


On the cover: Photo on left-—vertical-spout evaporator developed for
an open-cycle ocean thermal energy conversion system. Photos on
right, top to bottom—heat- and mass-transter scoping test apparatus,
turbine rotor, packing for the direct-contact condenser, and a sectional
view of a plate-and-fin heat exchanger.
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Ocean thermal energy conversion, or OTEC, is a technology that extracts power from the ocean’s natural
thermal gradient. This technology is being pursued by researchers from many nations; in the United States,
OTEC research is funded by the U.S. Department of Energy’s Ocean Energy Technology Program. The
program’s goal is to develop the technology so that industry can make a competent assessment of its
potential—either as an alternative or as a supplement to conventional energy sources. Federally funded research
in components and systems will help bring OTEC to the threshold of commercialization. This publication
provides an overview of the OTEC technology.
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OTEC w»icnz;at are atractive becunse ey use a g

1t
GFEC pf ants &ffﬁ:&‘% the cnviranment very Halo w hen com-
pared with nuclear or Tossil-Taeled plagts. The elfegts of
pisz dm iurge and m[lmzz digade relesse are L\pfs@fzgi W

omi contrd, [.‘o«. ating the plants jadicionsty cam mim-
mize other potential cHects on tiu CHVITOnDRL.

financing of 2 permanon, continuously operating GTEC
pant. Tlowever, OTEC shows pmmixc as an alternative for
12‘0?&,& |x!.m:::£ communities that rely heavily on :tl};}{??‘{&d
3 o Rive, OTEC s
these gzwka,ts could provide isdandors with much-n
power, is well as desalinated water and mariculture prod
uets, in the nearsesm. By first &(fd:u\mg the techssiogy
f poonomics of U1
researchors will genernte the Information secded by famre
manufacrurers of GTTC pants,

The idea of tupping ovewn thermal coergy was lirst proposed
by French physicist, Jusgues Arsone I Arsooval, s an 1881
Revue Scientifigue artivie.’ He envisioned a closedvoyele
heat engine with sromonia as the working faid but sever
tested it In 1926, the idea caprured the bnagination of

d' Arsonval's student, Gicorges Cluade, Clasde designed an
yand, usiag porsonsd | derived from
lzzs invention of the neon Hpht built an experimoental system
in 1930 a1 Matazzas Bay, Caba” The system used a gold-
water pipe 1.6y in diometer and 2 ki by length Lo 830ce s
fully bring cold seawater # depth of more than )
Claugde’s systom generated 22 ¥W ol gleptricity by ssing a
special low-pressure (urbine: however, the system operaied
on a femperadure difference of only BEC and consamed more

Astorm destroved Clawde™s cold-water '}ipc onky i few das
after the \Lazam’;&s Bay cxpetiment began, fn I%ﬁ" Claude

; «ay{:i& amt, this
I mocred off the coast of

0 LEHheon careo v
Brazil. Sm waves ripped apagt the coldewater pipe during
wstatlanion.* Nearly bankrupy, Claude was forced 1o stop
wonk, He never schivved bis goal ol g

frean an open-oyele OTEC svstem, bt he did demonstrate
that i possibie to intewrate 21l the components into a
working system,

Chande s work influenced the Proneh government 1o otn-
tisme research i open-cvele OTEC o 1938, a brench eam
designed @ 3-MW_ open-oycle plant tor Abidjim on Africa’s
west comnt.’ The teum built a cold-water pipe that was 2.5 m
i damoter and 4 ko long, but it proved wo difficali e
deplov. Complstion of the glant was also hindercd by
compelition with mexpensive ivdroclectric power.

2 Qcean Tharmal Ensrgy Conversion: An Overview

esperialiy of the o

- § for many vears, The
elosed-cyete concept was rnmd m the carly 197 when
mnpending worldwide eserey shomtages spurresd farther
interest by OTEC,

The United States France., the Netherlands, und sove
eral developing natioas have mvestigated the patential off
P10 a8 a renewalile energy option, Ouiside the Uniled
most astive OTEC
1981, the Tokvo Electrie Power Company angd Toshiba csub-
sidized by the Japanese Ministry of Tnternational Trode and
Bdustry} built a 10GKW, (gross) closed-cycle plant o the
Republic of Maure in the PacHi Thi &sﬁd
plant had g cold-water pipe 915 m in Jength %&zzﬁ on the sed

bed 1o a depth of 330 ax The plant used Preon™ a5 a mnkmg
fluiel and feanum ~helb-and-tabe Beat cxchangers, Although
the Nawru plant was for a 14.9-kW net it 5ure
passed engineering expectations by producing 31.5 kW _of

net power during continuous operating (ests.

Other countrivs, ol France sagd the Netherlands, have
ased the kuowledee gained from Iabovatory €x ents 10
develop concepiyal designs of thefr own commercinl-scate
plants. Constroction of these plants remams on hold bovasse
of suppressed oil prices and te Bigherisk nature of OTEC
wehaoiopy.

The Federal Program

The current federal Gosap Frorgy Techaology (OFT) Pro-
grimt begar in 1972 as the Ocean Enerey Systems Program
and was spomsored by the Natoess) Seience Foundation, e
was trunsferred w the Energy Reseazch and Developrient
Adminigiration in 1978, which became the 1LE, Depurtment
of Foergy (BOR iy 377, The GEY Program is directed by
DOEs Wind/Oceun Technologies Division,

The ngaanpe misslon of the BT Program & o develop
peeun epergy echnology to whors the commaerelal sector can
assess whether the techaology offers viable energy convers
sion alterpagives, of suppluments, o gystoms carrently in use,
Current ch sctivities on components and smallseal
gxporhzests support this mission, Based on 2 carefu ovaluse
thont of past setivities, the OET Program strategy from 1985
tor TURY has Been (o focus on the techaology that would
allow e s o fand
hased a}g‘%ﬁ»@m ¢ OFFBELC sysiom, The rationale 1l this
focus is that this size and contiguraion limit the extent of the
seehniat unce mumy 0 i}& addressed, Also, the rescurch and
develo ! will provide » dats base for a cystam
size and ixmfagwalmfz fhat reprasents the intgial market onry
point for tropical ishud systems. Additonally, the data base
developed frons research on Lhis size of system & modularly
apphivable 1o lger systens,?

The program i achieving this stratery by concendrating on
specific techmical objectives. The first s to cxperimentally
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Chapter 1
Power Cycles

As previousty mentioned, the warm and cold seawster e
fating througl an OTEC plant can drive two kinds of powes-
producing oveles: closed amd open. which can be combined
ato hybrid systems, These cycles can also be ised with
otfier thermial resoarces, such us inoa fossil-foeled-plant
botloning cycle,

Closed-Cycle OTEC

As discussed in the Introdaction, power is generaliing
chosed-cycle OTEC systom when warm seawater deawn
froun the ovean s 1op Layers enters a heat exchunger &Ii(i
vaporizes a working fluid such as ammonia or bre on® The
vapar then passes through 2 turbine coupled o o generator
that produces clectricity, The oyale is completed when cold
seawater From e ocean’s depths recondonses the vapor in a
surface vondenser {see Figure 11, Mint-OTEC demon-
steated thut flouting closed-cycle OTED systems can prodoce
net power! however, issues of ataining optimur efficiency
amd making the syster costeflective remmin,

Several large plant sys 3 WEre dcveiop@é‘i and
evaluated in the Tate 19708 and early TOROK Rusearch on

closed-cycle € syshems culminated in the
a preliminary design for a 48.MW_ plant slied ner Kabe
Point on e Hawatian siand of Oshu ' This design defined
the performance and cost of systems hased on using commer
ciably availabe components and construction methods. The
power syslem accounts for about haltf of the overall cost of a
closedeycle GTBL plant, and s performancs establishes

the design regurarments for (the rest of the plant. The power
svsiem s made up of heat exchangers. a mr%m@fg&mm{%
and 4 complement of mechanical equ
piping. Heat e3¢ ers influence the major
and cost issues relnting 10 dlosed-oyele systems,

The current technology of surfuce heat exchangers is such
that they must have large areas 1o transfor enough heat at
OTEC s smalt temperature ditterence. Several heat
exchanger designs are shown in Figare 1.2, One form of con-
ventional heas exchanger uses u shell-and-tube confignration
in which seawater fiows throueh the wibes, and the warking
Hluid evaporstes or condenses in 4 shell around . A way
t enhance this design is w use fluted tubes: the working
fhiid flows into the o5 and over the crusts, producing a
thin fitrn that evaporates move offectively, In an asdvanced

Warm Discharge water
watarin 10 sea
Warking
faddd
) VARO!
— Evaporator gg:(;?;tar EERe— Condenser
Dlscharge water Working fluid Gold
16 598 ?nggé“e’m?} water in
i
Working Huid
Working fluid condensate

Figure 1.1 A closed-cycle OTEC system
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Figure 1.2 Seversd conceps for OTEC surface heat exchangers %

platg-aned-fin desten (Figore 1.2¢) working Thad and sea-
witer flow through aliernating parallel plates: lins botween

the beat

the plates

! chosen for closed-cycle

it resisis corrosion, However, it s
for plants that use large heat exchang-
ers. Corroslon-resistant conper-nickel alloys, which can e
Lesedd 3o protect platd grul old- waler pipes, are not cor-
patble with ssmmonds, the most common working furd, A
suwitalite alterngtive 1 thess materials may be akemman, o
tests eonducted by Argonne National Laboratory (AN]L),
brozed-aturminuem fubes and channels simibar to those wsed in
Mll-size heat exchangers performed well under marine condi

tions. Resylis indicate that sefected aluminunt allovs may
lint 20 yors in seawater, ™

ANL rescarchers arg investipaiing ways to prevent biofoul-
ing, the laver of stime and marine orgunsms that can grow
quickly on surfaces exposed 10 warm scawaier. I heat
exchangers, this butldup reduces the boat-fransfor officionyy.
Laboragory experiments Indicate that biofouding v be
prevented by mixing chioring in the pipes intermittently.

vl Bnorny Conversion: An Overview

gotaling one hour s day, at @ concentration of 70 pph. This is
weil below the level of 200 ppb for two hours per day
sllowed by the U.S. Environnental Prowction Agency.™

s mssociated mechanical equipment
in the refrigerationfair-conditioning
fon indugirios. When refrigerants such as
Freon™ and ammonia are used as working fluids, the mper-
atures and orossures enconntored are shmalar to those in g
refrigesatorn. Thus, the hardware and materials-handling prob-
ey are readily solved, aad no rescurch 1s necded in these
zress until the sysiem becomes vory larpe.

Open-Cycle OTEC

Opereovele OTEC systems ise vaporized scawater as the
waorking fluid, As shown in Figare 13 warm seawaler
drawn frogn near the ocean’s surlace B pumped ko o vae
s chamber where a ssall amount is Tash-evaporated inte
fow-density steam that drives o low-prossure torhine, Fhe
steam is theg condensed by cold seawater drinwn fron the
ocean’s depths—using elther dircct-conlact condensers or
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indirect contact through surtice comdensers—and discharged
from the plant, With the use ol swrace condensers, open-
evele plants can produce commercially vaduable desalinated

WReE

Open-ovele asteovaporators include those with open-
channed tlow, Balling tilms, and falling jets, These conven-
tionad evaporators typically perfornn w within 700 o 807
of e maximam thermodynantic performaney at aecepiable
hydrautic losses. Rescarch ot the Selar Energy Research
Institute (SERD lad 1o the development of 4 vertical-spout
evaporator that can perform 1o within 90% of the thermo-
dynaeaic Hmit In this evaporaton, shown in operation in
Figure L4, water s drawn upward through a verticsl pips

(8 spout) and viclently spraved outward by evcaping steam.'®
To snhance verformance, the spray may fall on sorsens that

¢ up the dropleis and increase the evapossiion
a8, °’§‘{> gvaid pressure foss, the evaporator hias simple intake
andd exh svstems that separas the steam from the disch
Beenrn continues throueh the svstom, and the remuining
semwater is discharged from the bottom of the evaporaos,
This design was fested using Drosh wader In the SERT ab-
oratory and using seawater ol the HIMTSTA and w vas Found
t0 be equally effective ander both circumstances.!

Violent flashing in o spout evaporator causes scawater drop-
lets to be entrained by the steam, I not ramoved., these
droplets can cause erosion and siress-corrosion cracking

in turbine blades and contaminate the desalinated water
discharee as well, Seawaler droplets can be removed in suffi-
clent quantity by passing the sleam through the compsercial-
Iy available mist eliminators used in the chemical industry,’®

Afer the deoplets are removaed. steam flows through large,
fow-pressurs sarbines, antorig of a pressure of abowt

meoycle GTEC system

Figure 1.4 SERI's vertical spout evaporator

Powey Oycies
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24 kP These rarbines monst be able 1o handie the Targe
steatm Hows pecessary o produce signilweant electvie power.
i 1979 design study, Woestinghouse Electnie Corporation
concluded it the most reliable uad cospefective mrbine
Im a HHO-MW deet) plant would be w low- sp@@é 300 p)

asuping 42,5 m bn dumores, " wikich reg
Ty wvaiiable wmy
in nuclear or poab-fin
fow - pressuse stages of these nrbines wyploally operate a1 cone
dittons close 1o those needed inan oponegyele s plant.
The rotor dhiat miskes up the fast stage {which is sepioally
abaul § my in diameten) together withoa modifed stator can
produce about 2.5 MW ol clectricity teross), ™ Larger plants
will reyuire esther several tirbines n;wmiiﬁg i paraliel or
nuepor advanees i turbine wohnology leading 10 larger
rotors. Stgdies show that wrbine conligurations other thun
sxinl mny vz cost-effective for Ia weyeie
systems. ¢!

Alter steugs passes through the twrbines, i oan be oo
densed i glresto condensers or surface condensers,
Rescarchers through DO S OFT Progrom have fested direct
contuct condensers, which condense steam directly with cold
seawaner. Dirgct-contact condunsers do st have the faler-
nedente sobid wall of & surlice condensor and, thevefore.
provide more effective condensation - In one design—a

Engrgy Conversion: An

s divgot-contact condenser with lyplcal OTEC parameters

twoestage condenser doveloped af SERT {see Figure 1.53-
cold seuwater is distributed througsh two open-ended phtxl I
cvlinders Flled with o commercinlby available structored
pucking material, About ROG of the stearm is condonsed a1t
fows throogh the first cvnder in the samme direction o the

L Ehe emaining stoas b8 routed into the botom
evhinder and Hows teowh opposite
direction @ the seawaier, AL the top of the seo vhinder,
vicuum sysiem pumps out the nencondensable Uoert) gases
along with any uneondensed stean,

Surfice condensers Keop the cooling seawater sepacate Irony
the speat stearn during the condensation phase. By using
imlbrect contact, the condensers produce desalinawed water
that i selatively frec of seawater inpurities, The suriee
condensers considered lor use iy OTEC systems (e
Figare 1.7 are simil to those used in opnventional power
plants; however, these surface conde MUSE Operas
under lower pressares and with higher amousts of noncon-
densable gases B the steum. Prototypes continge 1o be eswed
and verified under marine conditions, with special attention
puid 1o the problesss of corrosion and hiofouling. Y

Steaty 11 Hie open-cyele system cottains noncondensahle
wuses ghat can inferfvee with power production. Those
SasEs--0X vEes, mirogen. i carbon dioxide——are reloased
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Figure 18 A hybrid OTEC system

from the seawater when 1t s exposed o Tow provsuzes under
vacuus Alr also eners the opes-cvele vacutm vessed
through leaks, although good construction techniques can
reduce the rate of ar leakage w very fow levelbs, Unless these
gases are removed trom the vacuum chamber, they can inter
fere with condensation, particulinly with surface coadensers,
by blanketing the condensing surlaces or can even build
encugh prossure 14 stop CVaPOTAo, AN exXTERUSL COMProssor
con remove these noncondensable gases, Fhe manamum
power reguired 10 run the compressor s estimated 1o be
about 10% of the gross power penerated by the system.®

Hybrid OTEC Systems

Another OTEC option is the hybrd open-eyclefclosed-cycie
systen, which can efficiently produce elecuriony and desal-
Trsmomed wadow, In this concepl, Warm seawaler eniers 8 vag-
wu chamber where it is flashe-svaporated futo steam, which
is similar 1o the open-ovele evaporation process. The ;
swizes the workine fluid of & closed-cvcle loop on the
other side of an ammonia vaporiser; the vaporized fluld then
drives a turbine that produces clectricityT The stesm con
denses within the heat exchanger to produce desalinated
water, Figure 1.6 shows this process,

“The hybeid cycke benefits direetly Tron the rescareh dorwe on
spout evaporators and nses the amoonia condenser technol-
opy developed for closed-oycle systens, The new compo-
pent in this comvept is e wnmonia vaporizer, which
heated by condensing Tow pressure steam. Ao, becanse the
volpme of condensing steam is miuch loss than B in de
operoyele system . the condenser can be smaller, Because no
segwater touches the hewt exchanger. the bruzed-sluminem
phate-fin construction thown in Figure 1.7) may be suitable
for this appiication,

Fowire 1.7 A plate-and-fin heat exchanger. The insel shows
sross saction of tins (Courtesy of ANL)

Powsr Gycles 8
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Figure 1.9

November 1988, where Indusiry expens identified stale-of-
the-art designs, fabwication echalgues, and problem areas of
Iw-BEESIE § furbines. In genpral, the workshop atten-
duoes concluded e degdgning, fabrioating, and nstalling o
st mode] turbine for the NPPE was feasibie using existing
purbine sechnolopy. In fet, existing rotors could be used in
systems up o 2 2.8 MW, however, stators need o be
develnped

Based on the weommendations of the aubine workshop par
ticipants, 2 doal approsch was sdopted for developing the

faciity & Argonne Nations! Labomiory Courlesy of ANL)

NPPE wrbine, U
hardware, and the v will consider using establ
nodogy 1o desipn 8 abine fionily for the experiment,
Both approsches will be carvied 1o » preliminary desipe
where the option will be chosen thet best meets the
noeds of the axperbnent and provides date thet Industyy can
ase o desten and bulld larper systems,

Meawhile, researchers will explore povative turbine con-
cepts that migh significantly reduce the cost of elegtricly
from larger open-cyele OTEC plann. ¥

Powar Oycles 11



Chapter 2
Plant Design and Location

Sudies indicate that ¢ sedal OTEC facilities !
tacuted v land or near the shore, on platlorms attgched to
the continental she, or on moored or free-flouting facilities
in deep ocean water. Basie considerntions for plart design
and focation include

« Acstable enviromment Tor systen aperation

» A constant soures of hoth wanm und cold water with g

minimum femporgtirs difference of 20°C

» A cost-effective way 1o dediver power and comg tary
products,

Land-hased and near-shore facilitics are currently considered
the most probuble for OTEC markel penctration and carly
development,

Land-Based and Near-Shore
Facilities

Land-based and near-shore facilities offer three maln advane
tages over those located in deup water, Plants constiueted on
or near fand will not require sophisticaled mooring, lengthy
oawer cales, or the more extensive maimlenance assoclased
with open-occan eavironments, They can be nstalled in shelb
tered arcas <o that they are relarively sale Trom storms and

heavy scas. Blecwricity, desalinated water. and cold, nutrient-
rich seawater could be teansmitted from vear-shore facilities
via trestle bridges or causeways, n addinon, land-based or
sear-shore sites wonkd aflow OTEC plams o operate with
retated industries such a8 mariculiure or those that reguire
desalinated water,

These plunts could be built using today s lechnology with
anly minor ndifications, Favorad locabons inclede hose
wilh narrow shelves (voleanic istands) steep (15-20 deg)
offshore slopes, and rebatively smwoth sca floon. These sites
would niniemize the leagth of the cold-water intiake pipe. A
fand-sed plant could Be bullt well inlund from the shose,
offering maore prowetion from storms, or on the baach, where
the pipes would be shores, In elther case, the ease of access
for construction angd operstion would belp lower the cost of
(B generated eleciricity,

As previously nwentioned, these land-basod or neas-shore
sitey can support marieuliure, Mancaliure ks o lagoons
built on shore aliow workers oo monitor and control minny-
ture marine environments, Mariculiore prodocts can be

delivered 10 market with relative ease via radl
highways.

One disadvantage of land-bused facilitics arises from the tar-
bulent wave setion in the surf zone, Unless the OTEC plant's
witler supphy and discharge pipes are buried in protective
trenches, they will be subject w extrenie stress during storms
and prolonged periods of heavy seus. Also, the mixed dis-
charge of cold and warm seawater may need 10 be carried
offshore 1o reach the proper depth

L Thiz srrangement would require addi-
tional expense in cong o and mabseninge,

OTEC systems ean avold somge of the problems and
cxpenses of gperating i 8 surt sone i they ase buil just
offshore in water depths ranging [trom (010 30 m.!* This
type of plant would gse shorter nd therelore less costiy)
tidake and discharge gipes, which would avoid the dangers
of turbuient suef, The plant incl, however, would require
protection from the marine environment, inghuding braak-
waters and eroslor-resistant foundations, and the plant o
put would nesd 1o be sported 1o shore,

Experience shows that the potential probloms of near-shore
or Lind-based sites need aot hinder OTEC development. The
Japanese suecessfully tested o land-hased system in the
Republic of Naure? This 100-kW_ tarons) plunt, shown in
Figure 2.1, demoenstrated that shore-based closed-cyele sys-
tems can pradace ael power. The vniginal seawater supply
system of the land-based 8T hos beon operating shmost con-
tinsously since 1982; Figure 2.2 shows the point at which
these pipes supplying seawater 1o the STF cross the surf

Figure 2.1 The land-based 100-kW, (gross) OTEC plant at
Nauru {Courtesy of Tokyo Electric Power Co., e}

Plant Design and Laocation 13
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Figure 24 Adist's rendering of a 40-MW, closed-ayels OTEC p

3V Bt ant of OTEC Power Plants

As previ smentioned, cosnmercial OTEC plants must be
placed whore he emperature of e warm, surface seaw
differs about 20°C from that of the cold, deep water. Ston
frequency; prevatling currents: and polinead legal, secial,
amd economic fators abo need o he considered.

The natural ovean thermal pradient necossary tor GTEC
opeaition (s genorally tound henween the fatitudes of

20 dey Nand 2 dey S tsee Figure D Within this trapicad
some wre portions of two industrial aations (the Undted Stiges
and Awstralind, 29 derritories, and 66 developang natioss, OF
all these possible sites, tropical islkends with growing power
rermsirenienty and 2 dependence o wapemive imporiesd oil

will be the most Hkely carly markats for OTEC development,

Fhe DOE OET Progeam s working o provide industey with
encugh information o developund deploy an OTEC system
that would Be competitive with conventiona! power sysisms

g tS

int magkets. A long-range program goad for the caplial
cost of an OTEC system 1s 83,200k W, proj whe
O years of comtinued aggressive iechnplogy de
7 But even though many important technical
acilevements have occurred. the Tack of {in data on the per
formance and the costof o fully operational plant hinders
commercial doveloprment. To help D this veid, the DOE
OFT Program funded desion studics wd cost analyvses fora
“groof of concept” closed-cyele OTEC system, ™ The studies
eubinated 1o preliminary design for a H0-MW_inen)
closed-cyvele plant that would be focared off Kahe Point on

the tsdand of Oahu m Hawain, A artist’s rendering is shown
i Figure 2.3

The Kahe Point plant was designed by the Oceun Thermal
Corporation under o contract with DOE, who s the
cont, In this near-shore concept, a concrete platform would
Be bl in 2 saf hurbor, then floated 1o within 5350 m offe
shore aad sunh 15 mto the seq bed, Avertica! brealowster
would allow the stractnuye 1o withstand stresses from storms,

Plani Design and Lo



esunanis, tides, and currents: rubble piled around the founda-
ton would help prevent crosion, A trestle would connect the
glatform to shore,

&

The colds measuring 360 m b length, w
gonstrucied in %‘W{} segInenis. A ogar segment with s
diameter of 7.5 mwonld be deploved glone with the dise
charge pipes in a post- (ensioned conerete pipeline, Over un
escarproenit and s greater depths, u fber-sointorced plastie
segment with segaarty spaced bellow foins would be used,

Warm water
opening inthe g patural warm-
gold-water ten e difference of 214°C would e rsd
£.0°C by adding warmr discharge water from a nearby oil-
fired power plant, Intake velocities for both wanm and cold
waler would Be Hmited w about .3 my/s 1o reduce the
npingement inmest of '
vent conling bance of
plant, the dise stream would be ¢
3G m befors wisase,

#large, reg

As specilied by the oniginal design, the power sysiem would
consist of Fowr 10-MW _modules, Bach modale would con-
g four s
gnd two oo
four-slage that would generate 13MW_ gross and
HIMW, net outpst, The total plast pet output could reach
455 MW i summer.

The Ocean Theemal Comoralion grojected an instilled cost
of $430 mittion for this pilot pl Heat eas
gooount for 166 £OsE; pis wie 36%,
the platfons, 24%. The unit copital oot was estimated 2
$12.200W,,

fully micgemed open-cycle OTEC systems have nol yet
Been lested i the marine enviropment, b rosearch was con-
ducted using iabommzory duts w pradics performance and
cost. Studies i nen-yole plant for g
slectricity &iay soon be feasible, The oneshore design sses
efficient directcontaet condensers and g array of small
power modudes (0 eliminate the aeed for a single Luge twre
bine, An open-cycle system with this design may achiove o
cost goul of §7 200/&W . making OTEL systens competi-
tive in Dopical Bsland markets. ™ OTEC may be oven

Ha Ocaan Thermal Energy Cotversion: An Overview

cont-etfeetive if electricity vosts ¢an be olfset by the sale of
desalinated water This would be especially true in places
like the Virgin Islands, where fresh water costs 83/,

2 uoa =

Analy identified ¢ inthe
cyele systems, Factors most Bkely (o mfluence cost and per-
fommance inchide the choive of plast location, the design of
seawater pipes and vacuum containment structures, the efli-
cienwey of beat exchangers angd exhanst systems, amnd the
performance of uy bmu. In aéfizzzm the production of desal

fully investigased and re s@%w& % TROTe ACCUrHIS Cost esth
mate of an apen-cycele system will be difficult w make.

Curfe;zt Activiti@&_ir} OTEC

1o be cond: at the Q”["F? in ghow 1992, The oblective of
this cxperiment 1s 10 ass0ss the jechnical fensibility of pro-
ducing vet power 1 an open-cycle OTEC systeny, This

cxperiment will include components such as a spout evap-
orator, 4 fow-prossare stearn sarbine, and o (woestags direct
CoRtatt ¢

Work is way to prepase for this experiment. A
nary exgeriment s now In progress using the HIMTSTA
located ar the STE The experiment is proving the perfor-
mance of @ spout evaporater and serface condenser under
prototypieal conditions and, for the firs time in the i}()?
program, is producing des d water i e process,

I addition, computer models were developed for the various
open-gycle * subsysterns, ncluding the evaporstor, s
Face and direct-contact condensers, and deacrators, Also
being developed is acthermoeconomic model Tor shore-
bused, aperreyele OTEC plants, The modet will help
identify Qg(imﬁm coutigurations for comimercial and exper-
imenial o yole systems, This model assu E wiar
plant, with each module using & pair of the low-pressure
stage rofors framn a conventions] mudtistage steam febine o
produce ahout 3-MW_net output. System cost versus plant
configuration wis computed with this madel; ceonomies of
scale are achieved at about 1 MW, with a cost of abous

S5 DR W, when the cold-water pipe is 2250 s long




Chapter 3

The Seawater Syste

The seawiter system for an OTEC plant consists of warn-
andd cold-watey intake pipes, discharge pipes. and pumps,
Thess components must be large and durable cvough to
hiscie the high volume of water that s commaereial OTEC
phut reguires, Two distinet and unique approaches (o meet-
ing these resgirements were developed. For Jarge plants
iy, concepts for suspended seq-

eval TEC-1 showed et components with these char-
tics will work, For spadler plants, particulmly those
i the cold-waser wee s close 1o shore,
botor-monnisd systern wnd Instaliation designs have boen
completed.’ Researchers completed a prefiminary design tor
0 H-MW, shareh facitity and are developing improved
components and installation wohnigues for shore-based
plans,

Suspended Seawater Systems

Large OTEC plants reguive huge wnounts of seawaler ciren
lating through them. For instance, o 100 MW plant would
aperate with 300 mifs of cold water flow and 00 mYfs of
wars water flow, Thic would require pipes ES- I8 miin diame
cter. Swdies on plants of this size have Tocused on using
floating platforms, etther grazing or moored. Primary lsstes
wssociated with the seawater systems for such plants relfate 1o
muagerial chodoes, comstruction methods, pipe deployment and
fstalintion, sod the desien of the Interface betwesn the plat-

form smterials have been evaluated,
inol 1 conopete. polvethyiens, and

plastie. v show promise of being
flexible enough for deployment and durable enough for con-
tingous operation.® The sultability of high-density poly-
othyiene for the sispended installation was demonsrated

on a floating platform.t

Insgaliation fechiinues have slso been Investigated. Proven
technigues for joining & pipe o a floating platform include
“thip and Qoat”” in which 2 fully assembied pipe s owed to
the site. upended. and attuched througly a {Texible coflar or
pimbulled 1o the platform. This method was used 1o deploy
the suspended pipes of Mint-OTEC and OTEC- 1L

The OTEC- 1 facility reeeived s cold-water supply from
three polvethvlene pipes that were banded and strupped
together, The pipes were fabricated by DubPont Canda, Inc,
ur sections measuring L2 m i diameterand 244 mon
lengdhy; this dlameter was the largest that could be exiraded

in the company s Huntsville, Ontarioo plant, Fabricated see-
gons were Joaded onto ratroad cars and transported {rom
Crstario 1o Vanconver Harbor, o where they were shipped
by barge © Kawaihae Harbor on the island of Hawaii. Thers,
the pipe sections were fused into three pipes, cach 641 m
tong. As shown ia Figare 3.1 (the pipes, bundled into srian-
gular shape, sped together and fiued with 2 connest
ing collar atone Two srnall gbows were used 10 fow

o 32 km off shore where it was upended and

g 1 wessel, This pipe successfully o
wout the st period despdie heavy

The platfornvpine interface for floating OTHC systerms wag
investigated by ematical modeling of the strucheea]
dynamics of the platform, nipe. and mooring lines combina-
tion, This research, which culminated in o Viscule fof g
AURMW_protetype plant) suspended pipe experiment con
ducted by Hawati, established the design, construction, wl

installation methods necessary Tor using, larpe, suspended
pipes. D However, some uncertainty remains about the long-
term muaterials properties GF compaonite plisiic materials are
usedd ), musimenance and repair procedures, and the design
ard performance of the mooring systons, This uncertainry
and the faot that the near-rerm market witl probably opt for
smalier OTEC plants have led o the more reeent sesearch
ernphasis on boltiome-mounted pipe syswems,

Figure 3.1 Bundled OTEC-1 cold seawater pipes with a girm-
batted collar (Courtesy of Global Marine Drilling Company)

The Seawaler System 144



struction for mﬁé«»w&w
pofvethyviens o

: @xg@mm&ﬁmé
M. Results of
s relnforned plastic nines
siresses of installation and the snming

4 pipe-inining
5 seawaient® A

inverse @%\mw a8
end potnt anchor at zéw a@%ﬁm

' %:%% gxsent of é@ﬁ%&&z requived during the “cone
44, Thess m%zmgﬁ% and

shionld have Bmitations &%méw s those of the ¢ ind sink
288, although It may 3000
stiffer pines.

of the wanme snd cold-water
narged, the designer can choose sither two dis-
e ploes o ¢ single, mizeddise pine, In sither
case, the plpe mast be sized 1w minbmize pressuse Josses
{ to provent reingestion of the «fflvent int
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Figure 3.3 Plan and profile views of the 1-m ooid seawater supply system at the Naturel Energy Laboratory of Hawal?®!
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Chapter 4
Complementary OTEC Products

mentioned earlier, 2 > plant can produce valuable
complementary products such as desatinsiod wanter i addi-
gion o generating power. The cold seawiler can be gsed
for culturing nuring Bfe and for refngeration and aie-
couditiomng. These potertially synergistic activitios may
make OTEC systems attruceive o mdustry and isband come
wimties oven i the grice of ofl remains low. bome of the
products and services that could be produced from an inte-
grated OTIC sysion are shown in Figure 4.1

Desaling

Desabinied water can be produced moopen or hybrideevele
plants using surface condensers, I swrtace condenser, the
spent stewn s condensed by indirect contact with the cold
seivwaler. This condensite §s relatively free of impariies and
van be collected snd sold wo local communities where natunl
freshewater supplies for agriculture or drinking are Hmited,

Etectricity

O¥EG

v'ivww 'Q* .

'L L J, v Warm water

w

/" Cold water

BA-GOATENE

Srinking

inntod waler

Mariculture
Cold-water discharge

£

.

Kelp
Clams
Phyioplankton {iysters
Lobsters
Shrimp
Subnon

Alrconditioning

Figure 4.1 A multiple product/application-integrated QTEC plant
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%@%}&%? &%ﬁ&%@m
a5 not %ﬁ&gm@m feal waters, but they con
; water o exlend

ts available in t
wise, the low-cont refrigeration avallahl
seawsaler can be

& drip gy%@m using the frosh water that condenses on the
external surfacss of the cold-water pipes.

deliver O0R m% of water, 1 6% water roceived from

such o pioe, 8 could provide sufficient sbconditoning o
| buldine sothar it ¥ vy and locsl

& ity sells for §%§@§§§W& then $

could be saved annualiv.®©

Current Activities in Complemen

wiler pines §¥@W€§@
reohmolopy and 188 associated .
is being provided ar the Hawall Oovan Sclenve and Technol-
@gy Park, sdiscent 1o NEL, 10 support industyy in develop-
products and markels sssociated with oold seawanr Two
ciat maviculure ventures are under way thers, and
are in the early stages of é&%é@@m@ﬁ%
of Hewad ueeg cold seawale

Cither semall projects sse being cardled out on 2 fmgmented
%ﬁ&s% arouad e world o ovalunte spechsl non-power-

watkons for cold seawater. These offoris are
ssarily ded o £ commercialization: however,
they may offer the opporiunity 1 genersie multiple prod
s suppiomental income From an UTEC plant b specialized
applications nntdd OTEC systeny con deliver slostrioity and
water 10 island markets at competitive prices. ™

Complemeniary OTEC Progy 23



Chapter 5

The DOE GET Progran bas funded research %o limprove our
sndersianding of OTEC nwrsctions with muarine evo-
sysms, adloining coastlines, and e atmospherand
identify approaches 1o lessen any potentisd adverse Interag-
thons. These studies have unvovered no ssrmounsble
environmental obstagles 1o OTEC deploymenty o fact, cure
rent evidence suggests thas most environmental effecis will
be minimal compared with those associawd with conven-
thomal power systerns, Careful design and siting, strict operat-
ing provedares, and well-tralned persomme! will produce
OTEC systems that are envivonmenially accepable sources
of powen

Marine Ecosystem Interactions

Like any offshore or shoreline orolect, commerpial OFTEC
facilives will 2i%e0 Ge murine environment. Yarving

nvironmental Is:

Ues

degrees of the polential effects shown in Flgure 5.1 are
expected from an OTEC plant ¥ Consruction aotivities may
semporarily disrupt the sea bed, destroying habltas and
decreasing subsurfzce vigibility, Phatforms and marine sub.
systems may attract fish and other marine species: attempts
o redue biofouling may increase the level of toxio sub-
stanves. Inteke pipes con draw marine organiems through te
plant and move large amounts of nutrientrich waler up from
the depths, However, OTEC systoms can be designed and lo-
cated to minimize thely potential effects on e envionment,

The construction of land-based or shelfmounted OTEC
plants can disturh the sea bed. Deplovment of moorings,
cables, pipes, plles, and anchors may chaurn wp fie botiom
angd increase the number of particles suspended in the water,
This gype of disyurbance can affect zreas of special
enptogioal mporance, such a5 coral roefs, seagrass beds,

ity ro

S

Fiogurg 5.4
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the unigue resouroes In the wie Point sres. To evaluatz
iong-term eifecis on m mvimmmz, vesules of the monfior-

'i?z{}%& %im iz b@z&g estab
orting & stule

archival date and collecting

m&;ﬁzm # K@&?&@Zﬁ Point,

sige dain 1o entabiinh
which is Bkely o be the

; enis of the various county, future.” The
agm@zm with oversight a2 NELH call for ‘f%%&% supnort for
an environmental monitoring program that will help protecy site,

is also providing m&mﬁ and
ging e environmental quality at the
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Chapter 6
The Future of OTEC

PR OET Progrars has sroven the feasibilhy of ¢
eycle OTEC and hus brought # 1o the threshokl of commer-
cighization. Toduy, e program continues o advanee FFEC
technology by tunding research i surface condensers, Bo-
Fouling. corresion. and open-cycle TEC systems. The

knowledpe gained from this research nuy allow industry to

el island markess, b addition, the recent Hint” produstion

of desalinated water at the STF using open-oyele OTEC el
nelogy has stimiated considerable interest in the process,

The muor objective of the angoing DO program is 1o
develop a data base aad verily design codes while
experimentally demonstrating the wehmcal feasibiliy of
producing a significane mnount of net clectie power in an
open-cyele OTEC system. The NPPE. shown in Figare 6.4,

Steam

Seawater
supply pipe

W57

\?"""(;o > ¥ Seawater discharge pipes

Generator

Turbine

To vacuum
exhaust system

Figure 6.1  Artist’s rendering of the net power-producing experiment
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witl be deveioped from twe technology and hardware cur-
rently being wsted #n the HMTSTA as NELIL #owill use

0.4 mifs of cold seawater and (L6 ms of wanm seawuber
drawn from ST Sy SIS | y nstalled at
HNELH. The e 1 will use 2 low-pressure stesm fur
Bine that SERL PECHTR, und industry ars designing and ¢
high-cfficiency gas compressor that SERT is developing, The
gxporbment’s tarbing/generaton is exprevied 1o deliver nomi-
aatly 165 KW_{gross) at its desipn point and to produce

40 kW_of net power.” As the plant size noreuses, a smaller
portion of g o operate the
Rescarchers project that g Hal-sized power
module based on carrent technology could produce 24 MW,
and detiver 175 MW 1o w4 ulibiny company or community
power distribution system, ™

Several natioss besides the United States are mterested m
developing Hill OTEC planis. ™ §i 138 COmp
design study of 8 1MW, {ven) floating facility to be
in the Sea of Okinawa.’® This was ane of 8 series of wtivie
ties that included construeting experimental plants in Naura?
and Tokunoshima™ and completing design studies for other
tocations in the western Pacific. This sesearch continugs and
is focused on the possibifity of ¢ <)z’z<}tm§,w§g statt, closed-
eycle plants i the smedl, oibdep islands of the Pacifie,
The Taiwan Power Company completed studies on the fege
sibility of placiag 35-MW _plunts on the gastern const of
country. The company projected thas sach plants will
become competitive with oil-tired and coal-lired plants in

Kit Ocaan Thermal Energy Conversion: An Uverview

the mid-19940s. it is now platting a pilot plant that would
precede commercialization in that thme rame

& British frm gz with Ale
reposted protlmbnary design Wéﬁ% o8 8
small, land-based closed-cyele OTEC plant thar U plans &0
build und aperate a1t Keahole Poini in Hawail. & This plant,
as proposed. wilk provide the technical basis Tor scaling up 1o
commnercial-sized 10-MW  plangs,

developing 8 $-20-MW_open-cycle plant 1o be %mzﬁé i
Fubili, The Netherl lefa in cooperation with severad
[ndonesiun companics, compieted a feasthility study for a
100-kW, closed-cycle plantat a South Pacific site. The gov-
memz& of Sweden, Norway, ;m(% Jannica bave been Coop-

1980 in dest

boyele plant o be &
Jamaica. The latter three progeets™ are inactive beoause of
the current low cost of oil, Althogh interest in OTEC
remitins high, the prospects for its commercialization are

held back by refatively plentiful and inexpeasive o sup-
plics. There is an increasing awareness that the muitiple
10 provide power, wal
foad, and mﬁ%g@ramn 10 remote iskand communities in an
inteprated system will stmalate thelr economic devalop.
nent.'? Such a development appears attractive 1n the shost
fern.
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Appendix

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

A Therm Corporation
Argonne National Laboatory
Ceamennial Engincering, Ing,
DBufont Canada, e,

Florido A&M University
Florita Solar Enerpy Center
Floridu State University

Hawall Natursl Bnerpy Insthiute

Hawuiian Dredging and Construction Co.

Kiewit Pacific Company

Makai Ovean Engineenng

Marine Developmoent Assochates
Rassachusetts Tnsitute of Technology
Mechmic] Technology, ng.
Meridian Corporation

Nutural Energy Laborutory of Hawan

2K Noda and Associates

Oceanit faborntory, ing,

Paeifie Imermational Center for High Technology Ruescarch
Resvirch Corporigion of the University of Hawali
L. ML Bivera and Sons

Science Applications Iternional Corporation
solar Energy Rosearch tnstitute

State of Hawall

Stress Technolopy, e

Toxas A&M University

R.M. Towill Corporation

Einiversity of Delaware

University of Huwall

Universiey of Ninois

Lniversity of Penngylvama

Liniversity of Wikconsin
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For more specitic information on the 115 Department of Eoergy's Gooan Lnergy Technology Progrun, conizen

Headguurters Field Centers

D3 Robert L San Martin D R Gerald Nix, Program Leader
Deputy Assistant Secrckoy for Reaewable Bnergy Solar Energy Rescarch Institute
(24023 Bn6-0275 17 Cole Boulevard

Crodden, U0 80401

M lous ¥V Q§V§§§§$§ Dhrecior {g{}g} F1LITER

(fice of Sular Blecwric Technologies
(2003 386 3540 Mr Anthony Thomos, Procram Munager
Arvonne Natlonu Luboratories

IO Bouth Cass Avenue

Arponne, L6043

219728238

Mr Leonurnd 1 Rogess. Pirector
Wind/Ocean Technolopies Drivision
{20723 BRG-5630

LS. Depuartment of Energy
Foprestal Building

HIOG Independence Ave, SW
Washington, DC 20585

For more onmation on OTEC and other solar echnologios, coniacn

Conservation and Renewable Enerey Inguiry and Referru! Servipe (CAREIRE)
PO Box 8940

Stbver Spring. M 20007

(B 503, 20909 {eonginenia] Untsed Simtesy

(003 4624983 (Pensyivania oaly)

{800 2333071 {Alaska and Hawadl only)

38 (cean Thermal Energy Conversiort An Overview

LS DOVERRMENY 15PN TENG OFFI R0 PP 04t 80507 BHEGIORN NG 8






	Table of Contents

	Introduction

	Chapter 1: Power Cycles

	Chapter 2: Plant Design and Location

	Chapter 3: The Seawater System

	Chapter 4: Complementary OTEC Products

	Chapter 5: Environmental Issues

	Chapter 6: The Future of OTEC

	References

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


