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PREFACE

Itis a pBasure © presentte finalreportoftie “STAP Review oftie Ocean Therm alEnergy
Comersion Propctt” (OTEC). The reMew session took phce on February 21, 2000 in
Bridgetow n, Barbados as an inegrallpartoftie Fftt Meeting of STAP II.

The reMew was underteken atte requestoftie GEF Scretariatwit te \vew ofassessing te
tchnobgy in tie conkextofbeing a pokntialcandidat for inc lision as one ofthe &chno bgies
© receive GEF support under OperatonalProgranme 7 “Reducing te Long-trm Cost of
Low Greenhouse Gas-Em iting Energy Tech no bgies

This reportwas writen by te STAP W orking Group on Cllm ak change and Energy, name ¥,
Dr. Dennis Anderson, Dr. Miche ICobm bier, Dr. Z hou Dadi and Prof. Shuzo Nishioka w it
input from te STAP Scretariat

M adh av Gadgi 1
STAP Chairm an



EXECUTIME SUMMARY

STAPT reMew oftie Ocean Therm alEnergy Conversion Techno bgy (O TEC) was undertaken
atte requestof e GEF Secretariat Since te €chnobgy is notpresentd cowered by te
current GEF Operationall Progranme, STAPY main tsk was terefore © review te
tchnobgy in te conkxt of it being a poentiall candidat for inclision as one of te
tchnobgies © receive GEF supportunder e GEF O perationalProgramme 7 “Reducing te
Long-trm Cost ofLow Greenhouse Gas Emiting Energy Technobgies”?

The ®cinobgy a put does not stricth meet te OP7 crikrion of being “prowen or
demonstratd on a commercialscal””(O P7, paragraph 7.7), tough itmeet aMoter crikria.
These are at(O P7, paragraph 7.3):

The proposalis country drinen (\ery high score on tis count);

The ®chnobgy can be made ®© be envronmenta® sound and sust@inabl (see
recomme ndations) 3

A wider app Ication is €asib ¥ 3

ABbwing for te benefit of te by-product, and te scope for innowation, ithas te
prospeck ofbecoming one ofseveralcoste fEctive, TImat friend ¥ & chno bgies 3

There is significantinkerestfrom co-funders, privat and publc.

STAPis oftie view tatte poentialofOTEC is o prom ising © be ignored, particu bhr for
tie smallis hnd staks, and tatte poentiallm uli-purpose benefit oftie €chnobgy deserwe
recognition. Itis, in fact a potntial cross-cutting profct concept The tchno bgical
prob Bms raised in tis reportare notfundamentall and coul be ®std and checked trough a
re htive b m odesttarged research and dewe bpm entefiort

STAP s terefore recom m ending t atconsideration be given by te GEF to finance O TEC,
particu hr ¥ in sm alis bnd dee bping stats buttaking into consideration tie recom m endations
made in 2.4 ofthis report



1.0 INTRODUCTION

The GEF Scretariathas received a requestfron te Caribbean region © fund an O TEC progct
Since tis ecinobgy is not presentd covered by te GEF operationall progran, STAP were
requestd review itand make recommendations © te GEF regarding: (a) te desirabi My and
rational for GEF funding under O perationalProgranme 7, and (b) a pn of action for tking te
initiative forw ard iftis is meried.

2.0 SUM M ARY

OTEC is a prom ising, Tarbon free ™ ch no bgica lconce pt for sm alis bnd deve bping staks in te

tropics, and has good prospect for quaMying for supportunder OP7. H owe\er, te actualpropct
putforw ard © STAPhas a num ber ofch nicalland environm entallaspect discussed be bw tatsti ll
need © be €skd and researched, and te scall ofte propctgoes beyond prevous experience. For
tese reasons furter deve bpmentallwork is required © enab | te €chinobgy © be p heed in te

OP7 catgory and for a fulGEF propct © proceed. We be lve te GEF shoull supportsuch

work, onwhich recom mendations are m ade be bw .

2.1 The Merit and Poentiallof O TEC Ted no bgies
The merit are:

(@) The generation of e Bctricity at cost tat are not extra-ordinary given te current stae of
dene bpmentofte €cinobgy. Based on te estim aks ginen in te report, tey are between 15
and 26 US censAWh for an 8-10 MW scheme, tough tere are significant risks of cost
escaltion. On te oter hand:

(b) There is considerab B scope for innovation © reduce cost. One exam p B, identified by research
institutes in te Caribbean: tie possibi My ofa second generation of p Bntusing so kr ponds ©
raise inBtem peratures, which woull more tan tripl te efficiency ofte phnt Sohr pond
tchno bgies, which allo haw a good poentiall woull allo benefitby hawving access © a bw
tmperature coobnt In oter words, OTEC may hol considerab B benefit for anoter
prom ising renew ab I energy €chno bgy, and \ice \ersa.

(©) A range ofby-product is ®asib B, tough mosthawe sti M be dem onstrakd. They inchide: (i)
m arine ajua-culure (m ari-culure) 3(ii) horticulblure, in which coll watr supp ks are used ©
coolsoill trough underground pipes © in greenhouses © reduce evwapo-transpiration and
increase te yie B ofhigh vallie crops iii) te production ofdesalinatd wakr on an appreciab i
scall (iv) te bio bgicallextraction of frtilzers fron te nutrientrich coll wakrs from te
ocean deptis ;(\) coll wakr for district cooling ;and (M), tie possibi ly—tis is a €stb
hypotesis—ofusing te coolld wakr from te outlhtside ofte heatexchangers © irrigat and
restore corallree® under treat from rising ocean €m peratures in te region. Experience in
H aw aii suggest tatte econom ic benefit can be significant for (i) and (i) ;7alsix need and
meritfurter anaksis.

(d) The scal ofthe ocean tierm allresource is immense and a krge num ber of possib B sits
haw been identified in e region.

(e) There is inkrestin te conceptfrom privake industry, chariteh | foundations, and ot er donors.

The prospect for co-financing seem 1 bhe good.
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Thus te concepthas considerab B merit and deseres some form of support for it deve bpment
from te GEF. There is, howewer, am ajpr qua Hication:

2.2 Ted nicalland Environm entalUncertainties.

No p hnt—sing - or m uli-purpose—on a MW scall has been builk The biggestso far is about
100kW. Some component of tie €chnobgy haw stl © be demonstrakd and require a
com parative ¥ m odestresearch effort Oters need furtier anabsis, especiall te by-product. The
com ponent requiring atention are:

(@ The working fliid for te Sean “cyclh. Propylne has been proposed in prefrence © te
akmatives ofw akr or an m onia, in tie former case © raise efficiencies and reduce te size and
cost oftie trbines and heatexchangers, in te kter case © e I inak corrosion 3

(b) Uncertainties as © te engineering param etrs oftie heatexch angers and wrbines, and € us:

() Uncertainties as © te sysem design and dim ensions ite I

(d) The vacuum pum ping and evaporation process in te boillr allo needs furter €sting and
anabsis. This is allo a teoretical atiractive possibi My, since itprovides desallnakd wakr as a
by-product Once again, howe\er, te approach needs © be dem onstrakd.

(e) Certain nowe Bech nicalfatures ofte heatexchanger, which are toughtdesirab B © im prowe
efficiency.

(f) The environm entallim pactoftie €cinobgy ifdepbyed on a krge scall, which inclide dealing
wit \ery hrge volimes ofnutrientrich coll wakr on te surrounding biota zand te dangers of
under-w atr erosion of bcallcoastallresources.

Wit regard © (f), te volme ofwam wakr pumped from and discharged back © te ocean for
te proposed 8-10 MW progctwoull be approxim at ¥ 30 cubic metres per second, and of coll
wakr approxim ak ¥ 15 cubic metres per second. These are Brge volimes, equivalint© tose of
minor rivers, or alkernatinve ¥ © te cooling wakr fbws a coastalterm allpower station wit out
coollng towers (ofwhich tere are a num ber ofexam p s) ofabout300 MW.

2.3 OTEC and te Critria of O perationa BProgramme 7

As putforward in te proposall te €chnobgy does notstricth meette OP7 crikrion of being
“pronen or demonstrakd on a commercialscal”>”(0P7, paragraph 7.7), tough itmeet—or is
capab I ofbeing designed ©© m eet—alloter crikria. These are t at(0OP7, paragraph 7.3):

The proposallis country driven. (\ery high score on tis count)

The ®cnobgy can be made © be environmenta® sound and sustainab B (see
recom m endations).

A wider app keation is fasib 1.

A Bwing for tie benefit ofte by-product, and te scope for innovation, ithas te prospect
ofbecom ing one ofsenerallcostefective, TIm ak friend ¥ “ech no bgies.

There is significantinterestfrom co-funders, privat and pub kc.

OP7 allo recognizes wo types of risk, one of underteking investment and te progctfailng, te
oter of doing noting and bsing te poentalbenefit (paragraph 7.8, where itis nokd tat
“§urprises”are com m on).



In tis \ein, we be ke\e tatte poentialof O TEC is 1o prom ising © be ignored, particubr¥ for
te smalisBnd staks, and tat te poentiallmuli-purpose benefit of te €chnobgy deser\e
recognition. Itis, in fact a poentia ¥ cross-cutting progctconcept The chno bgicalprob Ims are
notfundam entall and cou l be &s&d and checked trough a re ktive ¥ m odestR& D eflort one tat
in te firstphce, woull notrequire te construction of expensive pipe Bnes and pum ps, which are
pronen tcinobgies. This woull minimize downside risks. The tchnobgy coull be ®std on
existing faci Hies on H aw aii.

Alo, whill te proposalhigh Ight te by-product, te required analbsis of te sysem © identify
te best com bination of product has yet © be done. In some circumstances itmay be best ©
concentrate on one producton¥ (e Bctricity), in oters o, and in oters se\eral

2.4 Recom m endations

We hawe tus suggestd a wo track approach ward tking te €cinobgy forward, prior © a
decision 1 supporta fu lscall investh ent These are:

(1) For GEF o supportte deve bpmentofte €cinobgy trough targetd research and/or a
tcdhnicallassistance or oter grant perhaps in co Bboration wit oter institutions. (The
Rockefe Mr Foundation and te Norwegian Governmenthave been \ery supportive of e
OTEC concept) In paral lwit tis:

(2) For te GEFto supportfurter propctdeve bpm entwork on:

() The design concept in particulr te balbnce betveen te product of te
progcte Kctricity, desalnation, m ari-cullure, and te oters nokd abowe. Itis suggested,
in te firstinstance, tatte by-product woull bestbe €sted on a smalscall, sufficient
© provide experience for hrger scal operations in subsequent generations of te
tchinobgy. The anabsis woull Bbok at te tchnicaland economic fasibily of te
various productm ixes and tie environm entallim pact

(i) The anabsis of possib B siks for a propcton a smallr scal tan proposed. This
wou il entailengineering sit suneys and, for engineering and ennvironm entallreasons, an
anabsis of bcallcurrentand tidallstreams © trow HEghton te ke ¥ dispersallpaterns of
hrge volimes ofwarm and coll outhtw akrs fron te phnt

(iif) The environm entallim pactoftie progct

(iv) The environm entallim pactoftie possib B wider dep bym entoftie €cinobgy insmall
is Bnd staks.

Work on (i) © (iii) cannot be done in te abstract but needs © be rebhied © te
possibi iy ofa specific propct whose merit can be appraised once tie work is done.
We haw suggestd tiattis wou B bestbe done in re ktion © an initalprogctin tie 1-
3 MW range, as proposed by Professor Rienhard Raderm acher of tie Uninersity of
Mary bnd. An 8-10 MW progctwas proposed. This woull be o big a Bap from
prevous experience, and woull introduce o many unknowns with respect ©
perform ance, environm entallim pact, and te construction of tie coll wakr in Bt pipe.
(The coB wakr pipe wou Bl be approxim at ¥ 4000 me®rs in Engt going 0 a dept
0of 1000 m etrs zitaccount for over 13" ofthe totallcost)
7



If te inwestigations identified under (1) and (2) are successfull te ®chnobgy coull ten be
chssified for supportunder OP7. Attis stage, te GEFwilallo be in a position © decide on te
weight tat shoull be given © te muli-purpose, poental cross-cutting benefit of te
tchinobgy, for exan pl in oter operationa Bareas such as fisheries, Bnd and intrnationa lw aers.
Bot (1)and (2) need 1 be proceed in para B ksince tere are bot tchnicallproblms © be reso Led
requiring engineering research and €sting, as we las questions ofsysem design, choice of product
and environm entallim pact

Ted nicallNotes
1. TheBasic W akr and Therm allCyclls

The €cinobgy was outlined by te propctproponent. Figure 1 tken fron te consu lant “report
shows te basic cych. Wam watr is tken in fron te ocean surface atabout80° F and used ©
exaporae a working flid. In tis case, te working flid is proposed © be propylne. The
evaporated flid drives a trbine, in te process givng up heatand pressure, and is condensed back
© a Kuid using coll wakr at 40° F drawn from approxim a& ¥ 1000 me®rs dept \ia a bng
pipe Ine. (See tie second figure.) As shown, tie wakr atte outhtoftie boillr is discharged at
around 75° F, whill tie €m perature oftie coll watr is raised © around 53° F.

On account of te bw €mperature difkrences in te cycl, te efficiency is bw. The Carnot
efficiency(te maximum efficiency tatte cycl coull achieve in teory), is on¥ 7.4 %, and in
practice te actuallefficiency woull fallwe Mshort of tis. Hence hrge volmes of wakr are
required, wit corresponding ¥ hrge pum ping requirement. On te oterhand, te energy avaibb i
is ath ost I ithss. Inte daytime, ©e peak inso ktion in te region is about1000 MW per km?, and
te ocean absorbs ah ostalibe incidentenergy.

2. \ariant on te Cycll and Desabhation.

\ariant on tis simpl cycl, proposed by te Caribbean region are © inclide a vacuum pum p on
te wam wakr inltside so a © evaporak te wakr. Aside from supp ¥ing a wakr vapor © heat
te working Thid, tis process allo proMdes asupp ¥ ofdesalnakd wakr as a by-product wit te
advantage tatte heatenergy generatd by te vacuum pump, which woull oterwise go © wase,
can allo be recovered by using it heatte propylne (or whatever fhid is used in te boillr-
twrbine cych).

In addition, itwas proposed © coupl asohr pond wit O TEC ®chnobgies. The rationall is &s
folbws. Use ofasokr pond 0f 10,000 m? (about2 foobaMpitches), wou ll enab | te €m perature
of e working fliid in te cycl © be raised © around 210° F. This woull raise e Camot
efficiency more tan treefoll from 7.4% 1 25.5% and proMde a significant additiona Bsource of
energy input Furtier, itwoull, open up opportunities for furter innovations in bw &m perature
term odynam ic cyclls, and possib ¥, widen te choice of working fliids and, because of te
increase in inltem peratures and te provsion of tvo sources ofheatrater tan one, may bwer
te overalrisks ofinwestn ent

A pure sobr pond €chnobgy, on te oter hand, working wit upper and bwer €m peratures of

210 and 80° F, te Kter heing te cooling €m peratures currenty avaibb B in te region, woull

hawe a Carnotefficiency of 19.4%. Butwit te coll waker fron te ocean depts a te cooling

medium , te efficiency woull be raised © 25.5%. Thus bot O TEC and sokr ponds stand ©
8



benefitm utua® from te coupliing.

Itis we Mknown tatno term odynam ic cycl can reach it Carnotefficiency. Butte ratio of e
increases justindicakd provides a good indication of te ratio of tie increases in efficiency tat
mightbe expeckd in practice, and sene © indicak te poentiallof te €cinobgy for furter
dene bpment Aside from reducing te cost of power production, wakr pum ping volimes from
bot te ocean surface and te ocean depts woull be greath reduced for any given am ount of
energy produced. This ©o woull he b © reduce cos® per kWh. Atte same time, allte by-
product discussed above woull stillbe availBb B in principl. Itwas suggestd tat tis option
shoull be expbred as a future possibiy once te tcinobgicalluncertainties notd hawe been
reso Led.

Furter possibi Mies for cost reductions in future generations of propct woull arise from scal
econom ies in m anufacture and in p bntsize, increases in e dianetrs ofand m akriall used for te
coll wakr pipes, deve bpment in bw-€m perature twrbine designs, and m odu krity of particu br
com ponent ofte €cinobgy. The €cino bgicaluncertainties have alkeady been nokd.

3. By-Products in Addition t Desa Ihation

The coB watr from te outhtoftie condenser coull be used for sexerallof tie by-product
nokd in te summary—m ari-cuBure, horticulbure, frtilzer production and district coo lng.
Onb one or two ofthese woull be &std in tie firstphce. H owe\er, one can see tattere is
much potntialfor dee bpmenthere.

Anotier possibi My, which STAP belexe is wort experimenting wit on a smaMscall, and
monitoring, is © use a portion of tie slghth coollr wakr from te outhtof tie boillr ©
irrigat a portion ofa corallreefcurrentld under stress from rising ocean &m peratures.

4. Cost and Risk s of CostEscaktion

Two estimaks of cost are made in te proposal In te bwer estimat, te capitallcost of anl0
MW pBntare 967.5 millon, wit an annualoperating and m ainenance cost of 92.63 m i lon.
Using a 10% discountrat and assum ing 70% Bbad factor gives a generation costof 15.5 cent per
kWh. In te higher estimat te capitalcost are 5 millon ;but given te uncertinties, te
meeting conclided tat a 25% contingency albwance was meried ;in addition, tere woull
probab ¥ be significantinsurance cost, especiall on te coll wakr inltpipe, of about$ milon
per year. This wou B raise generation coss © 26 cent per kWh .

Inam ulipurpose propct te benefit oftie by-product wou ll be deduckd from tis figure.

The biggestcostiem by far is te coll wakr pipe Ine, which is estim atd © be 924 milon. The
second biggestcostis tatofwakr pum ping, which consumes around one tird ofte gross output
ofte phnt (The 8-10 MW figure is netoutput) An experienced pipe Ine engineer, Dr. Van Ryzin
adused tie meeting tatte pipe Ine cost woull ke I be chbser © 930 milon. Whill confirm ing
tatparall Isysems of pipes for te required volimes were prowen, he allo drew atention © te
risks and, an ong otier tings, te difficulies ofinstalktion and anch oring ofte pipes. He alo Rk
tatte pumping volimes for te specifications in te proposallwere “&ggressive”; rough ¥ tice
tose usual achieved.

Reducing te scall of tie propcto 1-3 MW woull greath reduce risks in te firstphase. This
woull raise cost per kWh for an initallpropct but te basis woull be hid for subsequent
9



generations of hrger propct wit appreciab ¥ bwer costs arising from scall economies and te
innovations discussed abo\e.
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