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MARINE POLLUTION IMPLICATIONS OF OCEAN ENERGY EXPLOITATION

1. INTRODUCT ION

1, The Workimm Group met for ite second meeting at FAD headquarters, Rome, from
25 to 29 (xtober 1982, The first meating of the aubaroup of the Working Group took
place at UNESCO headquarters, Farle, from 29 June to 2 July 1981. A meating of
United States OTEC experts was corganized on 11 June 1981 which resulted in the
primary working paper of the first peeting.

2. The Working Group wishes to thank the FAO Technical Secretary and the staff of
Fh, as well as the ataff at UNESCO for providing excellent facilitfies and
anajistance in all aspects of its work.

3. The following experta participateds

washington, D.C., 11 June 1981: HMessrs. L. Lewls, E. Myers, P. Wilde,
J. Ditmars, D. Evans and L. Neuman (Technical Secretary, United Nationa).

Parip, 29 June-2 July 198l: Messras, R. Gerard, P, Marchand, and
B, J. van der Pot.

Rome, 25-29 October 1982; Messcs, E, Myers {Chairman), G. Kullenberq,
A. Jernelov, E, Gomez, L., Neuman (Technical Secretary, United Hationa} and
H, Haeve [Technical Secretary, FAD).

1.1 Terms of reference

4. The terms of raferance are set out in the report of the eleventh session of
GESAMP, pacagraph 12,3, viz:

{a) To review the current literaturs and results of ongolng ressarch snd
describe marine pollution implications of the axploitation of the major scurces of
unconventional ocean energy with special reference to coastal areas and
multiple-use concepts, particularly in developing countties)

(b) To diacuas long-term environmental impacts to be expected from extensive
ocean energy explolitation at the global level.

5. The preliminary report presented to the Group at its twelfth session focused
upon OTEC and was uaed as the basis for the sections of the prasent report dealina
with this technology. ‘he other technologies examined resulted from inter-
sessional work according to the criteria described helow.

1.2 Technologies considered

6. The oceans possesas a number of characteriatice that are representative of
kinetic or potential forms of renewable enerqy: temperature gradients, biomaes,
waveg, tidea, currents, winds and salinity aradients. The feasibility of
technologlies that would tap such forms of sneryy was considared in 1$7% and 1580 by
the Technical Fanel on Ocean Fnergy of the tnited Nations Conference on New and
Ranewable Sources of Energy {United Nations, 1981). As further noted in 1.3.1
(Commercial Applicability) the panel concluded that ocean thermal eneray conversion
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(OTEC) , marine biomaas, waves apd tides offered the most promiee for commercial
applicaticn by the year 2000.

1.2,1 oOcean Thermal Energy Conversion {OPEC}

7. OTEC utilizes the temperature difference between warm surface waterz and cold
deep waters to drive a heat engine that produces power. The closed-cycle OTEC
procesa {fig. 1) employs & working fluid (e.y., ammonia, Freon) upon which work is
per formed by warm, surface water pumped to an evaporator to produce a vapor that
turne a gas turbine which, in turn, drives an electrical generator (Abelson, 1978}.
ARfter exiting the turbine, the gasecus working fluid is condensed through a heat
exchanaer by the temperature of cold deep waters, that are pumped tc near the
aurface through a long cold water pipe, and the cycle is repeated. The open-cycle
process (Lewandowski et ajl, 1980} is quite similar, with the exception that
Neawater is the working fluid. Warm seawater, after being deaerated, 1s flash
evaporated to produce a steam vapor that drives the turbine. After being
recondensed by cold waters, the condensate can be uped for fresh water.

B. The QTEC process I8 very dependent upon the avallability of a sujtable thermal
resource, defined as the temparature difference {AT) between the warm, sea aurface
water and the underlying cold deep water (Allgnder et al., 1978}. The needed
cperational temperature differential ia about 20°C {36 F} or qreater

{Gritton et al,, 1980; Ditmars and Paddock, 1974); however, dus to ssasonal
variations, this value ig not alwaya available in many coastal waters, Figure 2
shows the digtribution of the thermal resource betweean the gea surface and the
1000 m depth on a global basis, Note that the resource 18 generaliy confined to a
band 20° in latitude, north and scuth of the equator; also, the broad continental
shelven in many oceanic areas prevent the cold, deep water from approaching the
coastal areas, Given a suitable thermal rescurce, an QOTEC plant must pump
relatively large volumes of both cold and warm water in order to develop net power
{see para. 31}.

9. Developing countries located within the 40° latitudal band have the best
thermal rescurce for OTEC, These include coastal countriesa located in the western
and central east Atlantic, Indian and Pacific Oceans, Estimates of the thermal
resource for countries in these regione have been made and are shown in table 1.

10. Several types of OTE® platforme have been designed to a conceptual level,
Theae include a moored or grazing barge (George =t al., 197%, 1921): a gpar-shaped
veggel (Gibbs and Cox, Inc,, 1980)3 and a fixed-tower (General Electric Co., 1%83)
or a land-baged (or artificial island; Ocean Thermal Corporation, 1983) plant aleong
a coast with a narrow continental shelf. Probably, the unique feature of any of
these systeme is the attached cold water pipe {CWP} which must be approximately

10 m in Qiameter for a 40 MWe commercial OTEC plant and extend to a depth of about
1000 m. It has no parallel in offghore constructiony therefore, both time and
frequency domains of the dynamic response of the CWP to normal and extreme currents
and waves must be modelled and tested {Johna Hopkins Univereity, 1980; McGuiness,
1981) .
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5.6 Identified resesarch needa

132, The following are identified a=m priority ressarch needs. DBecause of the \
near-term potential of OTEC, they are directad towards that ocean energy \
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stratification of marine oroanlems would minimize the potential impact.
additionally, low intake velocities and the reduction of pipe bends and
constrictions would minimize the sheer and acceleration forces to which entrained
organiema are exposed, Since fish avoid horizontal flow fielde more readily than
vertical flow fields, the use of horizontal intake flows (directly or with the usze
of velocity caps} would tend to reduce figh impingement. Reducing intake flow
velocities to a point at which fish, sgquid and shrimp may eecape withdrawal would
further reduce impingement rates. Fish return systems might alsc be examined.

128, The extent and location of secondary {plume} entrainment will depend upon the
characteristics and location of the OTEC discharge. It may be desirable, 1f costs
{e.q., piping) permit, to discharce the effluents near or below their level of
neutral huoyancy to reduce the plume entrainment of marine aorcaniems in the vpper
part of the water column, Lf this proves through detailed aasessments or operatirg
experlence to caunse significant adverse effecta. However, such a strategy may
result in slower dilution of the effluent plume which may not be desirable because
of biocide and other OTEC releagses, The corientation and velocity of the discharqe
can also be varled, within encineering limitations, to achleve certain results,
For instance, the plume from a discharae structure oriented downward tends to
stabilize deeper in the water column than a horizontal discharge; high discharge
velocities promote turbulence and increased dilution.

129. Reduction of the use of biowvides to only those levels, and for only those time
periods, needed to ensure heat transfer efficlency iz obviously desjrable.
additionally, the application of biocides at different times to the varlious heat
exchangers, and the subsequent discharqe with the total flow, would result in
reduced concentrations of biocides within the plume.

130. Plume stahilization below the euphotic zone would decrease the potential for
any adverge impactes from biocides, nutrlents, and othet plant releases (e.g., trace
metals), However, such a strategy would also decrease any potential value of
introducing the putrients within the euphotic zone, The benefits and advantages of
various discharge plume behaviours should be asseesed on a site-specific basis to
minimize overall environmental risk.

5.5,2 Other ocean energies

131. The other dilscussed ccean energy alternatives will have to be examined on a
pite—specific basis to identify detalled strategles that would minimize potential
envirommental risk., The siting of these alternatives in areas where they would not
sonflict with other present uges will again be a major factor in minimizing
environmental impacts, Speclal consideration will have to be given to the
dipcharqe of effluents from mariculture and biomass production. Since these
effluents will be high in organic and nutrient content, diecharqe should be made 80
that slonificant environmental damage would not result., This will of course depend
on the receiving watere and the acale of the cperation,

-37-



123. Consideration of the expected environmental effects forme the sclentific basis
for selection of alternative deasign opticons or cperating procedures, It should
include the following aspects (Food and Agricultural Orqanization of the United
Nations, 1982):

{a) Direct effects and thelr significance;
(b} Indirect effects and thelr significance;

(e} Possible conflicte between the propoeed action and the objectives of
other land use plans, pelicles and controls for the area concerneds

{d) The envirommental effecte of alternative decisions including the proposed
action

(e} Energy demand and conservation potential of alternatives and any proposed
remedial measures;

{f} MNatural or other depletable resource requirements and the conservation
potential of alternatives;

{3) Urban guality, historic and cultural resources, and the design of the
bullt environment, including the re-use and conmervation potential of alternatives
and remedial measuresg; and the

(h) HMeane to remedy adverse environmental impacte.

124, For coastal applications of syetemz for ocean ehergy exploitation, the
techniques and methods for information collection will be the same or similar to
thoge in uee for assessment of environmental implications of other forms of coaetal
area development. Information about those technlgues can be obtained from

GESAMP (1980) .,

125, Larqe-scale open-ocean application of O'EC will require sophisticated
techniques for information collection and impact assesement. However, such
developmente are not foreseen in the near Ffuture.

5.5 Potential measures to minimize envircnmental impacts

126. In general, proper siting is the single moet effective means to minimize the
potential for enviconmental damage. To the extent practicable, the avoidance of
areas of high biologiral productivity and of other special importance (e.q,,
critical habitate, spawning grounds, coral reefa)l, ls desirable for most of the
ocean energy alternatives diecussed. However, once a site has been decided upon,
the ccllected environmental information can be used to decide upon dealgn features
which may be more compatible with the environment, PExamplas are as follows,

5.5.1 OTEC

127. The principal adverse effects that may be asmociated with the operation of an
OTEC plant relate to entrainment and impingement, biocide discharge, and nutrient
redintribution, The design and location of OTEC intake structures will influence
the number of organisms entrained or implnged, and their mortalities. Where
poBsible, locating the intake at deptha that take advantace of any natural vertical
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Table 1. Developing countries with adeguate ocean thermal resocurces
Delta T{'C) Distance from
between rescurce to

Country/area Latitude Longitude 0-1,000 m shore {km)
Africa
Anqola 6°8«18°5 11°E-14"E 1pg-22 65
Benin 6°N 3'E-4"E 2224 25
Congo 4°5-5"85 11'E=12"E 20-22 50
Gabon 2°N-4°s 9°E-11"E 20-22 15
Ghana 5°H-6 "N I"w=1"E 22-24 25
Guinea 9'N-11"8 14 w=-15"w 20-22 a0
Guinea-Bi ssau 11'N-13"NW I5°W-17"w 18-19 50
ivory Coast 5N 3'w=-8"W 22-24 ao
Kenya 2'g=5"'8 34'E-4L°E 20-21 25
Liberia 5*N=17"N 8'w-12"w 22-24 65
Yadagasoar 10°8=25"s 45'E-50°F 18-21 65
Mozambique 10°5-25"5 35°E-40°E 1a8-21 25
Nigeria 4°K-6°'N 4"E-9°E 22-24 30
Rio Muni 2'N-3"N 10°E 20-22 30
Sao Tome and

Principe n'N-2"N 7'E-9°E 22 1-10
Senegal 13°N-17"N 16°8=17"W 18 S0
Sierra Leone 7°N-9°N 12'w-14"w 20=-22 lop
Somalla 10°'N-2"8 41°E=50"E 18-20 25
Touo )] 2'E=3"E 22-24 50
United Republic

of Caneroon 3I'N=4'N 9 E-10"E 22-24 30
injtad Republic

of Tanzania 5°5-10"8 35°E-40°E 20-22 25
Zaire 5°5=6"5 12°E 20-22 50
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Takle 1 (continued)

Delta T{'C) Distance from
between resource to

Country/area Latitude Longltude 0-1,000 m shore (km)
Latin America
Bahamas 25N 77W-79"W 20-22 15
Barbados 13'N 58 W-60"W 22 1-10
Belize 16"N=17"R 87'w-88"wW 22 50
Brazil 4'N-32"85 35"'wW-55"w 20-24 75
Colombia 2°N-12"N EITW-74"W 20122 50
Coeta Rica B'N-12°N B3'W-A5"R 21-22 50
Cuba 20"N-23"N 75 W-85"W 22-24 1
Dominica 15°N=16"N 6l'w-62"W 22 1-10
Dominican

Republic 18°N-20"H 6B'W=72"R 21-24 1
Ecuador 2'N-4"8 817w-79"W 18-20 50
El Salvador 13'n-14"'N 87 W-90 W 22 65
French Guiana 4'N-5"N 50°'wW-52"W 22-24 130
Grenada 13°n 61 W-62"W 27 1-10
Guatemala 14*N-17"H 88 W-947w 22 65
Guyana 5°N-8"N 58 W-b0'W 22-24 130
Haiti 18 'N=20"N 72"W=-75"W 2)-24 1
Honduras 14'R-16"N 837W-48"w 22 65
Jamaica 18°'N=19"NH TE W=7 "W 22 1-10
Lesser Antilles 12°N-18°N a1 W-55"W 22-24 1
Maxlco 17 N~22"H 14 "'w-108" 20-22 32
Nicaraqua 11'N-14"N d6 W=t 6"W 22 65
Panama 8'N-%9'N 76 W-83"W 21-22 50
Saint Lucia 13"N~14"N 61 W-b2"w 22 1-10
Saint Vincent and

the Grenadines 13°0-147H 6l7wW-62"w 22 1-10
Sutriname 4°N-5"N 52 wW-58"wW 22-24 130
Trinidad and

Tobago 1I'K 61° 22-24 10
Veneznsala 8 N-12"N 60'w-73"w 22-24 50
United States

Virgin Islands 18°n 65°W 21-24 1

-~

It is recommended that a programme of biological research be conducted to
investigate what are the possible bilological effects of nutrlent and other trace
constituent redistribution, so that intake and discharge, as well as plent
locations can be optimized,

119. In the case of biomazss, the environmental concern will be more on the possible

eutrophication that may result in the waters near the development. Should pest
control measures be resocrted to, the possible impact of the mubpstances used needs

to be conejidered.

120. wave energy development may cause lese negative lmpacts at high latitudes than
at low latitudes. The development of passive wave energy over coral reefs can have
a4 pignificant impact on the productivity of such areas on which a subsistence
fishery often depends in developing countries,

121. Tidal epergy developments may also have some biological impacts because of the
chanqes In the hydraulie characteristice of an embayment, The changes in water
movement can result in temperature effecte which could cause changes in the
biological communities.

5.4 Information required for envirommental impact assessment

122, The basic data that is required for assessment of environmental impact of
ayetems for ocean energy exploitation can be pubdivided for convenience intot

ia] Physical oceancqraphy and meteoroloays

{b} Bilological and chemical conditions;

{c) Sea-bed conditions (bathymetry, sediment transport and bottom deposits);
(d) Living marine rescurcesj

(e} oOther exiptimg uses;

(£} Physical characteristics of the coast)

In addition to these data that should be collected in the first phase of a
feaslbility atudy, additional information is required for a final evaluation:

{a} Expected dlscharges of blocldes and corrosion products;
{h) Specific genaltivity of local organisms as derived from bioassays:

(i} Special consideration with reaard to populaticns of endangered
species; and

{j) Possible antagonisms and sypergisms.

For an environmental impact assessment, boeh the size of the contemplated unit and
thus the gize of the affected area and the overall sensitivity and importance of
that area will determine the degree of sophistication required for information
collection and impact statement., The posaibility of working at different levels of
sophistication in respect of available methods and instrumentaticn also haa to be
borne in mirdG,
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5. GIIDELINES AND RECOMMENDATIONS

5.1 General statement

113, The current and future developments in ocean enerqy exploitation are expected
to impact the marine environment in either a positive or a negative way. Wwhile
positive effects may be welcome, it is nevertheless necessary to monitor them lest
they digturb the natural eguilibriom in ench a way as to result in negative
impacta. Some locallzed hablitats may be rather fragile, Certainly on a leng-term
and larqe-scale baeis, individual or localtized perturbaticns could multiply or
proliferate to such an extent that an irreversible, cumulative effect results.
There is always a need to give consideration to the protection of the environment
when ocean energy developments are proposed.

5.2 giting optiohs

114, The various types of ocean ehergy development will be located in varlous parte
of the ocean from the coast to the open sea and their impacts may extend from the
deep Beg to the surface and into the atmosphere. Of all the develcpments
coneldered, OTEC hag the potential for the most wide-ranging impacts. As presently
conceived and planned, OTEC plants will be located within latitudesa where a
minimum T of 20°C may be reallzed. The sites can be in the open sea in the case of
floating plantships, moored on the continental shelf some distance from the shore,
or actually shore-based, Present technology and economica favour the smaller
landbagsed or tethered plants. Becauee of this, it is anticipated that on an
individual hkaeisz, their impact will be gqreater since they will be affecting the
shallower, more productive benthie bhabitats,

115. Blomass development in connection with floaking plantships is probably not a
near~term poesibility. If any biomass development is to take place in the
toresesable future, it will most likely be on land along the coast, whethar in
juxtaposition to an OTEC plant or unrelated. Artificial islands cloge to
population centtes are also envisioned,

116, In the case of wave energy developments, middle or high latitudes are favoured
for high energy sites, This would mean that potential sjtes will be in developed
countries, In the case of passive wave energy, the candidate gites are likely to
be coral reef areas in developing ccuntries.

117. Tidal enerqy sites are likewise limited. An average hydraulic head of 5 to

12 m ie considered as neceseary for development. Sites are necessarily coastal apd
there may nhot be more than several dozens of guitable locations throughout the
world, generally at mid- or hich porthern latitudes where the land masses are
concentrated and where there is large tidal volume exchange,

5.1 Environmental concerns

118, Larqe-scale concerns for OTE' development are in a category by themselves and
addressed in the previcus section, Hence, they will not be dealt with here. The
areas of concern with OTEC that need to be considered are the more localized

im, - - m Tm whea saoa AfF heakh maoneshas Far b
{mpacts, whether short= or lang=term. In the case of both nearshore and offshore

plants, special attention should be focused on possihble negative impacts on
figsheries, The impingement of discharae waters on the benthic habitat needs
aseesement and monitorine more so thap the diecharge into the deep water column,
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Table 1 (continued)

Delta T{ C} Distance from
between resource to
Country/area Latitude Longltude 0=-1,000 m shore (km)
Indian and Pacific
Cceang
American Samoa 12°s 165°W 22-23 75
Augptralia 10°5-40"5 115"E-155"E 1p-22 oo
Burma 5"N=-30"N 95'E~100"E 20-22 75
China 21°N=40"N 108 "R-122"E 21-22 50
Comorog 1'N-3"n 43°E-45°E 20=25 1-10
Cook Ielands 1B"5=22"5 155 E-165"F 21-22 1-10
Fiii 15°5-20"s 175E-180"E 22-23 1-10
Guam 13'N 145°E 24 1
India 10°N-25"N 7O E~90°E 18-22 65
Indonesl a 5'5=10°8 95°E~127"E 22-24 50
Kiribati (Gilbert) 5°8=-5"N 172"E-178'E 23-24 1-10
Maldives 2'N-8'N F2'E-T4'E 22 1-19
Maurjitivs 20°s-21°5 57°E-58"E 20-21 1-10
New {aledonla 20'5=-22"5 1lb5°E-168"E 20~21 1-10
Papua New Guinea 0'-11's 131°E~151"E 22-24 an
Pacific Islandse
(Trust Territory) 15°N-20'S 135"E-150"W 22-24
Philippines 18"H-5"N 120°E-127"E 22-24
Samoa 10°5-16"s 168'w~175"w 22-23 1-10
Seychelles 1's=-7°8 53°E-57"E 21-22 1
Solomon Ielands 478-12"8 155"E~165"E 23-24 1-10
Sri Lanka 6°N-10"K BO‘E-B2°E 20-21 30
Thailand 5'N-10"N 96'E-100"E 20-22 75
Vanuatu 11°s-20"8 160 'E-170"E 22-21 1-10
Viet Nam 12"K-23"N 105"E-108"E 22-24 65
-



1.2.2 wMarine hicmass

il. fThe basic concept of the marine biomass system is to utilize macro-algae to
capture and store polar energy through photosynthesis (Tompkins, 1982; Ritschard
et al., 1961}, Photoaynthesis is dependent upon the avallability of carbon dioxide
and nutrients, which are in plentiful eupply in deep, cold ocean waters and alseo in
some surface layers of the ocean, To complete the process, the stored eneray must
be released in a usable form. Current thought focuses on the conversion of the
stored photosynthetic energy to methane throuch an anaerchic digestion procesa
{Tompkinse, 1982).

1.2.3 Wave epergy

12. The enerqy contained in the ocean's waves is vast, particularly in those areas
heyond 30°N and 30°S characterized by vigorous wave climates (United Nations, 1981).
Wave energy converters can be principally classified as follows: (1) devices which
employ the vertical rise and fall of waves to activate air or water operated
turbines; that is, those devices which vtilize the pressure field caused by the
vartical wave motiony (2) devices which rely on the rollina, pitching or heavina
motion of the waves to utilize, for example, the rocklng motion of cams on the mea
which activate turbineg; and (3} devices which focus the energy in waves by
refraction or diffraction {U.5. Department of Enerqy, 1980}. To date, the most
technically advanced of thepe are those that untilize the vertical wave motion to
activate alr operated turbines by extractinq energy from resonance (within an
internal chamber) created by the motion of the waves.

12, The principle behind wave focuming techniques is to concentrate wave eneray at
one location, making it more convenient to convert. One proposed focusing-type
nethod, kpnown as surae fumneling, produces energy by channeling shoaling waves into
a storage basin and using the hydraulic head developed to run a turbine, A related
pagsive wave energy concept, proposed for application on Mauritius, is o build up
the fringing coral reef so as to allow waves to top thia wall and create a
hydraulic head within the reef (Bott and Lawrence). This head would be utilized to
drive a turbine placed at the cutlet.

1.2.4 Tidal energy

14, Tidal energy has the unicue status of beina eatablished on a commercial acale,
albeit at only one plant located at La Rance, France {United Wations, 196l). The
240 MWe French plant has been operating for more than 15 years and has proved the
reliability of uvasina the hydraulic head created by ocean tides to drive a
generator, The Technical Panel on Ocean Enerqy ideptified some 40 sites throuchout
the world that would have the characteristics suitable for developing a capacity of
over 200 MWe; favourable geographical location, in order to minimize engineering
work; an average tide of 5-12 meters; the posmibility of linkaqe to a power grid,
in order to allow the variable output of the plant to be accommodated; and
favourable socio—economic and ecological condltions,

1.3 PRestrictions of report

15. Several restrictions or houndary conditions were imposed on or adopted by the
Working Group. Of critical importance wag the sparclty of data and studies on
potential ocean energy impacts and the absence or unavailability of investigations

on existing installations or pilot plants which operated recently. Although OTEC
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the NTEC water. Long-term effects may thus include temperature changes,
alterations of species compoeition, generation of plankton blooms and possibly
other bloome which, in turn, may influence the OTEC operation,

4.4 Wave energy

110, Lona-term effects of ccastally-located wave energy devices will principally
involve the pogsil:le impacts to the littoral transport of sand., Perturbations
could result in a decrease of erosion in some areas and an increase in other
areas, This could significantly affect ¢ther uses of the coastal zone.
BAditionally, if a wave enerqy project is located on a coral reef, impacts to reef
productivity would occur.

4.5 Tidal energy

111. The potential for the development of tidal power plants exists in a number of
areas of the world., Possible long-term effects of developments will largely depend
on the local conditions, The effects will most likely be limited to regional
chamaes and may, in many cases, be local only. Studies of possible consegquencea of
a tidal power plant development in the Ray of Fundy have indicated that the tidal
régime may chanae over the whole Gulf of Maine, In certain areas effects may occur
to critically sensitive biclogical communities. Of course, bebind such a tidal
barrage, major chamges would occur. The example is brought here to demonstrate
that &lec single plant developments may well require due consideration of possible
regional effects.

112. Other effecta of tidal power plants may be related to alterations of the
circulation pattern and alteration of the sediment transport. Thie may indirectly
cause a redistribution and altered transport of associated heavy metals and other
contaminante. Clearly, studies will have to be carried ocut on a case-by-case
aporcach, and will have to be adjusted to the local-reclonal physical and
klolegical conditions,
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103. In areas of limited water exchanae, lowerina of the surface temperature might
cccur to such a degree that other uses, such as tecurism and navigation, may be
disturbed. The temperature lowering may again imply that the temperature
difference decreages to gsuch an extent that the operational requirements are not
aatisfied any lomger,

164. Of particular importance for these considerations is the gquestion as to where
the discharge waters of intermediate density would move from the plant site. In
this context it should be noted that the induced change of the vertical density
digtribution might lead to circulation chanoes and a tendency for the mixed
discharqe water to flow arcund ot alena the island.

105. The exchange of warm and cold water across the oceanic thermocline for a

0 WWe OTEC plant would be equal to the average vertical mixing of heat due to
natural causes cver an area which may be as large as 104 km“, Thus a large
number of plants would substantially chanoe the wvertical exchange of heat on a
large scale across the oceanic thermocline. This may have climatiec implications,
The possible importance of this effect, as well as possible influences on the S5T
of the dizcharge water, might possibly be investigated by means of exiating large-
scale numerical circulation models.

G, The importance of potential changes of 557 due to large—scale OTEC
developments is eslsc an open question. It is possible that other effects would he
more important at an earlier gtage of the development, The thermal stratification
may be weakened to some extent, but it would be kept limited by the relatively
large advecticn In the equatcrial current systems, This is demonstrated by the
thermal stratification present in the equatcrial undercurrents, In the natural
upwellina systems a thermal stratification is maintained by the advective
circulation and the atmospheric heat input. This would probably alsc be the cass
in relation to OTEC developments. It does not appear realistic to attempt any
caleculations as to the long—term effects on the regional or global thermal
gtratification from any extensive OTHA. developments,

4,2.4 Assessment priorities

107, In wrder to assess long-term effects, the importance of enhancing the exchamge
of heat, nutrients, etc., across the oceanic thermocline will have to be quantified
amnd compared with naturally occurring exchanges and variations. Chances nf 85T and
vartical temperature distributicons could then be assesged in terms of the growing
knowledge of the sensitivity of climate to changes of temperature and temperatuce
distributions, especially in the equatorial zones.

4.1 Piomass

108, It appears that biomass developments may, for the time being, be limited to
coastal sites, Long-term effectes may then be related to chamges of the bhottom
habitat by sinking matter, chances of the oxygen conditions and the light
conditions, To a large extent, this will depend upon the local water exchange
conditiong. Developments in bioloqically sensitive areas may imply destruction or
lass of an existing rescurce.

10%. In relation to OTEC developments, the nutrients brought up from the deep water

may possibly be used for bicmass production. This will imply that long-term
effects must he assessed, considerimg surface laver discharage and containment of
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demonstration plant2 have operatec on aeveral occasions over periods ¢f monthsz, no
detalled studies of environmentai effects were conducted and any other informatjion
on other ocean energy installatione is not readily avallable.

16, Furthermcre, althougsh some predictive atudies of larqe plants in the open
ocean have been conducted, little or no attention has been paid to the smaller
installations {1-15 MWe) currently contemplated or planned for early commercial
ptagqes, A8 a result this report has sought to extrapolate from current information
in order to identlfy envirommental concerns and indicate where planning is most
important.

17. The following sectione indicate concerns which served to focus the report on
areag of more immediate interest, Studies which the Workina Group recommends to
answer primary research needs are pregenhted in the final section,

1.3,1, Commercial applicability

18, In accordamce with its terms of reference, the Worklng Group elected to
restrict its attention to the major scurcea ot unconventional ccean energy which
could reach widespread commercial application by the year 2000. After consldering
the conclusions of the Technical Panel on Ocean Energy of the United Hatlons
Conference on New and Renawable Sources of Energy which was held in Heircbi from
10 to 21 Auqust 1981 (United Nations, 198l), the Working Group examined OTEC,
biomass, wave and tidal enerqgy. Enerqy from ocean currents and salinlty gqradients
wae excluded from congideration.

19. Althouah it was recognized that wave enetgy might not reach extensive
commercial application before the year 2000, it was poted that several pilot
projecte in developina countries were receivina serious attention and possible
funding. As a result, it wae decided to include a preliminary discussion of wave
enerqy, emphasizing guidelines and basic conrsiderations.

20, Tidal energy is the only proven form of ocean energy currently being exploited
oOn a commetcial scale, The major facility fs the French tidal plant at La Rance,
which produces about 240 MWe (United Nations, 1981). 1In its discusaion of tidal
energy, the Technical Panel on Ocean Eneray noted that, besides the high cost of
inveatment, the major constraint hampering the development of tidal plants in some
locations is potential bharm to the enviromment.

21. Riomass energy technologies have undetaohe recent advances which may favour
their commercialization {(Tompkina, 1982). 1In addition, the large amount of
nutrient-rich water which could result from OTEC plant operation could accelerate
the development of biomass energy production (United Naticns, 1981). For these
reasons and the fact that biomaas may be a less technologically sophisticated
By8tem better adapted to developima countrieg, it was included in the study.

1.3.2 Normal operating conditions

22, The Working Group has also restricted its attention to normal operating
conditione for the enerqy alternatives considered. Thus, the marine poliution
implications of these enerqy alternatives are limited to those that would develop
under normal, everyday operatine conditions. This does not imply that accidental
catastrophic incidents should be belittled; to the contrary, catastrophic accidents
could pose major environmental threats to both marine and human life as briefly
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mentioned in the next secticn. However, to adequately treat such poasibilities
would recuire a definition of detail (e.q., workima fluid, site location and its
relation to arean of bicloairal significance and population centres) that is beyond
the Bcope or purpose of thls effort,

1.3.3 Other congiderations

23, As noted in the above section, catastrophic events cannot be fully excluded in
examining the full envircnmental implicatione of ocean enerqy development. For any
potential application of 2n ocean energy tachnology, a careful examination should
be made of riskes and probabkllities connected to possible catastrophic events., In
thia report only some such hazards will be mentioned.

24, In connection with OTEC, catastrophic events conld occur leading to a sudden
reloase of operating chemlicale (e.9., ammonie, Freon) {Natlonal Gceanic and
Atmospheric Administration, 1981). For instance, for a closed—cycle 10 MWe system
using ammonia as the working fluid, the total inventory of ammonia (including surge
and leakage lossen) would be in the range of akout 230,000-300,000 litres with
approximately half in the power syatem locp and half in storage (Davis, 1983).
Bacause of 1te thermodynamic and physical properties, the wolume of Freon, if used,
would be three to four times that of ammonia volume, In the case of an ammonia
leakage, the effecte could be acute and short-term. The most unfavourable
circumstance would be a sudden release from a large installation near a population
centre on a calm day, creating a toxlc cloud that could pose a serious threat to
nearby population centres, In the case of a Freon leaksae, a concern would be the
leng-tarm effects on the ozone layer and thereby ¢h qlobal increasas in transmitted
ultra-viclet {UV) radiation.

25. In conhnection with wave energy utilizing wave-focusina techniques, a ecritical
high~wave zohe could be created which could affect ship traffic and safety,
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97, Deep, cold waters contain increased concentrations of carbon dioxide (COp)
relative to warm surface waters, The potential excess CCyp in deep waters pumped
to near the surface 1s about 1,7 x 1075 ka-C0y kq—Hzﬂ'l. Using this

difference, a 200 MWe OTEC plant has been estimated to cause a daily flux of Co;
to the atmosphere of about 1,2 = 106 ka, or about sne-half to one-third of that
of a fossil-fuelled power plant of the same capacity (Ditmars, 1980). However, for
the case of an open-cycle plant, the dissolved COy in the surface waters would be
releaged, increasina the total dally €O, release to about 6.5 X 106 kg for a

200 MWe plant, of about 5 times that of a fompil-fuelled power plant

{Ditmars, 1980). In view of the present concern over global atmospheric CO,
increases, large-scale deployments of OTEC {(particularly open-cycle plants) would
pose additional concern.

98, The nutrlent transfer to the euphotic zone might be considerable. Estimates
of this have been made and compared to the transfer in the Peru upwelling area,
findina that 2Z-3 OTEC plants of 400 MWe capacity within an area of 11 xn? would
produce & transfer of nutrients comparahle to that in the upwellina area of a
Bimilar extent (Ref), This is a larqge amount and potentially important in regions
where the national vertical fluxes of nutrients are very weak or about zero,

99. Diecharged deep water from OTEC plants may stratify near the deep parts of the
euphotic zone, In oligotrophic water thie zone {1 per cent light level) is about
80-110 m deep. Depending upon the diacharqe depth, confiquration, and density
difference with ambient, discharqged OTHC water will Bink a distance of 50~150 m
which may bring it just below the ewphotle zone from a diacharge depth around

50 m. The vertlecal mixing in the areas under consideration iF not strona and would
only imply a relatively small transfer from the 100 to the 200 m zone intoc the
euphotic zone, This transfer can be estimated to be about 10 per cent of the above
direct discharqe into the euphotic zone.

100, The sinking of the discharge water will imply a downward transfer of community
from the euphotic zone, both due to the surface water intake and to entrailment
from the surface layer into the sinkime discharge plume, This entrailment will
depend upon the ambient conditions and may result in larqe wolume transfers. This
could imply considerable withdrawal of bhlomass 1f the discharoe occurs in areas of
high productivity. Also, the diacharge volume will contain a certain amount of
chemical contaminantg. Clearly thege may cause a problem in relation to extensive
development. Potentially, releases of gases like Freons may also occur, the
consequences of which cannot be well estimated on the basie of existing information.

4,2,3 Potential long-term impacts

101. It is pertinent to separate between long-term local effects and long-term
regional or global effects.

102. Local extensive development close to oceanic islands may well have lomg-term
impacts on habitats, fisheriea and other uses of the area, It has been
demonstrated that redistribution of fish occur (Seki, 1983), and that fisheries can
locally be disturbed by offshore plant developments. Habitats sensitive to
envirenmental changes may also be disturbed or destroyed, This may integrate to a
long—term effect in cases of habitats limited in their extent to regions of
potential OTEC developments,
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Indian Ocean and Pacific Ocean in regions where OTEC could potentially be
developed. Considersble reqional studies have been carried out in some such areas
or areas immediately adjacent to potential OTEC regions, and insight on OTEC
effects may be obtained by uzing results from such redional studies, e.a. of the
Peru and African upwelling areas, the California current system, 2nd the Somali
current system. These studies have, amona other thinogs, shown that large-scale
natural variability on medium- to lona-term time scales has a large influence on
the biological production of the system. Fluctuatlons are often related to
atmoepheric circulation variations over large scales, and feedbacks can occur,
Such aspects may have to be taken into account in assesging lona~term impacts of
OTEC developmenta.,

93, Unfortunately, the relatively oliaotrophic areas of potential extensive OTEC
developments have usually not been studied either on a regienal or on a local basis
80 aa to aijve information on medium- to long-term varjability. Changes in adjacent
reqgione may then have to be uzed for compariecn with potential OTEC-induced
changes., For instance, lona=term records from the Bermuda Papulirus station (32°MH)
show hear-surface temperature fluctuations of 1.5-2"C over time scales of 5 years
an¢ averaqe changes of 0.5-0.8°C over time scales of 15-20 years,

%4. Sedimentary records suggest that the surface temperature changes over
geclogical times of 18,000 years in the area In question of the Atlantic have been
limited to a few degrees., On the other hand, variability of sea surface
temperature (S5T) in the equatorial belt has considerable influence on climatic
conditione in other regqione. Thus, the zone of potential extensive OTEC
development can be an area where non-natural changes of SS5T may have conslderahble
global impacts. It is likely that such 55T chanqes would have to be in the ranae
of about 0.5 to 1°C over an area of several hundred square kilometres to have such
noticeable impacts, Matural S5T anomalies in the equatorial zone tend to be large
in relation to other zones, and they alsc have a greater potential for infleencing
the atmospheric temperature, Inter-annual variatione of S5T in the Pacific
equatorial zone can be 5-6"C in the east and 2-3°C in the west.

4,2.2 Peotential preoblems

95, The potential impact of OTEC is related to the redistribution of ocean water
and ocean living resources and to the release of chemical contaminants used in the
plants. Specifically, the long-term impacts may be relsted to the lona-term change
of thermal structure and temperature distribution in the water; a general change of
nutrient distributlons; destructien of habitate for ccastal plants, some of which
may have very limited extent globallys and alteration of the fisheries, which may
arise from redistribution of fieh through attraction, or from chanaes of biomass
and community specieg compoegition. Furthermore, the net exchange of CCQ; between
ocaan and atmosphere may be affected (see para. 97). These non-natural lonag-term
chanaes must, however, be related to the natural lomg~term variations which occur
in order to asmess the potential impact.

96. Cumulative effects of 146 OTEC plants of 400 MwWe capacity in the eastern Gulf
of Mexico have been estimated and sucggest that the water flow would be about

0.5 per cent of the Gulf Stream flow. ©Of particular importance is, however, that
this flow is across iscopycnals (vertical} and in that context one may note that the
flow represente about 5 per cent of the deep water overflow across the Greenland-
Iceland-Faero ridges, which is a major component in the vertical Horth Atlantic
heat flux, The estimates further indicate a decrease of 58T in the region of about

0.1 to 0.15°C.
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2, OCEAN THERMAL ENERGY CONVERSICN (OTEC)

2,1 State of development

26, Ocean thermal enerqy conversion (OTEC} is a technology which is on the
threshold of commercial application, Because the best thermal resource is found
in tropical cceans, developing countries are expected to be its principal users
{United Nations, 19B1).

27. Of all solar~based enerqy sSystems, OTEC ig particularly attractive because it
supplies continuous, baseload power day ot night, rain or shine, summer or winter.
The source of the power derives from the temperature differences between the warmer
ocean surface waters which both collect and store vast quantitiee of solar energy,
and the colder waters at depths of about 1,000 m which are produced over long time
periods and continususly replenished.

28, Although considerable interest has been generated {n the potential of CTEC,
several misconceptions exlet regarding ite availability, cost and efficacy.

OTE? plants do not Involve high technology systems as do nuclear plants, glving
developing countries an oppertunity to participate in the construction phase as
well as in operation and maintenance. Furthermore, OTEC technoloqy for land-based
or shelf-mounted plants up to 50 MWe iz essentially available today.

29, At this writing, OTEC activities are under way in a number of locations and by
a number of dAifferent entitien:

United States: After supporting the conceptual design of two pilot plants in
Rawaii, the U, S. Department of Enerqgy {DOE) is supporting the preliminary
design of one 40 MWe pilot plant at Kahe Point, Cahu, Hawaii. Also, a private
concern has contracted with the Goverrment of the United States Territory of
Guam to build a commercial 48 MWe land-based OTEC facillty.

France: The French Government National Centre for the Explcoitation of

the Cceans (CNEXO) is undertaking design studies and site work preparatory

to building a land-based 5 MWe prototype open cyele plant in Tahitl

in 1986-1988. The plant will have multi-purpose applications for aguaculture,
refrigeration, and freshwater production in addition to electricity.

Japan: FPrivate Japanese compahies have dezigned, built and operated a
land-baged 100 KwWe {0.l MWe} pilot plant for the Government of Hauru in the
Pacific Ocean. Current plans call for proceeding to a 2.5 MWe plant at the
same slte to be operational by 1986. The Japanese Governrment is also
sponaoring OTED research and development activities.

Sweden: A number of private companies have agreed to form the Swedish OTEC
Group for the purpose of building OTEC plantes principally in developing
countries. Initlal activities are taking place in the Caribbean Sea

[e.g,, & 10 MWe plant is presently being degigned for Jamalca).

The MNetherlands: The activities of several private Dutch companies have
focused upon Curacao in the Hetherlands Antilles with the objective of
building a 10 MWe land-b P
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2.2 Principal impacts

30, The potential environmental impacts of the construction and operation of OTEC
plants {table 2} will be dependent uponh the type of plant {open, closed or hybrid}
and the enviromnmental setting (i.e., 2 coastally-situated fixed plant or an
open-ccean plantship that exploits a thermal resource in some optimum manner}
[(Mational Oceanic and Atmospheric Administration, 19813 Sullivan et al., 19813.
Thege potential Impacts are classified as such because there is no operating
experience with & commercial OTHC plant. However, many of these concerns have not
been chiserved with conventicnal or nuclear power plant operations; for those that
have been cbserved, it has been only within very localized areas with only limited
larger Bcale effects on marine populations.

31. The large amounts of water needed for OTEC operations is the hasis of many of
the associated epvironmental concerns, Due to their low thermedynamic
efficiencies, the range of flow rates needed for both the warm and cold water side
of an OTEC operation is 3,5-5,0 m” 5™~ MWe ~, for a total flow of

7-10 m3s~1 mwe" {Myers and Dltmare, 1983). For comparison, the flow of

coolin w&ter rEquired for a typical commercial nuclear power plant is about

0.05 m 5 One translatien of this is that a 5 MWe plant would need

to pump and discharace the same amount of water as a nuclear power plant of about
1,000 MiWe capaclty.

32. As noted earlier, the OTHC process relies upon the extraction of heat from the
surface waters of the ocean and the convetsion of part of that heat to electricity
or some other form of useful work. Part of the extracted heat is alsc transferred
to the cold water in the condensing phase. The modified cold water and the “used”
warm waters are then discharged to ambient waters where they will seek a2 level of
neutral buoyancy {see next paras.). In principle this is guite different from the
operations of conventional and nuclear, coastally-located, power stations where
waste heat is added to the ocean through the discharge of cooling waters. In fact,
although water temperature may he modified over the water column with an OTEC
operation, they never exceed the range of temparatures naturally occurring in the
environment (Myers and Djitmars, 198%).

33. The physical behaviour of the “used" OTEC water upon discharqe to the
environment will depend on the density differences between the discharaed water and
the surrounding embient receiving waters, and upon the hydravlic characteristics of
the discharqe (Adams et al., 1978; Coxe et al., 198)3 Jirka et al., 1977, 1979,
19813 Paddock and Ditmars, 1981, 1983; Piacsek et al., 1976}. Two basic designs
for the discharge of OTRC effluents have been considered; mixed and separate, both
being to locations in the mixed layer or uvpper thermocline, If the diecharge is of
greater density (i.e,, mixed or separate-ccld) than the ambient receiving waters,
it will sink (fig. 3), entraining surrcunding ambjient waters untll a level of
neutral buovancy is achiaved, However, if the density of the discharge is less
than that of the ambient recelving water {e.q., a separate warm water discharqe
made below the pyonocline}, the density would be less than the receiving waters
ard the discharce would rise, again entralning ambient water along the diacharge
plume trajectory until 2 level of neutral buoyancy was achleved (Paddock and
Ditmars, 1983).
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4. LONG-TERM EWVIROMMENTAL IMPACTS TO BE FXPECTED FROM EXTEMSIVE OCEAN ENERGY
EXPLOITATION AT A GLOBAL SCALE

4.1 Introducticn

BY9. It is obvious that consideration must be given te long-term impacts of
extensive ocean energy exploitation. It may well be that these considerations will
suagest serjious limitations on extensive, larqe-scale developments, Considerations
aof long-term as well as larqe-scale, environmental impacts from extensive ocean
energy exploitation may presumably be based on local case studles and estimates of
impacts from single plant developments in various areas combined with knowledge of
present condltions in the marine enviromment in the reagions fn question. These
estimates should be considered along with regiomal developments and integrated
globally. It is clear, however, that any such estimates of Iimpacts will be very
uncertain due to our present very limited experience from single plant developments
as well as to our limited knowledge of the conditione in the marine enviromment and
their lono-term natural variability, although this knowledge 18 appreciable in some
regions. The envirommental requirements for pregently considered ocean enerqy
exploitation technigues limit the realone which will have to be considered.

Drastic environmental changes in these reglons may however have an influence on
conditions also in other parts of the qlobe, a possibility which will be necessary
to bear in mind.

90, The aim of this discussion is therefore to indicate:

{1}  regions where long-term problems may occurj

{2) potential long-term impacts; and

{3) pricorities in assessment studies of potential long-term impacts.
Extensive OTPRC developments will be considered first.
4.2 OTEC

4,2.1 PReqlons for potential development

91. Due to the thermal resource regquirements of a year-round temperature
difference of about 20°C or more, regions of the oceans under conamideration are
limited to the tropical and subtropical parte, roughly in the belt between 30°N
and 5. The Gulf of Mexico and some troplical oceanic islande are alternative
potential sites, The development may occcur in the open ocean or on narrow shelf
areas of oceanic iglands, It is clear that consideratione of local impacts will be
different, and such a separate consideration may also be relevant for Bome of the
potential long-term realonal and qlebal impacts.

92, Mosgt of the relevant oceanic areas are not very productive due to slow
vertical mixing rates because of the stable thermal stratification, The equatorial
zone is, however, characterized by a hicher production due to the eguatorial
upwelling, Generally, the coastal zones are more productlve than the open ocean
ones, Areas of seasonal coastal vpwellina occur within the 30°N to 30°S
latitedinal belt but in thess areas the tepperature difference 15 lower due to
upwellina, It is not likely that OTHE® developments would occur in these coastal
upwelling areas. Figh production is found in some areag of the Caribbean, West
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3,3.3 siting coppideraticns and planning requiremente

88. Given the slting criteria discusmed under paragraph l4, conhly some 40 gites in
the world could prove favourable for tidal energy development, with most of these
located in industrialized countries (United Mations, 1981). Freliminary stuiles on
micro-tidal plants in areas of average tidal ranqe (5m) having powet outpute of a
few MWe show that the production costs would be very large., They Indicate that
such an operation cannot be justified except when electrieclty from other acurces is
virtually unavailable or when it ie part of a larger proaramme of coastal
protection and multiple use of the facllity.
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34, If the water column is simply stratified (e.g., homogenecus in dengity above
and below the pycnocline), for both a sinking and a rising effluent the level of
neutral buoyancy will cccur near the pycnocline. However, normal density
distributions are more complex, particularly below the pycnocline so calculaticna
using established techniques (Paddock and Ditmars, 1983) would have to be performed
te find both the level of neutral buoyancy and to assess the dilution due to the
plume entrainment in this near-field recion. Estimates indicate that this initial
dilution may be in the range of S:1 to li:1 for typical OTEC conditions. For the
case of a 10:1 dilution, this means that the plume would consist of one part (by
volume}) effluent and nine parts entrained water.

35. If the OTEC plant is land-based or located in relatively shallow water, the
cold water pipe will probably extend along the bottom offshore far enough to reach
cold water and the discharge may cccur relatively close to shore {(fig. 4}, In this
situation, the mixed or separate—cold discharged will form a negatively buoyant
plume that sinks to the bottom before it mixes sufficiently with ambient ccean
water to become neutrally buoyant or, alternatively, the discharge may be at or
near the bottom in the wvicinity of the plant {Paddock and Ditmars, 1983). In
either case, the sea-water effluent will flow along the bottom in & general
downelope direction under the influence of gravity and ambient currents. As in the
above case, a depth of neutral buoyancy will eventually be reached where the
effluent will leave the hottom and intrude into the water column, This genecal
situation will reguire caution to avoid deleterious effects on exposed substrates
and biota,

36, The need for high volumetric rates of water withdrawal and discharge raises a
number of environmental concerns. The principal ones relate tc the entrainment and
redistributicn of crganisms, the use and discharqe of hiocide to control
biofouling, and the redistribution of nutrients and cother trace constituents from
the cold, deeper waters. There are other concerns that could be significant under
certaln conditions (see table 2}. One key concern iz the potential impact of these
various factors on fisheries which may occur through the depletion or redistribution
of fish eqqs and/or planktonic food scurces, effects on recruitment, attraction to
structures, increase fishina pressure, etc. Some of these effects may be positive
and some negative; an accurate assessment of the true overall impact may have to
await a commercial OTH: plant.

2,2,1 Epntrajnment and impingemeht

37. The intake of warm and cold water by an OTEC plant will result in the direct
entrainment and impingement of marine orgnhisms inhabiting that portion of the water
column from which the waters are drawn, and those organisms that pass through these
zones during vertical migration. Although there iz very little vertical migration
from 1,000 m, it is extensive from 700 m, This could be an important factor in
declding the depth of the deep jntake.

38. since marine organisms concentrate in the upper part of the water column, the
location of the warm water intake will be of particular concern. Organisms drawn
into the intake will either be entrained and pumped through the plant or impinged
on screens placed to prevent the clegging of heat exchangers, Based on the
operation of conventional and nuclear power plants, impinqed orcanicms are usually
killed either through impingement itself or through the =creen cleaning process.
Although some concepts have been tried to divert juvenile and adult fish from the
screens before impingement, these have had only limited success.
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Fiqure 3,

eutrophication would be noticed. The worst form, red tides, and other forms of
mass pcqurrence of toxic algae or algae releasing toxic substances could occur.
Large macro—alqae farms ih coastal waters will also result in an increased
attenuation of light within the water column, affecting both the intensity and
apectral compompition of available light. Such changes are likely to influence
marine organiems in a number of ways {Ritschard et al., 1981} e.9.: (1} a decrease
in the compensation depth, (2} a decrease in primary producticn, and (3) altered
Fhototactic responses of vertically migrating organiems. additionally, einking
organic particles from & biomass farm could impose enough of an oxygen demand to
the bottom waters to reduce oxygen levels toc an unacceptable level. This would
result in atypical bicotic communities and possibly impact commercial and aport
fleheries in the reqlon.

70. The development of large macro-algae farms in coastal waters would displace
portions of the natural ecosystems, replacing them with other specles. For
instance, for the cultivation of Macrosystis pyrifera in Southern California
waters, some of the gpecies displaced include deep sea fin fish, plankton, certain
relagic birds, and possibly benthic organisms, Speciee introduced include kelp,
nearshore fish species, and species living on a substrate such as =ea urchins,
abalone, starfieh, limpets, etc. (Ritschard et al. 1%8l).

71, Pest control for e.q. organized kelp cultures may require a new set of
pesticides, the possible side effects of which can only be speculated about., A
principal problem with pesticides, as well as with nutrients, is that of
contalnment.

72, A production of marine macro-algae on land would make containment of both
nutrients and pesticides (if required) much easier, thereby reducing environmental
impact. A problem that remains unsclved, should marine biomass play any important
role as an epergy source, is, however, the large areas required for preduction and
thug the competition for land below or above sea level,

1,1.3 5iting considerations and planning requirements

73, Produwtion sites for marine macro-algae should be shallow areas with good
exchange of water but protected from devastating storms. Freguently, harvesting ie
the major preblem for production and, although large enough bottom areas with
sultable topoyraphy are a presently limiting factor, they could ke built.

74. Conflicting Interests with other uses can be expected am culture areas would
be disturbed by Industrial and municipal discharqes and would interfere with, for
instance, boating and water-skiimg, The lack of promising economic outlook for
biomaes productich in coastal areas for energy productioh makes these
cansiderations appear less urqent.

75, The conversion of biomass to an enerqy product will result in some residual
materisls which will have to be disposed or utilized. For instance, in the
anaerchic convergion of kelp to methane gas, factors to be consldered in the
installation and operation of the dicesters are land utjlization, use of carbon
dioxide and hydrogen sulfide removed during gas cleaninq, and safety aspects
related to handling a potentially explosive gas ([Ritaschard et al., 1981)., The fate
of the digester effluent will also have to be considered. Four posgible options
for thiz material are: post-treatment and disposal, animal feed, fertilizer, and
ocean farm disposal (Ritachard et al., 1981).
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3. (THER. OCEAN ENERGIES

3,1 Marine biomags

3.1.1 State of development

64, BSystems using marine blomass for energy production are not yet developed on a
commercial scale. BHowever, the theoretical possibilities are enormous hecause
Primary production in the marine environment constitutesz a major part of qlobal
primary production. With present technology, open ocean harvegting of planktonic
algae is not feasible and the resource of interest is restricted to macro—-alaae,
e.q. kelp.

65, The present harvest of macro-algae in coastal waters i{g large and qrowing but
the uses are for animal feed, fertiiizer, emulsifiers, pharmaceuticals, etc. The
poselbility however existe, that a larger market for macro—algae can be met by
acaling up the production methods developed in the Philippines and elsewhere.
Presently the production is limited only by the market demand for several specles
of seaweeds. Avallable technigues for energy production from maripe biomass
include anaerobic digestion with formation of methane gas (Tompkins, 1982). Wwith
present prices, energy production cannot conmpete with other uses of marine
macro-algae and energy from marine biomazs cannot yet compete with enerqy from
other pources.

66, Better economic prospects may be realfzed through the gqrowing of algae on
land, using aprayed sea water with putrients while regulating temperature and
light, BAlso of interest is the development in better incineration techniques;
e,9,,; 2 Swedish company has developed a technique for recovering latept heat from
steam in fuel gages. The technique has been ceveloped for burning peat but allows
economlc uses of the energy content in orqganic matter with a high water content,
Such technigues show a promige of rendering marine blomase useable in energy
production. Another possibility that might be profitably investigated is the
development of continuous mass culture of phytoplankton for biomass.

3.1.2 Fnvironmental impact

67. A controlled production of marine macro-alaae with conventional methods, that
ig in coastal areas, requires that the following three major factors are controlled:

{#) Substrate for culture sstablighment and harvesting;
{b} Wutrjent content for optimal growth ratej; and
(e} Peet control directed at grazing animals and attached micro-alogae.

68, The artificial preparation of bottom or other substrates will lead to a
variety of consequences of a similar principle type ag the establishment of
agriculture on land has had on the natural flora and fauna.

6%, Fertllization of cultures of macro-alase will, with available techniques, lead
to a general eutrophication of the area if the nutrients are not totally wtilized

and containment not developed. This means that planktonic and attached micro-algae

could develop to a much higher degqree than normal and will compete with the
cultured organiems for light. Also in surrounding areas the general effects of
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39, The direct entrainment rate wiil depend primarlily on the intake flow rate and
the concentration of entrainable organisms iu the range of depths aver which the
intake draws. Thus, impactas will occur to entrainable epipelagic organisms such aa

ytoplankton, macrozooplankton and microzooplankton, Several factors may

nfluence the degree of impact, includipg daytime and night=-time abundance of these
organlame, the pogsible attractive effectns of the OTEC structures pacticularly to
the nekton and, at night, the effect of jllumination levels (National Oceanic and
Atmospheric Bdministration, }9B81). In the nearshore regiona, biological
Productivity tends to be much higher than in the open ocean, and meroplankton {eggs
and larvae of invertebrates and fish} conatitute a higher percentage of the
Zooplankton biomass., Depending on the aspecles and apawning patterns, meroplapkton
populations will vary from site to gite and between season.

40, 1Indirect, cr plume, entrainment will also be important in the asseesment of
total eptrainment effects. Depending on the dilution achieved, plume entrainment
may repult in many mofe organisms being exposed to the effluent plume and being
transported to the level of neutral buoyancy (Myers and Ditmars, 1983}, This
"downwelling® (for a sinking discharqe) of both water and organisme has not been
congidered in any detail in OTEC assessmenta to date.

41, studies at conventional power plants indicate that the effects of entrainment
are guite varlable, dependent upon such factors as the plant type, site, species
and meason {Lawler et al., 1979). There is also a2 low degree of reliability in the
full agsessment of entrainment effects due to the high cost and efforts asscclated
with the statistical requirements to lmpart some degree of confidence to such
egtimates, and the lack of knowledge concerning the longer=term survivability of
organisms that do man&ge to survive the immediate effect of plant entrainment,

This maies estimates of the eventual food chain effecta of entrainment even more
uncertain,

2.2.2 Biocides

42, The inherent low thermodynamic efficiencies associated with the OTEC process
necesgitate that the tranefer of heat in the evaporation and condensation cyclee be
very efficient. This will regquire that the heat exchangers be kept very clean of
any build-up of biological growth that would reduce heat tranafer, Moat likely
this will necessitate the intermittent application of biocides, coupled with
mechanical cleaning techniques. Fuorthermore, the biocide of cholice preaently
appears to be chlarine because of its effectiveneass and beimng able to generate it
ofi 6ite, ueing a small part of the power generated to power an electreolytic
chlerine generator,

43, The use of biocides to control fouling leads to residuals with potential for
continued biocidal effect (Venkataramiah et al., 1982). Chlorination of sea water
resulte in rapid interaction with chloride and bromide paturally present in esma
water, with subsequent formation of HOCl and 0C1™, and some HOBr and OBr~

{Burton and Richardson, 198l; Hartwilq and Valentine, 1982; Leac and Selleck, 1982},
The reactions depend on the form of chlorine usmed, and conditions in the treated
water. GSecondary, slower, reactions may result in a small production of
halogenated organic compounds. Chlorine chemistry in sea water is conaldered more
fully in the report of the GESAMP Workipg Group on Biclogical Effects of Thermal

0 acharoes
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details and the handling and treatment of ligquid and sclid by-product still need to
he addreesed [Dugger et al., 1%82),

2.4.3 Fresh water

60. Throucheut the world, population growth and increased industrial and
agricultural development 1B creating great demands upon water resources, The World
Health Organization projecta that the rate of increase in community water suppliea
will not keep pace with the demand of the agrowing populaticons. Freshwater supplies
are limited, both in qguantity and distibution, and many potential OTBEC sites have
freshwater needs. Fresh water can be produced by OTEC installatjons by two baale
methods:

{2) & closed-cycle approach used to produce electriclty to operate a
multi-stage flash evaporators

{b) Open-cycle approach in which fresh water ie a by-product in the primary
production of electricity.

A hybrid system has been suggested which extends the closed-cycle system by using
the warm ocean water input to produce steam which 1s condensed to produce fresh
water .

8l. & 2 MWe closed-cycle system was suogested by Westinghouse Corporation for the
island of S5t. Croix in the United States Virgin Islands., It would produce

5 million gallons per day of fresh water. Curtent estimates are that larae
quantities of fresh water can be produced by such plants with all or part of the
electricity generated at the facllity, In the United Statesa Virgin Islands, water
coats are very high and prospects for importation offer )little hope for less costly
alternatives. Corte of $US 5 per 1,000 gallons were estimated and are economically
attractive in many locations. The possibilities opened up by a generous water
supply at reasonable cost would be conzldered when evaluatina OTEC viabllity,

62, The production of fresh water by desalination usina the electricity developed
in a closed-cycle OTEC plant will result in residual salts whose dispoesal might
pose some problems. For instance, the production of 5 million gallons of fresh
water per day would produce about 700 tons of salt, or the equivalent in hrine each
day. The disposal of such quantities could present environmental problems,
especially for benthic communities if subject to highly saline plumes. HRowever,
for an open-cycle plant, approximately ome per cent of the sea water is flash
evaporated and paesed across a 9as turbine (Hagen, 1975; Lewandowski et al,, 1980),
after which it can be used as fresh water. The resldual sea water in the
open-cycle plant would thue be only about che per cent enriched in salts and, for
meet sitwvatione, should not pose environmental concern,

2.4.4 Other uges

63, Other possikble applications include use of OTEC for refrigeration, alr
conditioning and fish storage, In addition, cold water increases the effectiveness
of desalination plante which might have a critical input In plant economies where
fresh water 1s nesded. The cold water could also be umeful for application to
conventional power plants for a "bottoming cycle", using the OTEC concept to
incresase the efficiency of the plant by extracting more of the available enerqy
from the thermal effluent.
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54, A major constraint to all land-based mariculture activitiez is the requirement
for space., The culture of phytoplankton and macroalgae requires sunlight. Hence,
there is a limitation in the depth of the culture ponds to be used, requiring more
area. Even though bivalves can be reared in a multilayer tray culture system,
congiderable land space will be required for large production. Crustacean and
finfish culture woul@ alsc require sizeable land area. Hence, large-scale
mariculture activities will require considerable land area in addition to the
actual site of the OTEC plant, However, development of phytoplankton culturing for
biomass producticn, or the use of technoloyies such as rope culture of mussels as
practised in the Spanish Rias may offer methods whereby mariculture could ocour at
sea.

2.4,2 Industry

55. OTHEC development will have certain industrial applications, including the
production ef ammonia (NH3), aluminum refining, and alternative fuel production
(Francis and bugger, 1%80; Dugger et al,, 1982),

56. wWorld demand for fertilizer has significantly increased in the past decade and
a survey of candidate OTEC nations shows & net deficit for nitrogen fertilizer of
over 2 million metric tons in 1979, Furthermore, although the primary present use
of ammonia ie for fertilizer production (75 per cent in the United States}, ammonia
could also be used as energy source or an efficient carrier of hydrogen for
alternative fuel {Francis and Dugger, 1980).

57. Ammonia produced by an OTEC process has been ptojected to be fully competitive
with ammonia produced from natural gas in new plants on share by about 1990
(Francis and Duager, 19803 Dugger et al,, 1982). Ammonia is precently made from
natural gas, a highly valued and limited resource. It could be made by an OTEC
pPlant, corbining hydrogen gas (derived from sea water by electrolysis) and nitrogen
(separated from air by a partial liquifaction process). It is considered that
emqineering development and scale~up of the preferred electrolysis systems are
needed, if the OTEC anergy was available.

58. The Alcoa process for producina aluminum metal by electrolysis of aluminum
chloride has been examined as a potential wpplication of OTEC (Jones et al., 1981).
It has been concluded that 1t would be profitable at tropical islands as the
availability of hydroelectric power for new aluminum plants is exhausted. The
Applied Physice Laboratory of Johns Hopking University bellsves this situation has
already been reached in the United States (Dugger et al., 1982). Using the Bayer
pProcess to obtain aluminum from its naturally-occurring ore, bauxite, would make
such application of OTEC particularly attractive for those nations with bauxite ore
deposits,

59. OTEC electricity produced on an open ocean plantship can also be used to
Produce alternative fuels such as methanol, hydrogen and ammonia that can he
delivered to United States ports (Dugger et al., 1%82). Methanol could be produced
by: {1} oxidizing carbon {e.q., coal char delivered to the plantship) to carbon
monoxide {CO), and (2) reacting €O with Hy (from electrolysis of water) to form

the methanol {CH30H). Hydrogen could be derived from ammonia through processing
on shore or directly from the electrolysis of water. hAdditionally, either ammonia
or methanol could be used onshore in molten carbonate fuel cells to produce
electrieity. All of these applications of OTHC have heen congidered to be
economically feasible and competitive as OTEC is developed; however, additional

-2 2=

44, The toxicity of chlorine compounds to marine organismg varies. At the level
of expected dosage at OTEC plants (not more *than 0.5 mg 17*), residual
concentrations will be low in the larqe volume of dimcharge water and the warm
temperature of the tropical receiving waters. Cumulative or reqional effects of
long-term use with possible accumulation of persistent residual compounds remain
speculative, If there is concern, compounds accumulated, their concentrations and
effects (including behavioural effects) in representative organismg should be

meas ured.

2,2.3 PRedistribution of nutrients and other constituents

45, The chemical characteristics of the deeper, cold ccean waters are of
particular interest when consideration is given to the OTEC-induced redistribution
of water masses. Since most tropical and subtropical gurface ocean watere are
oligotrephic and have deep photic zones, there ig the potential for increased
productivity when nutrient-rich deep waters (Quinby-Hunt, 1979} are transported to
the upper part of the water column, The potential would, however, depend on the
"near-field" fate of the discharged effluent (i.e., level of heutral buoyancy and
dilution achieved versus the photic zone depth), the posaible adverse effects of
biocide addition, and the nutrient needs of the local producers., Furthermore,
other npatural trace constituents present in deep water may be ejther toxic

{e.q., copper) or enhancing {e.9., manhganese, iron), having implicatione for the
biological reaction of the system to the redistribution of constituents (Sunda and
Guillard, 19763 Jackson and Morgan, 1978). It may be possible by varying the
enclheering of the cutfalls either to magnify of supress potential increases in
productivity, It is not intuitively clear ag to whether or not this increase in
productivity is likely to be beneficial. 1In areas where upwelling occure
naturally, the complex structure of the current patterns results in the upwelled
water being seeded with both phytoplankton and grazing zooplankton. The ensuing
bleom of phytoplankton is often dominated by diatoms; however, in regions such as
the California Current, dinoflagellate bloome may occur, some of which are toxle.
In the regionz which are most suitable for OTEC development, the surface
phytoplankton which will be entrained into the outfall will be dominated by
hanoplankton ard dinoflagellates, hence the bloom of phytoplankton may be dominated
by undesirable species. However, without further modellina and experimental
investigation, it ia not possible to make any recommendations.

46. Note should also be made of the possible lowering of oxygen levels below the
pycniocline that will result from a marked increase in surface production, Although
this may be insignificant in most regions muitable for OTEC development, there may
be situations where it is a saricus WOLIY.

2.2.4 QOther environmental impacts

47, The above environmental concerns are considered potentially significant by the
Working Group because of the lack of both information and predictability, There
are, however, other environmental concerns that could pose significant risk to
marine organisms under the wrong conditions, such as the; release of corrosion
Products from heat exchanners and piping; release of working fluids; alteration of
sediment transport patterns; and alteration of the heat balance within a reagion
leading to possible ocean temperature perturbaticne. &ite-specific conslderaticn

must be oiven the implications of these concsrns,

«]18-



2.3 Siting considerations and planning requirements

48, The siting of an OTEC plant will be the most important deterninant of the
potential for ehvironmental impact. For instance, areas of low bioclogical
productivity or commercial importance are less likely to experience aignificant
impact from OTEC conatruction and operation than areas of high productivity and
Bicloaical importance., The potential impact on areas of speclal ecological
importance such as coral reefs, seagrass beds, reproductive areas, critical
habitate and fishery resource areas, will have to be considered. Amenity and
congervational considerations muat also he examined. Additionally closde accesg Lo
deep, well circulated waters will aid in the advection and dispersion of OTHC

affluents, and will minimize engineering and cost factors (e.g., length and cost of
cold water and discharge pipes).

49, The planning proceas for an OTEC operation should ensure that surveys are
undertaken to tdentify possible eites having the needed thermal rescurce and other
physical characterlistics to allow construction. In addition, preliminary
snvironmental surveys should be conducted at the potential sites to identify areas
of special blological aignificance, e,9. fishinmg grounds, migration routes, and
critical habfitats, The results of these surveys should lead to the cheolce of

one site {or at moat a few alternate sites) which could then be aubjected to more
detalled baseline studies, These studies should be etarted well in advance of the
projected date of conBtruction so that the findings can be taken into account in
the detailed deslqgn work. among the factors that ahould be consBidered are the
followingt

{a) The quantities, composition and potential for biocaccumulation or
pereletence of poaaible pollutants that may be discharged;

(b} The potential transport and transformation of such pollutants by
biologjical, physical or chemical proceasesj

(¢} The composition and fragility of the blological commnities which may be
exposed to such pollutanta, or entrained either directly or by plume entrainment;

{d} The importance of the receiving or intake water area to the surrounding

biclogical community, lncluding the presence of spawnlna sites, nursery/forage
areas, migratory pathways or areas neceasary for other functicna or eritical stages

in the life cycle of the organismg

{e} The potential impacts on human health through direct and indirect
pathwayst

(£} Existing or potential recreational and fishing activities;

{g} Such other factors relating to the effects of the OTEC structure, ite
conetruction and operation, ag may be appropriates

th} Local cccurrence of marine reserves of communities of significance to
conservation {e,q., threatened specles or thcese havima very restricted gecaraphical
djiatributions}.
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50. This will necessitate studies that include various aspects of physical,
geological, chemical and biological oceanography. These studies should be done in
both a cost-effective and timely manner, proceeding from general baseline studies
to the more complex and detailed studies. Some of the parameters that should be
considered are as follows:

Physical Oceanography: Spatial and temporal distribution of salinity,
temperature, density and currents; general surface and subsurface circulation
pattarns; waves and tides, and sediment transport patterns.

Geological Ocveanography: Bottom topoqraphy and characteristics,

Chemical Oceanography: Nutrients and microconstituents (e.q. copper,
manganese, iron), carbon dicoxide, total organic carboen, pH, redox potential,
alkalinity and dissolved oxygen.

Biologieal Oceanography: The spatial and temporal distribution of the
dominant phytoplankton and zooplankton speciesy the distribution and breeding
bioloay of the benthic and nektonic specles, particularly those of commercial
importance and those of sclentlfic or conservation importance.

In copducting these surveys, it will be important to define the spatial and
temporal varlability of the important parameters that can be so characterized,
particularly in the regions of the proposed intakes and discharqes,

2.4 Multiple-use impacts of OTEC

51. while power from an OTHC plant can be used directly for supply to a "grid*
which transmits power to users, 1t can also be applied to special uses such asg:
mariculture; industrial applications such as ammonla production, bauxite
processing, and alternative fuel generationy and freshwater production. &lse,
while the environmental implications of these uses would have to be examined on a
site-specific basis, the beneflcial effects of these alternative uses may cutwelgh
adverse effecta.

2.4.1 Mariculture

52, One of the promising side benefits of OTHC plants ls the potential for the
culture of marine organiems using the nutrient-riech cold waters brought to or hear
the gurface, The technical feasibllity of artificial vpwelling mariculture has
been demonstrated In the United States Virgin Islands (Laurence and Roels, 19763
Roels, 19B0), and other areas, The Virgin Islands project was a small-scale pilot
plant where nutrient-rich deep water was utilized to produce phytoplankton in
culture tanks. An annual production of Bll ge-protein m™“ was realized in small
shallow pools (Roels, 1980). The algal mass produced was used as food for
filter—feeding shellfish, principally clams, oysters and acallope, The results of
these experimente were promising, although scaled-up production needs to be
demonatrated before definite conclusions can be drawn about economic feasibllity.

53. Beeldes phytoplankton and bivalve rearing, diversification to the culture of
other marine organisms has been injtiated, Work done in California ané elgewhere
has shown the culture of macrc-algae yielding useful phycocolloids is promising.
Crustacean and finflsh rearina needs to be explored as these are the more desirable
table items in mariculture.
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