, R. D., Tele-
dyne Enetgy Systems, Timonium, Md., private com=
munications to E. J. Francis, APL/JHDU, hAugust 8
and September 15, 1975,

Nutall, L. J. and Titterington, W. A., "Ceneral
Electric's Solid Polymer Electrolyte Water Elec-
trolysis," Conference on the Electrelytic Produc-
tion of Hydrogen, the Chemical Society, New Hall,
City University, London, England, February 25-26,

1975,

Nuttall, L. J., General Electric Co., Wilmington,
Mass,, private cormunications to E. J. Francis,
APL/JHU, Dec. 1, 1975, and other dates.

Francis, E. J., private communicaticn with Dr.
John Douglass, TVA Wational Fertilizer Research
Center, Muscle Shoals, Alabama, July 14, 1575.

bugger, G, L., Editor, Proceedings, Third Work-
ghop on Ocean Ther-al Frergy Conversion, Housten,
Texas, May 8-10, 1375, APL/JHU Report SR 75=2,
August 1975; includes APL/JHU paper by Dugger

73

27.

28,

29,

30.

k)

32.

33.

4.

33,

36.

37.

38.

et al., "Tropical Ocean Thermal Power Plants Pro-
ducing Ammonia or Other Products," pp, 106-115,

Biederman, N., Darrow, X., Jr. and Konopka, A.,
"Utilization of Off-Peak Power to Produce In-
dustrial Hydrogen,'" Final Report to Electrie
Power Research Inst. Research Project 320-1,
Auguat 1975, Inst, of Gas Technology Project No.
8793, Chicago, Ill.

"Water Loss Investigations, Lake Cachuma, 1961,
Evaporation Reduction Investigations," U.S.
Dept, of Interior Bureau of Reclamation, Chem,
Eng. Lab. Rept. SI-33, Jan, 1, 1962; see also
R. G. Vines, pages 146-147 in Retardation of
Evaporation by Monolavers, F. XK. LaMer, Ed,,
Academic Press, 1962. -

"Export Import Bank Program Review,' Senate Re-
port 5241-6, Feb, 1974,

Stamper, John, "Mineral Facts and Problems,”
U.5. Bureau of Mines, 1970,

Private communication from George E. Nagel and
Michael &. Tallman, Frederick, Md., to E. J.
Francis, APL/JHU, Sept. 27, 1975.

Private communication from Mr. R. Reagan, Ameri-
can Metals Market Magazine, New York, N,Y., to
E. J. Francis, APL/JHU, Oect. 28, 1975,

Jacomet, Andre, Execurive V.P. for International
Affairs, Pechiney Uglne Kuhlman, address before
the London Metal Forum, Oct. 20, 1975,

Anon,, "Survey Study of the Efffciency and Econ-
omics of Hydrogen Ligquefaction,' Contract NAS-1-
133%5 for BASA Langley Res. Center, Inst, of Gas
Technology, Chicago, Il1.

Aerogpace Daily, July 8, 1973, p. 45,

Private communication from Mary White, ERDA, to
W. H. Avery, APL/JHU, August 1975 (projected cost
of synthoil, $24.94/bbl).

Billings, R. E., "Hydrogen's Potential as a
Vehicular Fuel for Transportation," Record of the
Fenth Intersociety Energy Conversion Engincering
Conference, Newark, Del., August 1§-22, 1975, IEEE
Catalog Xo. 75 CHO 983-7 TAB, pp. 1165-1175.

Harre, E. A., Livingston, 0. W. and Shields, J. T.,
"World Fertilizer Review and Outlook,'" TVA Report
#TA{AQ)6-69, 1974, National Fertilizer Development
Center, Muscle Shoals, Ala.



RECIRCULATION AND THERMOCLINE PERTURBATIONS FROM
OCEAN THERMAL POWER PLANTS

Piacsek and P.J. Marcin, Naval Research
Laboratory, Washington, D.C.

G.0. Roberts, Science Applicatiens, Inc. McLean, VA

S.A,

Abstract

Numerical experiments wrere performed on the fluid motions resulting from the
pumping action of ocean thermal power plants. In particular, the resulting therme-
cline distertions, sea surface temperature lowering and corresponding heat flow
chenge was {nvestigated. The cobject was to find engine discharge configurations
and pumping rates that would minimize any alterations, This would accomplish both
a minimal environmental impact and preservation of the temperature gradient across
the engine, i.e. the energy resource., The results obtained to date, using 2-D tur-
bulent flow caleulations, indicate that near the engine (200 m £ x £ 500 m} the sea
surface temperature perturbations will range from D1%F = dr = 5.OGF, depending
on flow rates, scason and geography. The results of the surface heat calculations
showed that a depression of the sea surface temperature by .1 C leads to an in-
creased heat flow from air to sea of 9.5 calfen’/day in the Puerto Rico area.
Accepting this as a permissible environmental perturbation, the area requirement
for a 100 MW plant is 2530 km®, with a radius of 22 km. The corresponding figures

for Hawail are b cal/en®/day, an area of 6000 km, and 2 radius of bb km.

Intrcduction

The operaticn of one or more ccean thermal power
plants (OTPP's) in a given geographical region can
lead to several geophysical effccts. Some of these
are; a lowering of occean suriace temperatures; a re=
duction in the heat content of the surface layers;
and an increase in the heat content of the layers
ata¥0 m depth. A severe modification of the thermal
structure near the plant could result in & lower tem-
perature contrast across the plant, and thus a lower
thermal resource available for power extraction. Fur-
thermore, horizontal ocean currents and turbulence
can disperse the perturbarions to comnsiderable dis-
tances beyond the region of operatiom, and the area=
Iniegrated cunmulative effect may cause a slight alte~
ration in the regional climate. It is importaut to
demonstrate that the areal extent and magnitude of
any alteration is within acceptable limits.

Turbulent flow nmear the plant

The first problem that must be solved before any
of the above environmental impact questions can be
tackled is the "exterior fluid dynamics" of the plant,
i.e. the fluid motions directly forced by the engine
pumps. The basic hydrodynamic flow problem associated
with an OTPP is that of source-sink flows in a strati-
fied fluid.. The source-sink flows between the wamm
and cold intakes and between the warm and cold dis-
charges are essentially a potential flow, i.e., irro-
tational, whereas the motions due to buoyancy in a
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stratified fluid are essentially rotational. The exact
nature of the resultant flow is determined by the re-
lative strengths of the pumping action and the ocean's
stratification. The relevant nondimensional hydrody-
pamic parameter governing source-sink flow in a stra-
tified fluid is the Froude number, defined as

Fr = U/DN

where U is the discharge veloeity, B is the dia-~
meter of the discharge pipe and N = {gfqg)[% (dg /
dz)¥% i.e. the Brunt-Vaisala frequency of buoyancy
motions in the respective thermocline,

A further important property of fluid flows
asssociated with an OTPP is their turbulent nature.
The nondimensional parameter governing the strxength
of turbulence is the Reynolds number, defined as

R = UD/&/

where L is the molecular viscosity of water., Although
in the prescnce of viscosity the flow is never strict-
ly irrotational, even in the absence of stratifica=-
tion, for low values of R (Z1000) the flow can be
represented to & good approximation by the irrota-
tional source-sink solutions. For values of Rp» 2000
the flow becomes irregutarly time varying and ap-
proaches a statistically random or turbulent state

for R 7 10%,

The primary effect of the turbulent eddies is to
diffuse momentum, heat and salt, much as molecular
diffusivity with a large value does {the efiective



dif usivity of wind-generated turbulence in the ocean
is -+ 107 em©/see). Unfortunately, a direct simulation
of Lthe turbulent eddies of all sizes is not feasible
on computers with a finite memory size: present day
lar-e computers have a storage of thc order of 10¢
worils, Thus recourse must be mada to some kind of
closure mcthod where the effects of the small eddies
are represented as turbulent transport terms in the
mean flow eguations.

The particular type of closure method adapted in
these stuiles is commonly referred to as a first
order "ensemble averape' or "“statistical elosurc"
model. This model is essentially phenomenological,
and involves splitting the flow variables inte mcan
and perturbation parts, with only the statistical
avyerage products computed for the purturbation parts
{Mcllor and Yamada®, Lewellen™’7), The mcan Ilow is
an ensemble average over a large ruriber of flow reat-
izations, and the turbulence transport terms are de-
termined from the divergence of flu:es that are the
products of an cddy diffusion ceefficient and mean
flov gradients. Table I contains the relevant model
equitions. The eddy diffusivities are calculated
fron the turbulence kinetic energy g = uy uy and
a length scale A , the integral lenpth scidle*of tur-
bulence, The turbulent energy q, in turn, is deter-
mincdfrom a partly empirvical tramsport equation, and

N is ap Imposed function of position. As presented
in Table I, the model has three arbitrarvy constants
to bz detcrmined. Unfortunately. these constants are
not universal but have to be changed for cach physi-
cal situation, and are usually obtained rom experi=-
ments.

In turbulent wakes it is usually as:umed that
A -cl . vhere ¢ =.125 and € 1is a characteris-
tic length scale of flow variation, usually the radius
of the turbulent region. The constant N also enters
into the prediction equation for g through the
fourth term on the right-hand-side of {3), and cont-
rols the self-decay of the turbulence, The loss of
turbulent cnergy through turbulent entraimment of
diffcrent density lavers is described by the term
K.dT/dz = - K,N*, the second term on the right-hand-
side of {3}, The appecarance of this turbulence loss
as potential energy of the mean field is represented
by the term K.dT/dz in the diffusion term of the
temperature prediction equation (2).

In its crude form the diffusion constant is
taken to be the same in both the vertical and heori-
zontal directions, even though it is known that in
stratified fluids vertical motions are greatly sup=-
pressed, so that the turbulent eddies will be very
anisatropic and the vertical diffusivily will be
redii~ed by orders of magnitude. A way of remedying
this situation is to partition the turbulence energy
into its vertical and horizontal parts, and predict
them separately along with a separate length scale
in cach direction.

In order to prevent the turbulecnce from decaying
in 2 finite time to zero according to the rclatien
dq/dt e q¥2, the usual relation K = N . q¥ has

been replaced by the form given in {5) of Table T.
Then in regions of strong stratification the relation
dg/dt a q’ will hold and the decay of turbulence will
slow down, This can also be looked upon as the inclu=-
sion of the small-scale, random internal waves gene-
rated in these regions Iinto the shear-produced turbu-

lence energy density.

The first and fifth terms on the right-hand-side
of (3) represent the production of turbulence by the
velocity shear and the diffusion of turbulence by its
own eddies, respectively, The second term on the
right-hand-side of (1) is the divergence of the
Reynolds stresses, and represents the turbulent frie-
tion acting on the mean flow.

It was found that for small pumping velocities
the turbulence generated becomes insufficient to damp
out any further instability of the mean flow to con~
tinaous, random internal wave generaticn. To remedy
this situation, a damping term was introduced in the
form of a Rayleigh friction into the w prediction
equation, with a dependence on the ratio ¥¥/q tead=-
ing to strong damping in regions of weak turbulence.
The third term on the right-hand-side of (%) repre=
sents the corresponding gain of the turbulence field
from this loss of small-scale mean energy.

A series of experiments was run to test the ef-
fect of the Froude number on the naturc of the flow.
The experiments were kept simple by introducing li-
near stratification, so that only the top half of the

TABLE L
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jet and the bottom half of the intake flow
be included. The resultant streamlines are

discharge
necded to
displayed in Figures 1 a,b,c.They show that for Fr =
3,5 (Fig. {a}) only 10%e of the discharge flow exits
th-ough the right-hand boundary. For Fr = 1.6 {Fig.
{b') the corresponding figure is 55% , and for Fr =
.80 (Fig, (¢)) the outflow is over 10095 ,1.e. some
flew is actually entrained from infinity and goes
back without ever reaching the left wall. The above
series was run with ¢ = 1 and § = 1.2 R, where

R ie the discharge tube radius.

The next series of experiments was designed to
simulate a more realistic OTPP configuration. The
source-sink flow consisted ol a warm water intake
and a discharge below it that ejected either the in-
gested warer cooled by 5OF or cold water at 50°F,
The latter case represents a discharge of the celd
bottom water over the warm discharge, as sugposted
by TRW®. The depth of the simulation volume is 100 m,
and the top represents the water surface. The intake
is at 20 m below the surface, and the discharge at
50 m., The temperature at the bottem is T, . = 6o F
and at the surface T_ = £5 Y. A realistit = thermo-
¢line of the analytic form

T(z) = A+ B . tan“l (z ~- zc/S )

was used, where A and B are constants such that
sz100 and T have the prescribed values. The
center ~or point of inflection of the thermo-
cline is at =z = 50 m depth. and its "width" is
50 wm., This corTespends te a typical August thermo-
cline in the Gulf of Mexico,

thnrgocline
(57T
tem-

Figures 2(a,b) depict the resulting
deformations for a warm (75°r) and a cold
discharge, respectively. The approvimately &°F
peraturc drop at the intake depth in the case of the
warm discharge indicates a reduction of ~1f % or the
temperature contrast across the enginc, On the other
hand, in the case of the cold discharse there is no
tewmperature loss at the intake level, but there is an
anomalously cold region of consideraule width between
the 50 m and the 100 m depth levels that bas a
horizontal extent of several kilometers. As a result,
the surface temperatute is lowered ovnr a wider area
and to a lower value in the case of the cold discharge
over the warm discharge. Figures <ia,b) show the cor-
responding stroamlines of ihese "two-hole" experi-
ments, for a Froude number of Fr = %. in the case of
the warm discharge (Fig, (a}} approximately half the
flow recirculates, and about 10% is entrained to
and from infinity, In the case of the cold discharge
there is no recirculation but ~ U098 is entrained
to and from infinity.

Finally, a series of "three-hole" experiments
was run wirh both warm and cold discharges present.
The geometry consisted of a 2-D cquivalent of the
Lockheed bascline design? with the tubes replaced by
a8 clit 7- ft high and 100 ft wide in the azimuthal
direction, The therwocline used corresponds to that
of the Gulf of Mexico in August, and the Froude num-
ber based on slit height and N ar the cold water
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discharge depth is Fr = 1,3, The total depth of the
simslation volume was 500 ft, the intake depth 50 m
and the depths of the warm and cold water discharges
150 £t and %00 fr, respectively. Figure 4 illustrates
the streamlines for this design. Each contour increment
represents a flux of 2000 ft? of water; the total warm
water circulation is 15% less than the total cold
water circulation. There is an ~ 16%% recirculation
between intake and warm discharge, and approximately
5% of the "warm' discharge (5 F below intake tem-
perature) sinks rapidly to join the cold discharge in
a distence less than 100 ft from the plant.

Sea surface temperaturc depression

A series of "three-hole™ experiments was performed
various thermoclines for areas east and southeast

of the United States, for the months of August and
February. Table II presents the relevant ocean tempe-
rature information and results for the case of Fr = .5,
with warm over cold discharge configuracion in the
month of August. The temperature differences between
the surface and the 100 m depth (dT(1l00m}} represent
the relative strength of the stratifications in the
depth region where most designs plan to discharge the
warm and cold water. The temperature differences
between surface and the 500 m depth {dT(500m)} repre-
sent the available thermal resource. The fourth column
gives the respective sea surface temperature (88T)
lowerings, dT{s). With this particular design, the per-
turbations are proporticnal to the temperature cgntrast
dT{100m), Since the discharge water is a fixed 5F
cooler than the surface water, a steeper temperature

on
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gradicnt implies that the buoyancy of the discharge
will be either positive or less negative, and stronger
recirculation and upwelling will take place, The dis-
chrge jet entralns ccoler fluid near its exit from

the plant, and despite a stronger suppression of ver-
tical motions due to the stronger stratificatien,
brings cooler fluid parcels to the surface. Mathemeti-
tically, it can be seen as follows: the effect of
stratification Ls such that for strong srratification
the term responsible for loss of turbulence to entrain-
ment across demsity surfaces (and thus petential ener-
gy generaticn), - K¥° in eguation (3),goes to - g3
Lc  (see relatien (5} for large N). Thus the process
becéomes independent of N, On the other hand, the tem-
perature of the fluid particles that reach the surface
18 T{s) a T{e).exp(=¥4d), where T(e) {is the tem-
perature cof the discharge water after entraining

double or more of its mass, ¥ = K/w with w the
average upwelling velocity, and d the depth of the
discharge. Thus the relation dT(s] a» T{e} becomes
plauvsible. :

Table 111 summarizes the results for various
designs and Froude number ranges; the avcrage values
of dI(s) over the indicated Froude number range is
given. In general, the resultant 58T depression 1s a
funetion of the discharge configuration [warm over
cold, etec.!, the cold water discharge temperature, and
the stratification present in the top 10 m of the
ocean. The cold over warm discharge configuration
results in a consistently larper S$8T depression for
both Froude number ranges, Typically, in the range
5% Fr % 1.5 the 55T depressicn is r~ L 257F in August
snd a.08°F in February, whereas in the range 2 € Fr
< 8 the cooling is ~ £°F in August and ~.50°F in
February. Again, the larger stratifications in August
result in larger 55T depressions than in Fehruary, and
can be explained by the above argument. Similarly,
the stronger SST depressions associated with cold over
warm discharges fall in line with the observed dT{s)m
T{e) rule. Finally, the large SST depressions associ-
ated with the high Froude number range are due to the
styonger recirculation and stronger turbulence inten-
sity produced by the stronger source-sink flow.

Afr-sea heat flux perturbations

The operation of one or more UTPP's in a given
geographical region has been shown to produce a re-
duction in ocean surface temperatures in that region.
Furthermore, horizontal ocean currents and turbulence
can disperse the effects to distances beyond the '
region, and the cumulative effect may cause a slight
alteration in the regional eclimate. It is important
to demonstrate that the areal extent and magnitude
of any altcration is within acceptable limits.

It is intercsting to note that the far-field
rate of recovery of the ocean toward its undisturbed
thermal structure is aleo determined by the area and
magnitude of sea surface temperature lowering. It
has been observed experimentally, and is predictable
from theoretical calculations. that a lowering of
the sca surface temperature generally leads to an In=-
creased heat flow from air into the water. This is
hacause the process most susgeptible te change,
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evaporation, responds to a sea surface temperaturc
lowering by decreasing the heat flux {rom the water ta

the air.

An OTPP extracts heat at a rate = %0 tilmes its
power output (2% efficiency) from the warm surface
waters of the ocean passing through its evaporatrors.
Unless the ocean replenishes the extracted heat at a
sufficiently rapid rate over the area affected by the
intake motions, the available temperature contrast and
thermal resource entering the plant will be contin-
uously reduced, at least in the absence of a current.
Furthermore, the impact of the engine on the surface
temperatures and the marine atmospheric boundary
layer will be continuously enhanced. In this study
we performed specific heat flux perturbaticus due
to SST depressions caused by OTPP operatioms. The
sea surface temperature perturbations were teken
from the result of the near-field hydrodynamic cal-
culations. By calculating the integratcd heat-flux
effect over the whole ares affeeted by the intake
motions, an estimate has been made for the areal
requirement for thermal resource of an OTPP. The sea
surface temperature T acts somewhat as a feedback
mechanism for regulatfng the heat budget of the upper
ocean. Both the latent heat flux and the sensible
heat flux depend upcn the air-sea temperature dif-
ference, decreasing the net heat flux from air te
water as T decreases, Thus, neglecting heat storage
due to seadonal temperature variations which are small
in the tropical regions considered for OTPP opcration,
Ts tends to be maintained at a value such that the

IABLE ITI
1 2 3 4

Caribbean snd Bast Aug v12 -1 .52 -Bu
Feb 051 LOLE 39 )

" Gulf A 27 - 2.0 118
' H 085 075 .66 .8
"fulf Streaas to A L3l 50 - - 1.84
Shore F .10 .09 19 55
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surface heat flux Q just balances the heat carried
away by horizontal advection and diffusion, If, for
example, more heat is added to the upper ocean than is
being carried away by advection and diffusion, T
increases, decreasing the surface heat flux and
driving T, down toward 1ts equilibrium value.

Major departures from the mean value of T <can
be caused by storms and hurricanes which can lower the
sea surface temperature several degrees due to upwell-
ing, evaporation and downward mixing. Leipper [1967)
noted on a cruisc that the Gulf of Mexico waters had
returned to normal two months after passage of hurri-
cane Hilda had lowered the sea surface temperature
up to 50 C.

The speed with which T returns to its cquili=-
brium value aftcr boing perfurbed depends upon the
rate of change of Q with T_, dQ/dT_, etc. Bathen et al,
(1975) analysed the oceanif heat bitdget off Keahole
Point, Hawaii, a proposed OTPP site, using bulk
aerodynamic formulas and local meteorclogical data
to determine surface heat fluxes., They repeated the
budget ealculations with a postulated .57° C sea
surface temperature decrease assumed to similate OTPFP
operation, and found a net increase in surface heat
flux of 43 - 50 cal/em®-day. Thus, the rate of change
of ) with T, was 60 - 75 cal/ent-day-"C.

Although we were unable to repeat the calculations
of Bathen ct al. due to the lack of meteorological
data, a similar prediction of the change in surface

PUEATT (10 DATA, _ALL AVE VAILHES AREC AWIRAGED DVER THE 12 MOYTHL,

$54 BJAFALT TEMPERATURE LIERET Qed SEQ € FHQM DASCAYED waltlE

heat flux with T was made for a proposed site off the
SE coast of Puerfo Rico at 17.5°N, 67.5°W, Heat Eluxes
were estimated using the bulk formulas detailed in
Laevasﬁua, and the meteorclogical data were taken from
Atwood”. The heat budgets, calculated for each menth
and averaged to obtain a yearly mean, are listed in
Table IV, along with values of other important mete-
orological parameters.

The uncertainty of the value for the net solar
radiation is not known. Bathen et al” have reported
that a solar radiation formula obtaimed from Wyrtki
allowed for a much greater correction for cloud cover
than Laevastu's formula used here and predicted solar
radiation levels about 20%@ lower, Bathen notes that
the type of cleoud cover as well as the extent of the
cover may govern the intensity of solar radiatiom of
the sea surface.

10

Recently published estimales of the drag coef-
ficient for latent heat loss vary within a range
+ 20%.. Thus, allowing for an uncertainty of 15%5
in windspeed and humidity valucs, the uncertainty of
the latent heat loss is about 30%.

A Bowen ratio of .1 was used to estimate the
sensible heat flux, Based on the uncertainty regar-
ding the latent heat flux and the Bowen ratio, the
uncertainty of the sensible heat loss may be L0%/% or
more.

Due to the fairly large uncertainties regarding
the components of the net heat fiux, not ouch can be

Jae FEA MAR APH mAY JJIN JuL AUG SEP oct KOV DEC AYE

NIWO3UY AHGLE CDEGY 3. 57. R, 19, @ 3, a9l LIS 72, 2. 52, 7. 0.
LENsr4 3 %y LHIND 473, 593, 721, 157, T14. T35, 765, T6h, Tia. 705, 679. 665, 729,
MIP CLYFIINESS 1M YENTHS 2.3 134 Q.30 0.3 Jetl Q-4 Dot 0,12 Q.37 D.26 Q.37 Qs 34 0. 38
BIV TE4r {N DS € 26,7 23.0 25.3 25.4 15,7 27,2 21.2 27,8 27.8 27.2 27.2 25.4 2h.4
WATEQ TP [N DES € 2i.6 5.5 258 26,1 1.2 21.8 27.4 28,3 21,3 2R.3 27.8 26.7 27.1
iR P1Z5i IN ™2 1319, 1313, T Lol?. iIn7. 137 1019, k01T, 10t 6, 1014, 1017, 1017, lol?.
MEAY 4743 LMsSCE 335. A15. £ 45. Ted. Tade T3 138, 738, 735, 130, 730, T30, 12,
WAALL LSS M 25030 26,306 74,307 294347 270103 23.3¢M 28,067 29.038 25,336 28.067 28.06% 2%.349 76.008
1MIoITY At G305 Pa013LL 3.01503 3.01555 D.00575 G.00735 C.0L733 0,017%5 CuOLT9T £,01738 0.01735 C.01565 §.01656
LOoAMIALTY SURF P+3233% D.0223% §.9223e 0.02137 0.07234 0.0230% 0.02332 0402515 D.0241T 0.02517 0.02234 0.02180 0,02241
[EMBERTRERTFS R 415 513, [T T2ia 132, 711. 730 T4R. 671, 5564 459, A0k, ell.
PEFLEZTI) RaGlaTION -46. =3l ~5%. -56 =36 =56, =58, -fb, —5t. 52 -47, —44, 53,
AIT SOLAL QA3LATIGY 370, . snl. 59l 612, [ 3 475, “Th, 692, 515, 501, 401, 360, 558,
BALY ARLATION “l2Ls  ~12be  =l2A,  «12¥.  eli5.  =llle  =Ills =ll2. =1lla =122, ~1ll4a +=131. =11%.
EVAP JAATIVE HEAT L333 =342, =340, =Fiil., =% =315, =325. =323, =334, =334, =384, =32ls =229 =330,
SENSIBLE ATAT LOSS =34, -35, =34, =29, -3, 33, -32, ~-37. =33, =18, =32. | =33, =33,
NET WMEATIIG QF NCL WA ~12Ll. -39, 8. 2286. 215 236, 208. 212, 137. =19, =66s =134 Tée

TABLE IV

An estimate af the sea surface heat fluxes for the ocean thermal

power plant site S3E of Pucrto Rico.

The heat fluxes were calculated

for cach month and the monthly valucs ware averaged to ebtain the

yearly mecn velues.

The heat fluxes are in units of calfco®eday,
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sald about the accuracy of the net heat flux itself.
However, we are here more interested in the components
of the net heat flux that are strongly affected by
changes in the sea surface temperature. Table V

shows the heat budget estimation for Puerte Rico
repeated with the sea surface temperature lowered in
increments of 5% C from O to 1 from its observed
value. It was assumed that the &air temperature well
above the sea surface was not affected by the local
change in the sea surface temperature.

Table V shows a fairly lincar change of sea
surface heat flux with sea surface temperature

TARLE W

of m~ 96 cal/em®-day-2C, For small temperature
changes of less than a few degrees centiprade, the
back radiation and latent and sensible heat flux vary
almost linearly with sea surface temperature.

Most of the change in the surface heat flux,
almost 80, is due to a decrease in the evaporartive
heat loss. And if the Bowen ratio R is used to
estimate the sensible heat loss, the bulk formula for
latent heat loss effectively models about 8%7 of the
change in surface heat flux with sea surface tempera-
ture.

ESTIMATE OF THE CHAMCES IN SFEA SURFACE HEAT FLUX WITH INCREASE IN SEA
SURFACE TEMPERATURE AT PUERTC RICG OTPP SITE

Decrease of Ts from ambienkt value 0% ¢ 5% ¢ 1.0°% ¢
Net solar radiation (cal/ec®-day) 558 558 558
Back radiation " -119 -112 =105
Latent heat loss " ~330 =202 =255
Sensible hear loss " | =33 -9 -26
Net surface heat flux " 76 125 172

Rote: positive heat flux means flow from air inte water
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OCEAN TEMPERATURES OFF OUR SOUTHEAST COAST AND THEIR SEASONAL FLUCTUATIONS
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Abstract

21709

It has been shown that 2T's as large as 259C can be cbtainad off
the southeast coast of the Unitcd States, depending on the lower

reference deplhs used.

It nas been suggested that ocean thermai systems

be located off the shelf break since large AT's can be obtained in smaller

depth intervals.

Based on available data, it appeays that the cold water

pipe associated with the ocean thermal systems should extend to the

depth interval of 400 to €0J m, depending on the required ~T.

Further

extension will not increase the aT appreciably.

Even though it appears from average or representative data that a
AT favorable for ocean therral systems can be found off the southeast
coast of the United States and in the Gu1f Stream, it has been shown that
perturbations produced the western and eastern boundaries of the Gulf

Stream can profaoundiy change the value of aT.

Therefore, it is critical

to the operation of ocean thermal system that they be cited in regions

where such factors are minirized.

From the prasent state of knowledge

of the Gulf Streaw and its aynamics, it appears that tne perturvations
described in this papcr can be the cantrolling influsnce on the econonics

of operation of an ccean thermal system.

1.0 The AT Distribution from Vertical Cross-
Section_Data

The purpose of this paper is to describe
the vertical structure of temperature and iis
variation off the southeast coast of the United
States as 1t pertains to ocean thermal systems.
In an attempt to describe seasonal variations
of the vertical temperature distritution off the
coast, two sets of data are presented. These
data are vertical cross-sectiuns obtained in two
to six-day periods in each of the Tour seasons,
They are not mean data, but can be considered
representative seasonal data.
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The first set of cross-sections (Figures
1 through 4} are basec on data collected by
Isetin (1336). These particular cross-sections
were obtained from data collected along the line
from Montauk Paint, tew York to Bermuda. It is
jmportant to noio that large vertical tempera-
ture differences {from hereon vertical tempera-
ture differences will be referred to as aTg
can he obtained in relatively shailower water
off the shelf break than further out into the
open ocean. For example, using the summer
cross-section {Figure 1), a AT of approximately
200C can be obtained in the first 400 m off the
shelf break. However, in order to obtain the
same AT further out requires a depth of 1100 m,
almost three times that at the shelf break,
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Wertical remperature crosa-sectlon established from date
collected along & line [rom Montauk Polnt, New Yerk te
Barmuda from 17 re 23 April 1932 (Iselin, 1936},
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The data in Figures 1-4 indicate that if Table 1. Seasonal variation of AT in the first
the aT in the first 3000 m is used as a base, on 400 m off the shelf break derived from
the average approximately 95 percent of the Iselin's data (1936).

3000 m AT is manifested in the first 1000 m
and somewhere between 85 and 90 percent of the
3000 m AT is manifested in the depth range 400
to 600 m. These data suggest that in terms of AT
ocean thermal systems that there is no signifi- Season {°C)
cant gain in ATby having systems which go much
deeper than 500 m.
Summer 20

Table 1 summarizes the seasonal variation
of AT in the first 400 m off the shelf break. Fall 19
The table indicates that the maximum AT is " Winter 14
attained in the summer and the minimum AT is

Spring 12

found in the spring.

There is an interesting point that must
be made at this time. It should be noted
that the temperature off the shelf break at
the 900-m level remains fairly stable from
spason to season, The value of temperature
at the 900-m level was 49C. This factor will
be employed later.

Figures 5 through 8 give vertical
temperature cross-sections obtained off the
North Carolina coast from Rateigh Bay out
into the Guif Stream. These temperature
cross-sections, however, only represent the
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eoliecred of f Raleigh Bay, Morth Carolina io the suzmer 1966 {Stefangson et al., 1971},
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first 500 m of depth. The data were Table 2. Seasonal distribution of AT in the first 400 m
collected by the Stefansson et ai. (1971). of the shelf break from the data derived by

As in the previous case, they were collected Stefansson et al. (1971).

over a number of days in each season and can
be considered representative seasonal data

rather than average data, AT
Season {°C)

Table 2 summarizes the seasonal distri-
bution of AT in the first 400 m off the shelf

break., As in the case of Iselin's data, these Summer 20
data indicate a maximum AT in the summer and Fall 19
a minimum aT in the spring.

Winter 17
2.0 Spatial Distribution of AT spring 15

The data presented in the previous section
yield a value of aT seasonally at two locations
off the shelf break. In order to obtain esti-
mates of the spatial distribution of a7 off
the southeast copast, average sea-surface tem-
perature distributions were employed along with
the assumption that the temperature at the
G00-m level was constant and had an approximate
value of 4%C. The assumption was derived from
discussions in the previous section. Figures
9 through 12 yieid the average sea-surface
temperature distribution for each season off
the southeast coast of the United States
{Schroeder, 1966). Based on the 4°C temper-
ature at the 900 m level and these sea-surface
temperature values, the following spatial
distribution of AT were derived. In the
summer aT would vary from 247 off the coast
of the Carolinas to 25% off the coast of
Florida and Georgia; in the fall, 217 off
the coast of the Carolinas to 227 off the
coast of Florida and Georgia; in the winter,
18" off the coast of the Carclinas to 207
off the coast of Florida and Georgia; and
in the spring, 219 off the coast of the
Caralinas to 220 off the Georgia and
Florida coast, These data suggest the
minimum value of AT can be found in the
winter months and the maximum value can be
found in the summer months. Differences
beiween these data and the data presented
in the previous section may be attributed
to the fact that in this section we are
dealing with average data and in the pre-
vious section with representative date.
However, there also is a possibility that
these differences may be a result of using
different reference depths (in the previous
section 400 m were used and in this section
900 m were used).

‘ .’ 50. J-‘.‘w. . . . N
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One other important factor should be
pointed out concerning Figures 9 through
12. Inspections of these figures will show
that the horizontal gradients in temperature
between the Gulf Stiream and the near-shore

Figure 9. Average sea~surface temperatures off the asutheast coasl
of the Uniced States for ausmer {Schroeder, 1966).
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Tigure 12. AvaTage ara=wuriace tempersturcd of [ the southeast coast
of the United States for spring {Schrocdrr, L3863,
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water off the southeast coast of the United
States is approximately 1 to 20C in the
suimer; 8°C in the fall; 10°C in the winter;
and 5°C in the spring. The importance of
this factor will be demonstrated in the

next section.

3.0 Perturbations in the Guif Stream and
its Affect on the AT Distribution

In the previous sections, data were pre-
sented on the distribution of AT. These
distributions were established from either a
representative or average data base. The
problem with using this data base is that the
Gulf Stream is seldom in a representative nor
an average state. The Gulf Stream is a jet
which undergoes all the instabilities which
are normally subjected to such systems.
Instabilities may be manifested by the fact
that the flow is in the g-plane; that is, on
a rotating earth. Other instabilities may
be manifested by the fact that weather systems
{2 major forcing function of currents in the
ocean) vary markedly in time and in space.

It has been shown that such variations can
produce marked accelerations in the Gulf
Stream. Furthermore, changes in bottom
topography can manifest perturbations in the

Gulf Stream also. It has been shown that the
Blake Plateau can compress the vertical shear
of the Gulf Stream currents, thus producing
concentrated zones of available potential
energy which are rapidly converted inte
kinetic energy. Large accelerations and
currents which deviate from the normal
currents found in the Gulf Stream are a
result of the energy conversion. The pertur-
batians produced by the forcing functions
mentioned above can have a profound influence
on the variations of AT off the southeast
coast of the United States.

Figure 13 is an infrared photograph of
the coastal area off the southeast coast
of the United States obtained from the NOAA-4
satellite in April 1975. Since this is an
infrared picture, the gray scale represen-
tatfon is a function of temperature with
black indicating warm temperature and white
indicating cold temperature. Of particu-
lar interest is a cold tongue of water off
Cape Romain which extends to the central core
of the Guif Stream. The narth-south dimension
of the cold tangue is approximately 500 km.
The east-west dimension ranges from approxi-
mately 100 km near the origin at the shelf to
approximately 10 km at its northern tip. It

a7

Flgure 13.

WOAA-4 infrared phatograph cff Ehe aputheant const of tha
United States abtained tn Aprll 19715,



has been shown that in the spring, which is
the period in which the photograph is taken,
the AT off the southeast coast of the United
States in the first 400 m is approximately
159C, and that, on the average, the surface
shelf water has a temperature approximately
50C lower than the surface Gulf Stream water.
If an ocean thermal system was located in the
Gulf Stream in the region where this perturba-
tion is now pumping cold shelf water into the
Gyl f Stream, the 4T in that region can be re-
duced by approximatety 5%C; that is, the AT
in the spring which is normally 150 can be
reduced to 10°C,

Figure 14 is an infrared photograph off
the southeast coast of the United States from
NOAA-4 in early March 1975. This can be con-
sidered a winter case. In the winter, the
average AT off the Carolina coast is approxi-
mately 17°C and the surface shelf water has
a temperature approximately 109 lower than
the Gulf Stream, Of interest in this figure
is the tongue of cold water originating from
the shelf just south of Cape Romain and
extending approximately 300 km to the north,
As in the previous case, if an ecean thermai
system were located in the region where this
perturbation is now pumping cold shelf water
into the GUIf Stream, the winter aT could be
lowered by 10°C reducing it to 70C.

Figure 15 is an infrared photograph of?f
the southeast coast of the United States
from NDAA-4 in late March 1975. This, too,
can be cansidered a winter case in which the
AT off the Carclina coast is approximately
179C in the first 400 m and the horizontal
temperature differences between the shelf
water and the Gulf Stream at the surface is
approximately 10°C, Note the cold tongue
off Cape Romein.and the cald bulge off Cape
Lookout, [t is believed that this picture
describes the initial stages of development
af two of the types of perturbations described
in previous figures. As in the previous case,
the winter AT can be reduced by approximately
109C due to the transport of the cold shelf
water.

Figure 16 demonstrates the great varia-
bility that can be manifested in or near the
Gulf Stream. The figure is an SMS GOES
infrared photograph, and shows an eddy similar
to those described in the last three figures
east of Leng Bay. There are also two cold
eddies found on the eastern side of the Gulf
Stream, east of Flovida. These cold eddies

Figure 14,

Figure 15.

Re
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KOAA-4 Infrared phatocragh aff the southeast coast of the
United States ohtmined in 2arly March 1575,

NoAa—4 Infrared photograph of f the southeast comst of tha
United Staccs obtained in latw March 1975.
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can reduce the surface temperature approxi-
mately 10%C. However, they may not reduce
the AT as much as the perturbations found
on the western boundary of the Gulf Stream
due to the fact that the cold eddies have
deep vertical extent {approximately 1500 m}.

4,0 Conclusions

It has been shown that aT's as large as
250C can be ohtained off the southeast coast
of the United States, depending on the lower
reference depths used. It has been suggested
that ocean thermal systems be located off the
shelf break since Targe 2T's can be ocbtained
in smaller depth intervals. Based on avail-
able data, it appears that the cold water
pipe associated with the ocean thermal
systems should extend to the depth interval
of 400 to 600 m, depending on the required
AT. Further extension will not increase the
aT appreciably.

Even though it appears from average or
representative data that a 4T favorable for
ocean thermal systems can be found off¥ the
southeast coast of the United States and in
the Gulf Stream, it has been shown that
perturbaticns produced the western and

eastern boundaries of the Guif Stream can
profoundly change the yalue of AT. There-
fore, it is critical to the operation of
ocean thermal system that they by cited in
regions where such factors are minimized,
From the present state of knowiedge of the
Gulf Stream and its dynamics, it appears
that the perturbations described in this
paper can be the controlling influence on
the economics of operation of an ocean
thermal system.
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A GULF STREAM BASED OCEAN THERMAL DIFFERENCES POWER PLANT

William E. Heronemus, Professor of Civil Engineering
University of Massachusetts {Amherst)
for the U.Mass Energy Alternatives Team

Abstract

The significance of the Gulf Stream Ocean Thermal Difference Power Plant to
the energy market of the contiguous 48 states is discussed. The controlling
characteristics of the Site are enumerated and a macro examination of the size and
quality of the resource is made. Then an examination of daily fluctuations in the
resource is made, and the significance of the U.Mass OFF-DESIGN power plant

studies is demonstrated.
tions proposed for the Gulf Stream Site are

fic examination of Site controlled design characteristics.

The general features of U.Mass power plant configura-
enumerated together with a more speci-

The general features

and certain specific details of the more recent U.Mass power plant are then i1lus-

trated in a series of figures.

The essentiality of a total systems approach by a

large enough team of experts whose efforts are orchestrated and controlled by a
bonafide ocean enginecr is woven throughout the paper, cbvious to those who under-
stand the ancient art of ship design and construction, but probably invisible to

those lacking that sohering experience.

1. Introduction

This paper bears the name of Heronemus, but it
veally is based on the work of a team of ten profes-
sors and almost forty students as of January 1976.
The grasp of the ocean thermal differences process,
held by the University of Massachusetts research team
is a team grasp which permits a bread integrated
system usage of the more nmarrow sharply-honed compe-
tence of each of its subsystem experts. From the’
original dasire to pursue this subject in 196% it has
always been a mixture of mechanical, civil and ocean
engineering, a blend of heat transfer, hydraulics,
physical oceanography, naval architecture, marine
engineering, machine design,structures and materials
engineering. One man can attempt to "manage" all of
that, but no one man can pretend that he is an expert
in all those fields. The Y.Mass team has always been
generous enough to assist the manager in his attempt
to understand all, but charitable in their knowledge
that he could not.

A Bulf Stream Ocean Thermal Differences Power
Plant is a many-splendored thing. It is first of all
a site, or rather a large but discrete area of sites.
It 75 a creature of the sea. In our first four
versions it is a submersible creature: 1in the fifth
version it will be a surface ship looking from the

outside very much like a 1975 very large crude carrier.

In the sixth version it will be a relatively small
surface ship, a test and trial unit matched to the

20

small minds and pocketbooks of those in charge of our
nation's energy destiny who have not yet agreed to the
correct, large, test and trial unit.

A Gulf Stream OTEC to us is a fully afloat unit
that must ride to an anchor in a relatively strong
current and must occasionally take the battering of
the most severe of hurricanes. We started off, it
seemed, battling everyone else about anchoring in that
fearsome current. We knew then, and each additional
study has confirmed, that that curreni is the most
magnificent subsystem of the entire OTEC, that which
does most of the pumping for free, that which releases
us from ary concern about thermal gradient destruction.

We still think that a power plant of 400 megawatt
electrical is close to an optimum size, and we now can
demonstrate how such power plants can be built on
shipways or in basins with only 100 feet of beam,

900 feet of length, launching at a launching draft of
as few as fifteen feet. We still think steel re-
inforced concrete is an appropriate hul) material, but
we have trouble understanding cost estimates of over
300 doltars per cubic yard when we participate daily
in the. construction of sfzeable steel reinforced
concrete structures, with complex form work, at 50 to
80 dollars per yard,

For years we have known what the circulating
water pumps, both hot and cold, shauld be like, and
have so stated: they should be essentially the
oppesite of our windmills, and they should cost no



more than 100 doilars per kilowatt, complete. We are

about ready to demonstrate that number.

We were convinced early on that the heat ex-
changers should best be one configuration --- J. Hil-
bert Anderson started us toward that conviction, then
our own thorough research into two-phase heat trans-
fer at low temperatures convinced us completely.
We've described those heat exchangers over and over
in words: we are now ready to demonstrate a full
scale mock-up of a portion of such a heat exchanger
and also get on with proof of manufacturing processes
in a variety of materials.

We were denied funds to investigate an anchor
and mooring system, but have managed to do 50 anyway,
and will socon publish a complete analysis and pro-
totype design. Again, cost per kilowatt is very close
to our original estimate.

The most significant result, perhaps, of our
latest work, is conviction that in collaboration
with Pacific Power and Protein, Inc., we have in-
vented a complete solution to any fouling problem that
might beset a closed-cycle OTEC: patents have been
applied for. .

J. Hilbert Anderson convinced us that OTECs
could be built at relatively Tow capital cost. We
could never match his low figure, but we came close.
We have lived through a2 year and a half of aerospace
OTEC cost estimates and have held cur tongues: we
hope anly that shipbuilders not flying machine or
rocket builders will be assigned the responsibility

for detailed design and construction of the first OTEC.

We have expanded our knowledge of the hot and
cold water resource variations in the proposed Gulf
Stream deployment site and have strengthened our
conviction that the site is a good and reliable sites
but "Site One" has had to be moved cne mile east from
where it was originally set. We have long accepted
the idea that seasonal variation in resource in that
deployment arez will require some "maneuvering” of
the power plant, and are well along with the
necessary analysis of those off-design situations and
what they should mean to the overall design and
machinery detail of a Gulf Strcam OTEC.

The Gu1f Stream OTEC is a specific QTEC. [t will

be much more costly than a 40 Lo 45 F AT tropical OTEC.

But the Gulf Stream OTEC is very close to a ravenpus
energy customer, a customer condftioned to pay more
and more for electricity or fuel. Tropical QOTECS will
in time cuthumber by orders of magnitude Gulf Stream
OTECS, for everything other than electricity or
synthetic hydrogen fuel. We intend to be party to
those tropical systems, too, in due course.

2.  The Gulf Stream OTEC Site and Resource

Peter Mangarella and Robert Kirchhoff have dome
more than all cthers to describe ard quantify the
bount iful magnificance of the Gulf Stream Resource.

The Site is still a broad swath about 15 mile. west
to east astride the axis of the Gulf Stream (itself
an imaginary line}, extending at least 550 miles
south to north from Key Sombrero to abreast Charles-
ton, The first pinpointed site was named “Site One"
== about 17 miles eastward from Miami. "Site Two"
is due east of Charleston, and it figures strongly
in an OTEC system designed specifically to replace
all of the New England electric utilities.

The resource at Site One has been quantified and
described in "An Assessment of the Ocean Thermal
Energy Potential of the Florida Current” by Peter A,
Mangarella, Teghnical Report NSF/RANN/SE/GI-34979/
TR/75/6 of June 1976. Figure {1} locates Site One
and the stations of Project Strait Jacket from which
our original data were taken. Figure (2) shows the
significant inclination of isotherms upward and west-
ward in this region which bring the coid water up into
the 600 meter depth range. Figure (3} shows the
available power output per unit meter width of the
Miami to Bimini Cross Section for different cold
water intake depths, with temperature gradient across
the evaporator held constant at 1° Centigrade.

Figure (4) shows the available power per volume flow-
rate across the Fleorida current during various months
for a cold water inlet depth of 500 meters and the
same 1°C temperature gradient across the evaporator.
Figure {4) suggests some significant minimization of
power variation with seascn the closer one gets to
the axis of that Gulf Stream.
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From that study and its predecessors, the U.Mass
Team, Ted by Peter Mangarella in this instance,
decided that:

{a) 1If the cold water inlet were run down to
600 meter depth, 30 to 35 km off the Florida
coast, seasonal variation would be minimized,

If the entire upper 60 meters of the Current
were passed through the evaporators and re-
duced by 10C while cold water was drawn from
only 500 meters depth, 3.6 x 10!2 kiWh per
year could be extracted using QTECs of the
U.Mass type.

{b)

Since that entire band 60 meters deep could
not be passed through a single plare of
evaporator entrances, OTECs comprising that
total evaporator frontal area could be
spread out west to east and south to north
and achieve that same result. This con-
firmed that the resource was large enocugh
to support the earlier concept of as many
as 15 south to north columns, with & 400mle
power plant at each 2 mile interval thereon.

(c)

With the cold water inlet at 600 meters (or
more) the available power would increase to
over 4 trillion kWh per year.

(d)

The seasonal variation is significant, and
the daily variation must be understood well,
i.e., Larry Ambs' Qff-Design Analysis must
proceed to a meaningful conclusicn point,

{e)

3. The Short-Term Fluctuations in the Gulf Stream
QTEC Resource

The work of Walter Duing first seen by us in 1973
{Project SYNOPS} had worried us considerably because
it showed significant instabifity of thernal strati-
fication in the mid waters of the Florida Current.
The U.Mass power plant design had decided from the
start that the hot water resource would be taken from
as close to the surface as practical without encount-
ering near-surface effects, and that the cold water
would be taken from as near the bottom as possible
without encountering scouring. We settled on a 30
meter average depth of water into evaporators
inlets, and, later on, & minimun depth of 600 meters
for the c¢old water inlet.

Dr., Ambs' close-grain analysis was facilitated
by NODC data. He chese a data analysis technique
whose final result is as ciose to a daily plot of
Hot Water Temperature, Cold Water Temperature and AT
as we've been able to prepare. (Another technique to
complement this is being used by Dr. Mangareila in
further analysis of NODC and U.S. Navy data). The
preliminary results of Ambs are shown here in advance
of his publishing, Figures 5, 6, 7, and 8, to
reassure this audience that even the micro-scale data
show the Site and the Resource to be excellent

and practical of utilization. Figures &, 6, 7, and 8
all use the 30 meter depth as the evaporator inlet
depth, but have different cold water intake depths,
300m, 400m, 500m, and 600m, respectively. HNote the
significant smoothing out of variability in 7,Cold,in,
as inlet depth increases.

The need for 600 meters of cold water intake
depths is indicated by these four figures. The varia-
bility in available AT is considerable: Figure (8)
shows a aT of only 17°C for.the entire month of March,
and a AT of 22°C for August, September and October.
The 17°C is one degree lower than our baseline design
case whereas the 22°C is 4 degrees larger. If the
U.Mass OTEC is to deliver 400mWe net during January,
February and March, what will that same plant deliver
during Tate summer and fail? The answers to such
questions are the essence of the Off Design Problem:
and they will be forthcoming. The baseline configura-
tion may change considerably as a result.

4. Iterations on the Gulf Stream Ocean Thermal
Differences Power Plant Configuration

A. The design requirements for a power plant
dictated by the Site have not changed much during the
four years of fnvestigation except for:

(2) a minimum depth of 600 meters of water rather

than 500 meters has now been accepted

surface ship (deep draft) configurations are
now thought to be feasible, perhaps even pre-
ferrable, to the very deeply submerged semi-

(b)
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submersibles of the earlier baseline con-
figurations.

8. We still think in terms of:

{c)

()

{e)

(f)

(9)

(h)

(1)

closed Rankine Cycle: our own minimal in-

vestigation of the Dpen Cycle produced dis-
appointing results. The results of cthers
are encouraging, but we've not had time to

use them.

Either Propane or Ammonia as the working
fluid. We found the Bechtel contributicn
on an Ammonia working fluid "clean-up
system" helpful and reassuring that ammonia.
need not, perhaps, be feared as much as we
feared it in 1872, '73.

We remain totally addicted to the small-
passage pressure-proaf plate-fin heat ex-
changer. Qur most prolific investigators
have gone over small-hore parallel tube and
small-bore staggered tube and a broad spread
of plate-fin geometries and tests for cpti-
ma) configuraticns always come back to that
1/8-inch vertical rectangular or triangulay
cross-section tube.

We are convinced that small-passage pressure-

proof plate fin heat exchangers can be pro-
duced in subassemblies using production-line
techniques, and that the manufacturing cost
wili be 2 small percentage of the material
cost. We are prepared to proceed with
actual construction of several competitive
concepts in several metals. The patent-
ability of this Heat Exchanger Assembly
Concept is being investigated.

Except for Off-Design considerations, tur-
bine design is set, preototype manufacturing
could be started. We are satisfied that
reasonable space for exhaust diffusion will
add one to two percent back onto turbine
efficiency. Our latest configurations thus
permit turbine plus diffuser arrangements
that should give us 94% total-to-total effi-
ciency.

A1l of our iterations toc date have made pro-
vision for on-site repair-by-replacement of
defective heat exchanger components while
enduring a fractional shut-down of power
plant,

Part-load operation, minimum disruption in
Toad during maintenance operations, a
complete damage-control capability for cop-
ing with possible accidents, consolidated
power plant control from a topside control
station, have influenced the iterations.

Practicatity of power plamt construction at
the maximum possible number of existing U.S.
shipbuilding Tocations has been given
serious consideration. The largest (400mWe}
of either our semi-submerged or surfaced
configurations can be constructed on

C.

o5

(k)

{n

(m)

900" x 100' ways adjacent to 12 foot deep
Taunch receiving waters. Much deeper ocut-
fitting basins ?up to 53' depth) are re-
quired, and a completion site {perhaps
alongside & floating barge complex) with
84' depth would be desirable. For a proper
multiple-construction program of many power
plants, some auxiliary flotation devices
{similar to the WWII Manitowoc Submarine
Transport Dock) would be desirable.

The Celd Water Inlet Pipe has taken on a
variety of cenfigurations. The original
concept of a CWIP extending forward from
the bow of the power plant, forming part of
the mooring line, built as one welded alu-
minum hull structure, is still a viable
concept. The concepts of subdividing that
CWIP into 2, 3 or even 4 articulated sec-
tions s also still very attractive. We
have 1iked the vertically telescoping CWIP
and have decided on a version of it which
could be built from welded aluminum to the
streamlined shape required for the Gulf
Stream Site, as an alternate. A telescoping
CWIP dropped down from a location abaft the
midships section, in some sketches all the
way aft at the stern, of the surface ship
configurations appears very attractive: the
mooring t¢ the bow would then be a bundie
of mooring structural material plus the
energy umbilical(s), cables and/or hoses.

We have moved past the very lofty topside
evaporator array of our Mark 1l configura-
tion to two other candidates, each of which
requires hot water pumping to cvercame the
hydraulic losses incurred by that }owering.
Dr. Kirchhoff has estimated the additicnal
pumping power requirement as minimal, how-
ever, and we feel very comfortable with the
resuiting compromise.

With the help of the Naval Underwater Sys-
tems Center (Art Carison, et al}, we iooked
at some other basic configurations, both
"wet condenser" and "dry condenser.” Ve
learned a great deal from the detailing of
the required concrete structures and have
incorporated those resuits indirectly into
our latest configurations.

The U.Mass Power Plant Configurations are, to
date, all characterized by a multiplicity of mach-
inery compartments, each of which contains:

(1)

(2}

A Bry Condenser, parts of which may be re-
ptaced on site, after isolation of that con-
denser from the cold water path.

A Turbine Diffuser sitting on top of that
tondenser, cccupying pressure-hull {one-
atmosphere} space ... as long a diffuser

as possible ... a diffuser which costs a
great deal in terms of hull space which it
occupies.




(3) A Turbo-Generator sitting on top of the
diffuser, occupying pressure-hull space.
The Turbo-Generator is of such a size that : “"::“n#
it produces 25 mMe net power, at this time. me
More detailed analysis, particularily after
the OFF-DESIGH work is completed, may
suggest a somewhat larger turbine-generator o
set. (:::] s e

The Turbine Diffuser can be opened up and entered
for repair to its underlying condenser. The interior
arrangement and structural detatls lend themselves to
the moving in and out of replacement condenser core

Heat Exchanger assemblies i
>

{4) An Evaporator Array on top of the hull con- =
taining the dry condenser-turbine-generator
stack. The semi-submersible configurations gRifiaieenr iy
all use wet evaporators in a Lopsice array. 3
The surface ship configurations use dry p e
evaporators located at the same relative
etevation in the hull as the condensers.

The topside Wet Evaperator Array can be
maintained by repair-by-replacement with
minimal plant. turn-down.

|
;
o
¢

st M

D. Much of the above can be seen in the following
series of illustrations:

In Figure (9) one sees a typical transverse sec-
tion through a semi-submersible hull configuration.
One sees the condenser hanging down below the Inner
Pressure Hull Grill inside that Outer Shell, which
when tlosed off at its Cooling Sea Water inlets and
outlets gives us the Dry Condenser feature. On top
of the condenser is the Inner Pressure Hull Grill
which provides structural integrity for the large
opening in the bottom of the Inner Pressure Hull as
well as all the necessary damage control features.
On top of the Grill is the Turbine Diffuser. On top
of that is the Turbine-Generator set. A1l machinery
is contained within the one-atmosphere Inner Pressure
Hull. Access for building and for the entrance of
vapor from the Topside Evaporator Array is shown via
a cylindrical entrance penetration which is fitted
with dauble clesures to each opening.

In Figure (10} one sees a compartment layout,
deck plah, for a two-turbine compartment. In a 200
mWe hull we plan to have a short one turbine compart-
ment at each end of the hull and three two turbine
compartments, separated by holding bulkheads, for
damage control purposes.

Figure {11} shows the cellular nature of the
condenser and the structure in which it is carried.

Figure {12} shows some more detail of one of
those structural cells in which one Heat Exchanger
Assembly is suspended. The Turbine Exhaust Vapor
flows downward through the Diffuser into the Inner
Pressure Hull Grid, then enters to tops of the open
condenser panels. As it flows down through the
cooled plate-fin panels it condenses and collects in
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the pressure-proof Hot Well. There is to be a Hot
Well for cach Heat Exchanger Assembly because each
must be isolable, drainable, purgeable, to permit
condenser repair by replacement.

$hifting now to the Evaporator Array, Figure (13)
shows the basic dimensions of three parailel plate-
fin panels in an evaporator cere. Those panels are
“fabricated into Heat Exchanger Assemblies which will
be identical to the condenser Heat Exchanger
Assemblies for some power plants, but which may have
different sea water passage widths for other power
plants. In this concept, eight 4'x4'x32' Heat
Exchanger Assemblies are manifolded together to create
one Evaporator Modular Insert. f£ight of those Modular
Inserts are shown side-by-side in a structural frame
in Figure {14). That subassembly of eight was
selected to facilitate a certain topside arrangement.

Figur2 {15) shows one Evaporator Modular Insert
and the concept for piping it which permits it to be
isclated, withdrawn from, replaced, and then cut
back on line in a power plant with minimum interfer-
ence with power plant productivity.

Figure (16) §s further detail at the top of an
Evaporator Modular Insert, and Figure (17} shows
similar detzil at the bottom of an Insert. A repair
crew working from an awash platform will be able to
jsolate, remove, and replace any Insert which the
Evaporator Salinity Sampling and Alarm System has
shown to be leaking.
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A1l of these features are put together, partially,

in the last of the figures., In Figure (18) we see an - e N
isometric view of the submersible hull power plant UMASS OTGM

showing how the hull construction would proceed, from

concrete bottom “saucer", thru erection of the trans- Freo Piowa anoViacves

verse vertical floors which subdivide the condenser scala 20 Maduler

boxes. Then the Imner Pressure Hull Grill would be Insart

Tanded as one complete steel weldment subassembly
on top of those floors, if adequate weight lifting
capacity be available, or the Griill will be built up
in place on top of the floors. Then the forms for
the interior buikheads and the Inner Pressure Hull
will rise, step-by-step, with steel and concrete
going into them until the raw boundary of the
builder's access is reached. The Outer Shell will Uppat Faed Valve
rise concurrently, slip-formed up and around, to join
the other concrete at the hull top. Launch will occur
when the largest (deepest) saucer which the building
site can accept has been reacheo: construction will

fFeed Header

Fead Nozzle

proceed afloat, symmetricaily, thereafter. After all +
machinery has been shipped, located, foundationed, Lower Feed
piped and wired, the larce raw builder's access will Vatve

be filled in to the permanent c¥lin'rical access
trunks and towers. Topside tvaporator piping,
structural framing, crane ways wiil be added, thnen
towers and the evaporators themselves. M5 mentioned
earlier, a deep-draft fitting-out site with

passage to the sea will be required to conpieie the ’
hutl. Seawnter Bieed Ppe

Eairuty Test Trap

The middle Cold Water Hull, built separately wili
at the appropriate time be brought o the Starboard

| OFER SH L.
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4 SOLIDTRANISVERSE, FRam G
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Hull, mated and fastened. Then the Port Hull, built
separately will be brought to it, mated and fastened.
The Cold Water Inlet Pipe Swivel Section will be
installed, ready to receive the rest of the CWIP.

Figures (19} and (20} show one recent version of a
topside evaporator arrangement whose maximum height
above top of pressure hull is about 90 feet: a double-
tiered arrangement of evaporator assemblies in a
sinuous path aleng the top of the hull. The Evap-
prator Repair Crane Ways and the Repair {rane are
shown integrated into that structural frame work.

The total added hot water parasitic pumping loss for
this configuration in the Gulf Stream has been
estimated at 2 megawatts for a 400 mWe (net)
configuration.

Vingn Taavimd
Snnaw Famaan
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Figure (21} shows another recent topside evap-
grator arrangement in which total upward projection
of the evaporator array has been kept under 45 feet
by accepting additional hot water pumping. Dr.
Kirchhoff has not yet estimated that loss, but it is
thought it too will be relatively minor. The Cold
Water Hull has been tapered in height from bow to
stern to create a hot water dump channel for the in-
board evaporators of the after rows. The channel
grows in cross sectional area along the htl to
match the increased water flow. The Repair Crane
concept will be used with the arrangement of Figure
{20) also.

There are many changes to be made to the arrange-
ments of Figures {18),(19),{20) and {21}. For
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example, it is clear that we should abandon the
circular crass-section Outer Hull, for instance, and
move our Condenser Box Isolation Doors inboard to
seat gate-valve fashion on sloping outward extensions
of the strong concrete transverse floors. That will
permit our outer hull to take on vertical sides,
reducing fabrication cost and probably reducing
overall beam.

The Weight and Moment Sheets for these new
configurations have been completed. Balance and
adequate stability in the many different conditions
of operation which one of these power plants must see
during constructiong.normal operations on station has
been verified. There is room in the bottom of the
€old Water Hull to build in air-blown ballast tankage
that could provide a very large measure of casualty
buoyancy. Whether or not the certifying agencies

would be willing to equate that with required reserve

buoyancy s questionable, but it would be every bit
as useful to the same purpose, and would facilifate
the semi-submerged hull configuration. (The semi-
submerged power plants could be built to the rules
for ¢il-drilling rigs and overcame these kinds of
problems in that way, too.} The total resistance
of the semi-submersible on station in the Florida
Current has been reduced markedly by these recent
jterations from the value calculated by Adams in
1973. Therefore anchor and mooring requirement are

about one-fourth what we had thought necessary before.

The surface ship iterations show even more reduction
in anchor and mooring requirement.

5. One Suggested Applicatign for Gulf Stream OTECS

We are not aware of any great clamor at Florida
Light and Power Company, or other investor-ocwned
utility along the Flerida Current, to get into the
OTEC business. Indeed we understand that they need
the waste heat from as many additional nuclear power
plants as possible to qualify for an ERDA project in
Biomass called the Great Biscayne Bay Sea Lettuce
Project; thus their lack of interest in cheaper
electricity from OTEC. We also understand that OTELS
are looked upon with great suspicion by that new
Florida industry boomer, Offshore Power Systems, and
are thus not mentioned in polite society north of
Palm Beach.

But we think we have one customer, a municipal
power company in Taunton, Massachusetts, who has an
putlet to the sea near Fore River. This municipal,
Tike mest of the 40 municipals in Massachusetts does
very little generating today and is primarily a re-
tailer of electricity produced by the New England
Cartel, NEPOOL. It has been suggested that if
Taunton could buy electricity cheaper than that which
Boston Edison, etc., sells to them, then Taunton
would in time sell to Boston Edison and indeed take
over the entire NEPOOL market. Electricity will flow
in eithar direction in most cables, and there is an
ever increasing number of activist groups who would
be willing to help arrange the necessary legislation,
disenfranchisements, etc. ’

S0, a completely independent analysis of projected
demand, 1990, for ail of New England has been made.
The number 146 billion kiWh per year, twice the 1975 °
73 billion kWh per year, has been arrived at after
considerahle effort. This projection could of course
be of f by 100 percent. For example, the New England
economy could continue down hill so far because of
ever increasing cenventional energy costs and taxes
that population growth will become strongly negative
and electricity growth will resume the negative slope
of 1974, and early 1975. Be that as it may, a market
of 146 x 10% kWh, 1980, has been used.

It was decided to moor UMass., type 400 mWe power
plants near Site Two, due east of Charleston, S.C.
Careful analysis of a vast collection of NODC and U.S.
Navy data confirmed that the Site Two resource is as
rich and as steady (actually steadier than) as the
Site One resource provided a cold water intake depth
of 800 meters is used. That number corresponded
well with the preliminary assessment of 1969 where
maximum depths to 900 meters in the proposed
deployment area were predicted.

Ninety 400 mWe (net) power plants, six rows of 15
each, in a sea area 16 miles by 14 miles, are to be
used. A1l of the power plant net electricity is to be
used via electrolysis to generate hydrogen gas. Three
separazted 44 inch diameter pipelines buried in the
shelf in about 300 feet of water, each pipe 810 miles
Jong, are to carry the hydrogen to Fore River. Those
three pipes provide 100% redundancy, and very elab-
orate damage control concepts have been worked into
the system. An alternate scheme calls for one pipe
to be laid ashore, along the route of the coastal
highway, to increase the security of the system from
unfriendly frogmen; the ashore pipeline looks to be
somewhat move expensive. Off the Jersey Coast, some
40 miles to sea, near the forthcoming oil platforms
of the Baltimore Canyon Field, there will be a
compressor platform which will absorb a continuous
180,000 horsepower maintaining the least-cost gas
flow situation. Farther north and east in another
canyon off Nantucket there will be an underwater
pressure-balanced 300C psi hydrogen storage of size
adequate to smooth out the New England lead-demand
curve and provide three days' emergency siorage.

The hydrogen going ashore into Taunton will at
first be converted to electricity right there, The
desired conversion will use hydrogen-air fuel cells.
The by product process water will be sold to the
Boston MetropolitanNistrict Commission to add to their
drinking water supply. By the time {1990} this
system reaches its maximum size, arrangements will
probably have been made to pipeline hydrogen gas
around New England to a multiplicity of reconversion
stations rather than doing it all in Taunton.

This study has assumed an overall electrolyzer-
fuel cell efficiency of 45%, about 12% higher than
that achievable with today's reasonably-priced
commercial electrolyzers and the eguivalent of a
P&WA PowercelR fuel ceil. The improvement of 12%
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can be made within 5 years by improving the electro-
1yzer alone, in the cpinion of the General Electric
NDirect Energy Conversion Group. The theoretical
maximum efficiency of this electrolysis-fuel cell
reconversion process is 100% no Carnot efficiency
Yimitation at all.

Assuming a 5% steady inflation rate, 1975 to 1985,
and an OTEC capable of delivering bus bar d.c. at 16
mitls per kWh, the projected cost of gaseous hydrogen
at the end of the system in Taunton, 1985 dollars, is
32 cents per pound. An existing hydrogen-air fuel
celt can produce 10 kilowatt hours of electricity
from a pound of hydrogen. The total cost of delivered
bulk power, 1925, baseload through peak, the entire
schedule would be near 41 mills per kWh. Add 14
mills for distribution and the average kWh price
becomes 55 mills, 1985. The best current projection
of average New England electricity price, 1985, using-
some combination of nuclear and fossil generating
nlant, is 85 mills per kWh {from the experts outside
the electricity industry}. The 16 miil per kKh
power cost at Site Twe requires a capital cost of
$850 or less per installed kW. The differenca batween
35 mills and 55 mills would permit another 30 mills
per kWh capitalization of OTEC, about $1594 additional
per installed kM4, or a total of $2544 per ki, to
achieve a break-even competitive price. There is in
our opinion considerable elbow room in those numbers,
considerable room to take risks in OTEC development,
“considerable cpportunity for large rewards to risk
capital. The largest remaining risk, probably, is
that Site Two produced hydrogen would find itself
competing against offshore windpower produced
hydrogen at the flew England sea coast! The clever
entrepreneur may decide to develop both resources
simultaneously. Figure {22} diagrams this system as
going into Providence: the Taunton system is somewhat
shorter in pipeline length, all other facets being the
same. This study is the prodyct of Wm. J. Rowan, one
of the 29 outstanding graduate research assistants
who have helped with our OTEC research at UMass.
{Amherst).

6. Conclusions

The Gulf Stream site in the Florida Current is a
good place for the United States to deploy Ocean
Thermal Differences Power Plants. The resource is
very large, capable of supplying all of the United
States' electricity by itself if only one two-thou-
sandth of it were converted. The flowing waters of
the Gulf Stream replenish that resource in a very
admirable way, overcoming any possible problem with
breakdown of thermal stratification as might occur in
stagnant water. The market is near at hand for the
electricity-in-cable product and more distant markets
could be reached by delivering the best of synthetic
fuels, hydrogen, via pipeline.

The UMass. research team still favors Targe
anchored power plants of the 100 ts 400 mWe (net)
size which use metallic pressure-proof plate~fin
heat exchangers working in either a propane or
ammonia closed cycle for the Gulf Stream Site.

Experimentation that will decide the exact length

of passage for those heat exchangers has been proposed
as has a program that will demonsirate heat exchanger
manufacturability. The seasonal variation of the Gulf
Stream Site must be dealt with intelligently, and

more Off-Design investigation is needed to decide the
best machinery arrangement to cope with waxing and
waning thermal resource: the final answer must be
determined by economics.

Small, medium or large Gulf Stream semi-submersibie
or surface-ship power plants could be builtt at
hundreds of existing ship building sites by using the
Japanese method of waterborne joining of hull portions
into one hull. Anchors and moorings for even the
largest of the proposed power plants have been shown
to be of manageable complexity. Many competitive
cold water inlet pipe concepts have been sketched:
some have been detailed but many more deserve
detailing.

A large scale program for development and acquisi-
tion of a large fleet of Gulf Stream Power Plants was
proposed by UMass. in March, 1975; the existing
national OTEC program ignored completely its content
and went instead to the Congress for an fnsianificant
FY ‘76 budget. There persists some strange attitude
that "the existing investor-owned utilities will
develop OTEC as scon as economic viability has been
assured and as soon as EPRI says it's OK". If the
United States of America intends to permit EPRI and
the investor-owned utilities to decide the energy

NEW ENGLAND ELECTRICITY
1990 - PROJECTED DEMAMD = 146 107 kwh/ YEAR

PROVIDENCE SHELF EDGE {600'}

HIGH PRESSURE STORAGE { 3000 i)

COMPRESSOR PLATFORN {180,000 HP)

% 44" 0HA. PIPELINES {HYDROGEN}
EACH 820 MILES LONG {MAX OEPTH ON
SHELF IN PIPE LINE FATH « 300'})
{PROVIDING 100% REDUNCANCY}

PIPE SIZE ASSUMES 472% OVERALL
HYDROGEN LINK EFFICIENCY

P 90 OCEAN THERMAL POWER FLANTS

CHARLESTON
- EACH OF A00OmWs NET CAPACITY

s
:,/- AXIS OF GULF STREAM

A PROPOSED SYSTEM FOR THE SUPPLY
OF 146 L10¥ keh PER YEAR OF ELEC -
TRICITY TONEW ENGLAND USING THE
U MASS, OCEAN THERMAL DIFFERENCES
PROCESS AND THE HYDROGEN LINK,
ROWAN, U.MASS | AMHERST) , 1975
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future of this country, Toynbee's pessimistic predic-
tion about the disappearance of the human race will
only be hastened into reality.

7. References
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thermal differences process is urged to read the
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listing of HTIS retrieval numbers has as yet been
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