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PREFACE

It is  a pleasure  to pre s ent th e  final report of th e  “STAP Review  of th e  Ocean Th erm al Energy
Convers ion Project” (OTEC).  Th e  review  s e s s ion took  place on February 21, 2000 in
Bridgetow n, Barbados as  an integral part of th e  Fifth  M eeting of STAP II.

Th e  review  w as  undertak en at th e  re que st of th e GEF Secretariat w ith  th e  view  of as s e s s ing th e
tech nology in th e  context of being a potential candidate for inclus ion as  one  of th e  tech nologie s
to rece ive GEF support under O perational Program m e 7 “Reducing th e  Long-term  Costs  of
Low  Greenh ous e  Gas -Em itting Energy Tech nologie s”

Th is  report w as  w ritten by th e  STAP W ork ing Group on Clim ate ch ange and Energy, nam ely,
Dr. Dennis Anderson, Dr. M ich el Colom bier, Dr. Z h ou Dadi and Prof. Sh uzo Nis h iok a w ith
inputs  from  th e  STAP Secretariat.

M adh av Gadgil
STAP Ch airm an
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EXECUTIVE SUM M ARY

STAP’s review  of th e  Ocean Th erm al Energy Convers ion Tech nology (OTEC) w as  undertak en
at th e  re que st of th e GEF Secretariat.  Since  th e  tech nology is  not pre s ently covered by th e
current GEF Operational Program m e, STAP’s m ain tas k  w as  th erefore  to review  th e
tech nology in th e  context of it being a potential candidate for inclus ion as  one  of th e
tech nologie s  to rece ive GEF support under th e GEF Operational Program m e 7 “Reducing th e
Long-te rm  Costs  of Low  Gre e nh ouse  Gas Em itting Ene rgy Te ch nologie s”.

Th e tech nology as  put does not strictly m e et th e  OP7 criterion of being “prove n or
d em onstrated on a com m e rcial scale” (OP7, paragraph  7.7), th ough  it m e ets  all oth er criteria.
 Th e s e  are  at (OP7, paragraph  7.3):

• Th e  proposal is  country drive n (ve ry h igh  score  on th is  count);
• Th e  te ch nology can be  m ade  to be  e nvironm e ntally sound and sustainable  (s e e

re com m e ndations);
• A w ide r application is  fe as ible;
• Allow ing for th e  b ene fits  of th e  by-products , and th e  s cope  for innovation, it h as  th e

prospe cts  of b ecom ing one  of s eve ral cost-e ffe ctive , ‘clim ate  frie ndly’ te ch nologie s;
• Th e re  is  s ignificant inte re s t from  co-funde rs , private  and public.

STAP is  of th e  view  th at th e  potential of OTEC is  too prom is ing to be ignored, particularly for
th e  sm all island state s , and th at th e  potential m ulti-purpose benefits  of th e  tech nology deserve
recognition.  It is , in fact, a potentially cros s -cutting project concept.  Th e  tech nological
problem s  raised in th is  report are  not fundam ental, and could be te sted and ch eck ed th rough  a
relatively m odest targeted re s earch  and developm ent effort.

STAP is  th erefore  recom m ending th at cons ideration be  given by th e GEF to finance  OTEC,
particularly in sm all island developing states but tak ing into cons ideration th e  recom m endations
m ade in 2.4 of th is  report.
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1.0 INTR O DUCTIO N

Th e GEF Secretariat h as received a request from  th e Caribbean region to fund an OTEC project.
Since th is tech nology is not presently covered by th e GEF operational program , STAP w ere
requested review  it and m ak e recom m endations to th e GEF regarding: (a) th e desirability and
rationale for GEF funding under Operational Program m e 7, and (b) a plan of action for tak ing th e
initiative forw ard if th is is m erited. 

2.0 SUM M ARY

OTEC is a prom ising, ‘carbon free’ tech nological concept for sm all island developing states in th e
tropics, and h as good prospects for qualifying for support under OP7. H ow ever, th e actual project
put forw ard to STAP h as a num ber of tech nical and environm ental aspects discussed below  th at still
need to be tested and research ed, and th e scale of th e project goes beyond previous experience. For
th ese reasons furth er developm ental w ork  is required to enable th e tech nology to be placed in th e
OP7 category and for a full GEF project to proceed. W e believe th e GEF sh ould support such
w ork , on w h ich  recom m endations are m ade below .

2.1 Th e Merits and Potential of OTEC Tech nologies

Th e m erits are:

(a) Th e generation of electricity at costs th at are not extra-ordinary given th e current state of
developm ent of th e tech nology. Based on th e estim ates given in th e report, th ey are betw een 15
and 26 US cents/k W h  for an 8-10 MW s ch em e, th ough  th ere are significant risk s of cost
escalation. On th e oth er h and:

(b) Th ere is considerable scope for innovation to reduce costs. One exam ple, identified by research
institutes in th e Caribbean: th e possibility of a second generation of plant using solar ponds to
raise inlet tem peratures, w h ich  w ould m ore th an triple th e efficiency of th e plant. Solar pond
tech nologies, w h ich  also h ave a good potential, w ould also benefit by h aving access to a low
tem perature coolant. In oth er w ords, OTEC m ay h old considerable benefits for anoth er
prom ising renew able energy tech nology, and vice versa.

(c) A range of by-products is feasible, th ough  m ost h ave still to be dem onstrated. Th ey include: (i)
m arine aqua-culture (m ari-culture); (ii) h orticulture, in w h ich  cold w ater supplies are used to
cool soils th rough  underground pipes to in greenh ouses to reduce evapo-transpiration and
increase th e yield of h igh  value crops; (iii) th e production of desalinated w ater on an appreciable
scale; (iv) th e biological extraction of fertilizers from  th e nutrient rich  cold w aters from  th e
ocean depth s; (v) cold w ater for district cooling; and (vi), th e possibility—th is is a testable
h ypoth esis—of using th e cooled w ater from  th e outlet side of th e h eat exch angers to irrigate and
restore coral reefs under th reat from  rising ocean tem peratures in th e region. Experience in
H aw aii suggests th at th e econom ic benefits can be significant for (i) and (ii); all six need and
m erit furth er analysis.

(d) Th e scale of th e  ocean th erm al re source  is  im m ens e  and a large num ber of pos s ible s ite s
h ave been identified in th e  region.

(e) Th ere is interest in th e concept from  private industry, ch aritable foundations, and oth er donors.
Th e prospects for co-financing seem  to be good.
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Th us th e concept h as considerable m erit, and deserves som e form  of support for its developm ent
from  th e GEF.  Th ere is, h ow ever, a m ajor qualification:

2.2 Tech nical and Environm ental Uncertainties.

No plant—single- or m ulti-purpose—on a MW  s cale h as been built. Th e biggest so far is about
100k W . Som e com ponents of th e tech nology h ave still to be dem onstrated and require a
com paratively m odest research  effort. Oth ers need furth er analysis, especially th e by-products. Th e
com ponents requiring attention are:

(a) Th e w ork ing fluid for th e ‘steam ’ cycle. Propylene h as been proposed in preference to th e
alternatives of w ater or am m onia, in th e form er case to raise efficiencies and reduce th e size and
costs of th e turbines and h eat exch angers, in th e latter case to elim inate corrosion;

(b) Uncertainties as to th e engineering param eters of th e h eat exch angers and turbines, and th us:
(c) Uncertainties as to th e system  design and dim ensions itself.
(d) Th e vacuum  pum ping and evaporation process in th e boiler also needs furth er testing and

analysis. Th is is also a th eoretically attractive possibility, since it provides desalinated w ater as a
by-product. Once again, h ow ever, th e approach  needs to be dem onstrated.

(e) Certain novel tech nical features of th e h eat exch anger, w h ich  are th ough t desirable to im prove
efficiency.

(f) Th e environm ental im pact of th e tech nology if deployed on a large scale, w h ich  include dealing
w ith  very large volum es of nutrient-rich  cold w ater on th e surrounding biota; and th e dangers of
under-w ater erosion of local coastal resources.

W ith  regard to (f), th e volum e of w arm  w ater pum ped from  and disch arged back  to th e ocean for
th e proposed 8-10 M W  project w ould be approxim ately 30 cubic m etres per second, and of cold
w ater approxim ately 15 cubic m etres per second. Th ese are large volum es, equivalent to th ose of
m inor rivers, or alternatively to th e cooling w ater flow s a coastal th erm al pow er station w ith out
cooling tow ers (of w h ich  th ere are a num ber of exam ples) of about 300 M W .

2.3 OTEC and th e Criteria of Operational Program m e 7

As put forw ard in th e proposal, th e tech nology does not strictly m eet th e  OP7 criterion of being
“proven or dem onstrated on a com m ercial scale” (OP7, paragraph  7.7), th ough  it m eets—or is
capable of being designed to m eet—all oth er criteria. Th ese are th at (OP7, paragraph  7.3):

• Th e proposal is country driven. (Very h igh  score on th is count.)
• Th e tech nology can be m ade to be environm entally sound and sustainable (see

recom m endations).
• A w ider application is feasible.
• Allow ing for th e benefits of th e by-products, and th e scope for innovation, it h as th e prospects

of becom ing one of several cost-effective, ‘clim ate friendly’ tech nologies.
• Th ere is s ignificant interest from  co-funders, private and public.

OP7 also recognizes tw o types of risk , one of undertak ing investm ents and th e project failing, th e
oth er of doing noth ing and losing th e potential benefits (paragraph  7.8, w h ere it is noted th at
“surprises” are com m on).
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In th is vein, w e believe th at th e potential of OTEC is too prom ising to be ignored, particularly for
th e sm all island states, and th at th e potential m ulti-purpose benefits of th e tech nology deserve
recognition. It is, in fact, a potentially cross-cutting project concept. Th e tech nological problem s are
not fundam ental, and could be tested and ch eck ed th rough  a relatively m odest R& D effort, one th at,
in th e first place, w ould not require th e construction of expensive pipelines and pum ps, w h ich  are
proven tech nologies. Th is w ould m inim ize dow nside risk s. Th e tech nology could be tested on
existing facilities on H aw aii.

Also, w h ile th e proposal h igh ligh ts th e by-products, th e required analysis of th e system  to identify
th e best com bination of products h as yet to be done. In som e circum stances it m ay be best to
concentrate on one product only (electricity), in oth ers tw o, and in oth ers several.

2.4 Recom m endations

W e h ave th us suggested a tw o track  approach  tow ard tak ing th e tech nology forw ard, prior to a
decision to support a full-scale investm ent. Th ese are:

(1) For GEF to support th e developm ent of th e tech nology th rough  targeted research  and/or a
tech nical assistance or oth er grant, perh aps in collaboration w ith  oth er institutions. (Th e
Rock efeller Foundation and th e Norw egian Governm ent h ave been very supportive of th e
OTEC concept.) In parallel w ith  th is:

(2) For th e GEF to support furth er project developm ent w ork  on:

(i) Th e design concept, in particular th e balance betw een th e products of th e
project:electricity, desalination, m ari-culture, and th e oth ers noted above. It is suggested,
in th e first instance, th at th e by-products w ould best be tested on a sm all scale, sufficient
to provide experience for larger scale operations in subsequent generations of th e
tech nology. Th e analysis w ould look  at th e tech nical and econom ic feasibility of th e
various product m ixes and th e environm ental im pact.

(ii) Th e analysis of possible sites for a project on a sm aller scale th an proposed. Th is
w ould entail engineering site surveys and, for engineering and environm ental reasons, an
analysis of local current and tidal stream s to th row  ligh t on th e lik ely dispersal patterns of
large volum es of w arm  and cold outlet w aters from  th e plant.

(iii) Th e environm ental im pact of th e project.

(iv) Th e environm ental im pact of th e possible w ider deploym ent of th e tech nology in sm all-
island states.

W ork  on (i) to (iii) cannot be done in th e  abstract, but needs to be related to th e
pos s ibility of a specific project, w h os e  m erits  can be appraised once th e  w ork  is done .
W e h ave sugge sted th at th is  w ould best be done in relation to an initial project in th e  1-
3 M W  range, as  proposed by Profe s sor R ienh ard Raderm ach er of th e Univers ity of
M aryland. An 8-10 M W  project w as  proposed. Th is  w ould be too big a leap from
previous  experience , and w ould introduce too m any unk now ns  w ith  re spect to
perform ance, environm ental im pact, and th e  construction of th e  cold w ater inlet pipe .
(Th e  cold w ater pipe  w ould be approxim ately 4000 m eters  in length  going to a depth
of 1000 m eters; it accounts  for over 1/3rd of th e  total cost.)



8

If th e investigations identified under (1) and (2) are successful, th e tech nology could th en be
classified for support under OP7. At th is stage, th e GEF w ill also be in a position to decide on th e
w eigh t th at sh ould be given to th e m ulti-purpose, potentially cross-cutting benefits of th e
tech nology, for exam ple in oth er operational areas such  as fish eries, land and international w aters.
Both  (1) and (2) need to be proceed in parallel since th ere are both  tech nical problem s to be resolved
requiring engineering research  and testing, as w ell as questions of system  design, ch oice of products
and environm ental im pact.

Tech nical Notes

1. Th e Basic W ater and Th erm al Cycles

Th e tech nology w as outlined by th e project proponents.  Figure 1 tak en from  th e consultants’ report
sh ow s th e basic cycle. W arm  w ater is tak en in from  th e ocean surface at about 80o F and used to
evaporate a w ork ing fluid. In th is case, th e w ork ing fluid is proposed to be propylene.  Th e
evaporated fluid drives a turbine, in th e process giving up h eat and pressure, and is condensed back
to a liquid using cold w ater at 40o F draw n from  approxim ately 1000 m eters depth  via a long
pipeline. (See th e second figure.)  As sh ow n, th e w ater at th e outlet of th e boiler is disch arged at
around 75o F, w h ile th e tem perature of th e cold w ater is raised to around 53o F.

On account of th e low  tem perature differences in th e cycle, th e efficiency is low . Th e Carnot
efficiency(th e m axim um  efficiency th at th e cycle could ach ieve in th eory), is only 7.4 %, and in
practice th e actual efficiency w ould fall w ell sh ort of th is. H ence large volum es of w ater are
required, w ith  correspondingly large pum ping requirem ents. On th e oth er h and, th e energy available
is alm ost lim itless. In th e daytim e, th e peak  insolation in th e region is about 1000 M W  per k m 2, and
th e ocean absorbs alm ost all th e incident energy.

2. Variants on th e Cycle and Desalination.

Variants on th is s im ple cycle, proposed by th e Caribbean region are to include a vacuum  pum p on
th e w arm  w ater inlet side so as to evaporate th e w ater. Aside from  supplying a w ater vapor to h eat
th e w ork ing fluid, th is process also provides a supply of desalinated w ater as a by-product, w ith  th e
advantage th at th e h eat energy generated by th e vacuum  pum p, w h ich  w ould oth erw ise go to w aste,
can also be recovered by using it to h eat th e propylene (or w h atever fluid is used in th e boiler-
turbine cycle).

In addition, it w as proposed to couple a solar pond w ith  O TEC tech nologies. Th e rationale is as
follow s. Use of a solar pond of 10,000 m 2 (about 2 football pitch es), w ould enable th e tem perature
of th e w ork ing fluid in th e cycle to be raised to around 210o F. Th is w ould raise th e Carnot
efficiency m ore th an th reefold from  7.4% to 25.5% and provide a significant additional source of
energy input. Furth er, it w ould, open up opportunities for furth er innovations in low  tem perature
th erm odynam ic cycles, and possibly, w iden th e ch oice of w ork ing fluids and, because of th e
increase in inlet tem peratures and th e provision of tw o sources of h eat rath er th an one, m ay low er
th e overall risk s of investm ent.

A pure solar pond tech nology, on th e oth er h and, w ork ing w ith  upper and low er tem peratures of
210 and 80o F, th e latter being th e cooling tem peratures currently available in th e region, w ould
h ave a Carnot efficiency of 19 .4%. But w ith  th e cold w ater from  th e ocean depth s as th e cooling
m edium , th e efficiency w ould be raised to 25.5%. Th us both  O TEC and solar ponds stand to
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benefit m utually from  th e coupling.

It is w ell k now n th at no th erm odynam ic cycle can reach  its Carnot efficiency. But th e ratio of th e
increases just indicated provides a good indication of th e ratio of th e increases in efficiency th at
m igh t be expected in practice, and serve to indicate th e potential of th e tech nology for furth er
developm ent. Aside from  reducing th e costs of pow er production, w ater pum ping volum es from
both  th e ocean surface and th e ocean depth s w ould be greatly reduced for any given am ount of
energy produced. Th is too w ould h elp to reduce costs per k W h . At th e sam e tim e, all th e by-
products discussed above w ould still be available in principle. It w as suggested th at th is option
sh ould be explored as a future possibility once th e tech nological uncertainties noted h ave been
resolved.

Furth er possibilities for cost reductions in future generations of projects w ould arise from  scale
econom ies in m anufacture and in plant size, increases in th e diam eters of and m aterials used for th e
cold w ater pipes, developm ents in low -tem perature turbine designs, and m odularity of particular
com ponents of th e tech nology. Th e tech nological uncertainties h ave already been noted.

3. By-Products in Addition to Desalination

Th e cold w ater from  th e  outlet of th e  condens er could be used for s everal of th e by-products
noted in th e  sum m ary—m ari-culture , h orticulture , fertilizer production and district cooling.
O nly one or tw o of th e s e  w ould be te sted in th e  first place. H ow ever, one  can s e e  th at th ere  is
m uch  potential for developm ent h ere .

Anoth er pos s ibility, w h ich  STAP believe is  w orth  experim enting w ith  on a sm all scale, and
m onitoring, is  to us e  a portion of th e  sligh tly cooler w ater from  th e  outlet of th e boiler to
irrigate a portion of a coral re ef currently under stre s s  from  ris ing ocean tem perature s .

4. Costs and R isk s of Cost Escalation

Tw o estim ates of costs are m ade in th e proposal.  In th e low er estim ate, th e capital costs of an10
M W  plant are $67.5 m illion, w ith  an annual operating and m aintenance cost of $2.63 m illion.
Using a 10% discount rate and assum ing 70% load factor gives a generation cost of 15.5 cents per
k W h .  In th e h igh er estim ate th e capital costs are $75 m illion; but given th e uncertainties, th e
m eeting concluded th at a 25% contingency allow ance w as m erited; in addition, th ere w ould
probably be significant insurance costs, especially on th e cold w ater inlet pipe, of about $1 m illion
per year. Th is w ould raise generation costs to 26 cents per k W h .

In a m ultipurpose project, th e benefits of th e by-products w ould be deducted from  th is figure.
Th e biggest cost item  by far is th e cold w ater pipeline, w h ich  is estim ated to be $24 m illion. Th e
second biggest cost is th at of w ater pum ping, w h ich  consum es around one th ird of th e gross output
of th e plant. (Th e 8-10 M W  figure is net output.) An experienced pipeline engineer, Dr. Van Ryzin
advised th e m eeting th at th e pipeline costs w ould lik ely be closer to $30 m illion. W h ile confirm ing
th at parallel system s of pipes for th e required volum es w ere proven, h e also drew  attention to th e
risk s and, am ong oth er th ings, th e difficulties of installation and anch oring of th e pipes.  H e also felt
th at th e pum ping volum es for th e specifications in th e proposal w ere “aggressive”, rough ly tw ice
th ose usually ach ieved.

Reducing th e scale of th e project to 1-3 M W  w ould greatly reduce risk s in th e first ph ase. Th is
w ould raise costs per k W h  for an initial project, but th e basis w ould be laid for subsequent
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generations of larger projects w ith  appreciably low er costs arising from  scale econom ies and th e
innovations discussed above.
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