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ABSTRACT 

The commercial development of wean thermal energy conversion (OTEC) 
operations will involve some environmental perturbations for which there is no 
precedent experience. The pumping of very large volumes of warm surface water 
and cold deep water and its subsequent discharge will result in the impingement, 
entrainment, and redistribution of biota. Additional s t r e s s  to biota will be caused 
by biocide usage and temperature depressions. However, the artificial upwelling 
of nutrients associated with the pumping of cold deep water, and the artificial 
reef created by M OTEC plant may have positive effects on the local environment. 

Although more detailed information is needed to assem the net effect of an 
WEC operation on fisheries, certain assumptions and calculations are made sup 
porting the conclusion that the potential risk to fuiheries is not significant enough 
to deter the early development of OTEC. It will be necessary to monitor a com- 
mercial-sale plant in order to remove many of the remaining uncertainties. 

INTRODUCTION 

Under the Ocean Thermal Energy Conversion (OTEC) Act of 1980, 
the National Oceanic and Atmospheric Administration (NOAA) was 
given responsibility for licensing U.S. commercial OTEC opera- 
tions and determining the potential environmental effects associated 
with this development and operation. NOAA (1982), in an environ- 
mental research plan required by the Act, identified two high-priority 
research areas that could be addressed with the available resources: 

1. Determining the region of influence of an OTEC operation 
on mixing and redistribution of water masses, and 

2. predicting the potential effects on fisheries. 
Research in the first area has resulted in development of a model 
to predict the spatial scale and degree of perturbation to Ocean waters 
(Wang 1984). This development responds to a direct licensing re- 
quirement of the Act and, in addition, has resulted in information 
useful in the determination of biological effects. 

The second area, prediction of potential fishery effects, was con- 
sidered a high priority because of the commercial and recreational 
value of fisheries and because of NOAA’s responsibilities for 
fisheries through the National Marine Fisheries Service (NMFS). 
In fact, in its environmental research plan for OTEC, NOAA (1982) 
noted that the “Achilles heel,” if any, to OTEC siting and opera- 
tion could well be the effect on fisheries or other biologically im- 
portant resources such as corals. 

The concern over fisheries is primarily related to the entrainmcnt 
and impingement that would result with the pumping of large 
volumes of seawater through an OTEC plant, the secondary en- 
trainment caused by the discharge of OTEC waters. the use of  
biocides, and the redistribution of ocean properties (e.g., nutrients. 
trace metals, heat). The very presence of an OTEC structure might 
add to these factors due to the attraction or avoidance of fish and 
other biota to OTEC structures. There are other potential problems 
(NOAA 1981a), e.g. ,  the leakage or spilling of working fluids to 
the environment, that are not discussed in any detail in this report. 
The report has focused on those problems associated with the nor- 
mal everyday operating conditions of an OTEC plant. 

NOAA believed that there was much information available that 
would be useful in making preliminary estimates of OTEC effects 
on fisheries. This includes information on  the oceanographic 
characteristics of marine waters near potential OTEC sites, on the 
fates and effects of substances such as biocides, trace metals. and 
nutrients, and on other problem areas such as entrainincnt and im- 
pingement. Some of this available information is rather general. 
some site-specific, and some related to experiences from the opera- 
tion of conventional and nuclear power plants. 

A synthesis of pertinent information to assess the potential ef- 
fects on fisheries was initiated in FY 1982 and culminated in this 
report. The effort focuses on the Caribbean and the North Pacific, 
since these are regions where U . S .  OTEC interests have the greatest 
potential for development. It also emphasizes the nearshorc applica- 
tion of OTEC more than the open-ocean case. The rationale for 
this emphasis is that at the present time there appears to bc more 
interest in the nearshore application of OTEC, and there is detinitcly 
more reason for concern over the coastal areas as compared to the 
open ocean, at least during the early development of OTEC. 



BACKGROUND 

The OTEC Principle 

Ocean thermal energy conversion (OTEC) is a renewable energy 
technology which produces power using a heat engine driven by 
the temperature difference between warm surface ocean waters and 
cold deep ocean waters (Gritton et al. 1980). The heat engine can 
take the form of a closed-cycle process (Fig. 1) which employs a 
working fluid (e.g., ammonia or FreonT") which is evaporated by 
warm seawater. The expanding gas drives a gas turbine, is then 
recondensed by cold seawater, and the process is repeated. The 
open-cycle process is quite similar to the closed-cycle process, with 
the exception that the warm seawater, acting as the working fluid, 
is flash-evaporated and the resulting vapor passed through a tur- 
bine. A big advantage of the open-cycle process is that the conden- 
sate can be used as a freshwater source. 

There are several possible locations and construction strategies 
proposed for OTEC plants. The plants could be land-based, be 
mounted or moored on the continental shelf, or be open-ocean plant- 
ships (NOAA 1981a). A land-based plant would be constructed 
onshore with the needed warm-water, cold-water, and discharge 
pipes extending offshore to reach the desired intake and discharge 
conditions. A plant mounted on the continental shelf might be similar 
to an offshore oil rig. A moored plant would be a floating plant 
that is moored (anchored) to the seafloor. All of the above designs 
could be used to supply baseload electricity to existing electrical 
grids. A plantship, on the other hand, would be a ship equipped 
with an OTEC plant and could utilize suitable thermal resources 
wherever they existed. The power produced by a plantship could 
be used to produce energy-intensive products such as hydrogen, 
ammonia, and methanol (Francis and Dugger 1980; NOAA 1981a; 
Dugger et al. 1982; Avery et al. 1985). 

WARM WATER INTAKE 

Depth 20 m 
Flow Rate: 4 m3is per MWe Electric Power 
Flow Velocities. outpu t  

Low Pressure 

M I X E D  DISCHARGE COLD WATER INTAI/,E 
Depth ' 3 0  m Depth 750-1000 m 
Flow Rate 8 mjis  per MWe 
Flow Velocity 1 5-2 5 mis Flow Veioclty 1 5-2 5 mis 
Water Temperature 15°C Water Temperature 5 C 

Flow Rate 4 m3ls per MWe 

Figure I.-Schemalic diagram of a closed-cycle OTEC syslem. (adapted from US. Department of Energy 1979). (Nofe: Newer designs can achieve 
somewhat higher temperalure changes across the heal exchangers with slightly less flows; Avery 1984). 
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Application 

A temperature difference of approximately 20°C is needed to make 
the OTEC process sufficiently efficient to be cost-effective (Myers 
and Ditmars 1985). Such temperature differences exist between the 
ocean surface and depths of about loo0 m in most coastal and open- 
ocean areas within about +20° of the Equator, and in some areas 
outside of this band (United Nations 1981). These areas include 
approximately 70 developing nations with an adequate thermal 
resource (Table I). Although temperature differences represent only 
one of the various forms of renewable Ocean energies (e.g., biomass, 
waves, tides, currents, salinity gradients), it has been concluded 
that this form of ocean energy potential offers much promise by 
the year 2000 (United Nations 1981). 

Countries that presently have an interest in developing OTEC 
technology include the United States, France, Japan, Sweden, and 
the Netherlands. The U.S. Department of Energy has supported 
design studies for a 40 megawatt-electric (MWe) pilot plant that 
would be located at Kahe Point, Oahu, Hawaii. During the con- 
ceptual design phase of this work, two closed-cycle designs were 
under development: An artificial island design by Ocean Thermal 
Corporation (OK) (1983) that would be located about 550 m off- 
shore, and a tower-mounted concept by General Electric (1983) 
to be located about 2200 m offshore. The OTC plant was chosen 
over that of General Electric for the second phase of the project- 
preliminary design. The OTC plant would utilize the thermal 
discharge from the Hawaiian Electric Company's (HECO) conven- 
tional power plant at Kahe Point to supplement the thermal resource 
of the ambient seawater. The intake of ambient warm water would 

be near the surface at the plant with the intake of cold water fur- 
ther offshore at a depth of about 700 m. Both warm and cold waters, 
once used, would be discharged as a mixture at a depth of about 
100 m. 

The French government has been performing preliminary studies 
related to a 5-MWe prototype open-cycle plant in Tahiti. Japanese 
companies have designed, built, and operated a land-based closed- 
cycle 100-kWe plant for the island of Nauru in the North Pacific. 
Although this demonstration plant has been shut down, there are 
plans for a 2.5-MWe plant at the same site. Sweden's interest has 
principally been in building plants or components of plants and sell- 
ing to developing countries. For instance, they have had discus- 
sions with Jamaica for a plant. Certain Dutch companies have similar 
interests. 

US. Legislation 

Two legislative acts were passed by Congress in 1980 to facilitate 
the commercial development of OTEC: The Ocean Thermal 
Energy Conversion Research, Development, and Demonstration 
Act; and the Ocean Thermal Energy Conversion Act of 1980. The 
purpose of the OTEC Research, Development, and Demonstration 
Act (P.L. 96-310) is to accelerate OTEC technology development; 
the designated lead agency is the U.S. Department of Energy. The 
purpose of the OTEC Act of 1980 (P.L. 96-320) was to create a 
legal regime that would facilitate the commercialization of OTEC 
in a manner compatible with the protection of the marine environ- 
ment and other marine resources; the lead agency is the National 
Oceanic and Atmospheric Administration. 

Table 1. Some developing nations with adequate w e a n  thermal resnurces (after United Natinns 1981) 

Regionination - 

Africa 
Angola 
Benin 
Congo 
Gabon 
Ghana 
Guinea 
Guinea-Bissau 
Ivory Coast 
Kenya 
Liberia 
Madagascar 
Mozambique 
Nigeria 
Rio Mum 
Sao Tome and 

Principe 
Senegal 
Sierra Leone 
Somalia 
Togo 
United Republic 

of Cameroon 
United Republic 

of 'Tanzania 
Zaire 

Lat. . .- ~ 

6"S- l8"S 
6"N 
4"S-S'S 
2 ' N a - S  
SON-6"N 
9"N-I 1"N 

ll"N-13"N 
5"N 
2"s -5"s 
5"N-11"N 

10"s -250s 
20"s -250s 

4"N-6"N 
Z"N-3'N 
0"N-2"N 

13'N-I7"N 
7ON-9-N 

lO*N-Z"S 
6"N 
3 'N-4 "N 

5*S.IO"S 

5"s  -6's 

Long. __ __ 

I I"E -14"E 
3"E -4"E 

22"E -12"E 
9"E -22"E 
3"W-I"€ 

2 4 " ~ -  I5  "W 
IS"W-17"W 
3*W.8"W 

34'E -4 l"E 
8'W-23"W 

45"E -50"E 
35"E -40"E 
4.E -9"E 

10"E 
7"E -9"E 

16"W-11"W 
12"W-I4"W 
4 l " E  -50"E 

2"E -3"E 
9"E -IO"E 

35"E -40"E 

12"E 

AT ("C) 
0-loo0 ni _ _ ~ ~  

1 R-22 
22-24 
20-22 
20-22 
22-24 
20-22 
18-19 
22-24 
20-2 I 
22-24 
18-21 
18-21 
22-24 
20-22 
22 

18 
20-22 
18-20 
22-24 
22-24 

20-22 

20-22 

-~ 

Distance from 
resource to 
shore (km) 

65 
50 
so 
SO 
50 
80 
60 
30 
25 
65 
65 
25 
30 
30 

1-10 

so 
100 
25 
50 
65 

25 

50 

Regionhation 

Latin America 
Bahamas 2' 
Barhados I! 
Belize I t  
Brazil 
Colombia 
Costa Rica t 
Cuba 2( 
Dominica I 2  
Dominican Republic I 8  
Ecuador 
El Salvador I: 
French Guiana 4 
Grenada I: 
Guatemala 14 
Guyana 
Haiti I 6  
Honduras 14 
Jamaica It 
Lesser Antilles 1; 
Mexico 1; 
Nicaragua I I  
Panama f 
St. Lucia I I  
St Vincent and I I  

Suriname 4 

Trinidad and I I  
Tobago 

Venezuela t 
U.S. Virgin Islands It 

the Grenadines 

Lat. 
~~~ 

i"N 
I"N 
)"N-I l"N 
ION-32"s 
!"N-l2"N 
I"N-12"N 
I"N-23"N 
i"N-16"N 
ION-20"N 
!"N-4"S 
I"N-14"N 
ION-5"N 
ION 
ION-11"N 
i"N-8"N 
I N-20' N 
I"N-16"N 
I'N-19"N 
!"N-IB"N 
'"N-22"N 
I"N-14"N 
I"N-9"N 
I"N-14"N 
I"N-14"N 

ION-5"N 
1"N 

i"N-12"W 
i"N 

Long 
~~ 

l l"W-19"W 
58"W-60"W 

3S"W-S5"W 
630W-79"W 
83 "W-85 W 
lS"W-85"W 
61 "W-62"W 
68"W 12"W 
19"W-81"W 
87"W-9OoW 
SO"W-52"W 
hl0W-h2"W 
88"W-94"W 
58"W-rn"W 
72 W-15 "W 
83"W-88"W 
lb"W-78"W 
61"W-65"W 

1C4"W-l08"W 
84OW-86"W 
16"W-83"W 
61"W-b2"W 
61"W 62"W 

52"W-58'W 
hl "W 

W"W-73"W 
65 -w 

8 7 ~ 8 8 0 ~  

. ~~ 

AT ("C) 
0-loo0 m 
~~~~ 

20-22 
22 
22 
20-24 
20-22 
21-22 
22-24 
22 
2 1-24 
18-20 
22 
22-24 
21  
22 
22-24 
2 1-24 
22  
22 
22-24 
20-22 
22 
2 1-22 
22 
22 

22-24 
22-24 

22-24 
21-24 

Distance from 
resource to 
shore (hm) 

15 
1-10 

50 
75 
50 
50 

I 
1-10 

I 
50 
65 

I30 
1-10 

6.5 
I30 

I 
65 

1b10 
I 

32 
65 
50 

1-10 
1b10 

I30 
10 

50 
I 
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Under its responsibilities of the OTEC Act of 1980. NOAA has 
issued regulations for licensing commercial OTEC plants (NOAA 
1981b), an environmental impact statement on the licensing of com- 
mercial plants (NOAA 1981a), a technical guidance document on 
the environmental requirements of the regulations (NOAA 1981c), 
and a research plan for assessing environmental effects that may 
accompany the commercialization of OTEC (NOAA 1982). 

ESTIMATED OPERATING 
CONDITIONS FOR INITIAL 
U.S. OTEC DEPLOYMENTS 

This chapter presents preliminary estimates of site characteristics 
and operating conditions for early OTEC developments. Two areas 
are bo characterized because of the interest for OTEC in these areas: 
The western coast of Oahu, Hawaii, in the vicinity of Kahe Point 
(Fig. 2);  and the southeastern coast of Puerto Rieo in the vicinity 
of Punta Tuna (Fig. 3). Both nearionshore and open-ocean sites 
near Oahu and Puerto Rico are considered in the following descrip- 
tion which is primarily based on an evaluation of information 
presented by Bathen (1975, 1977. 1978). EG&G (1980), Miller 
(1977), Noda et al. (1980). Ocean Data Systems, -1nc. (1977a,b). 
and Wolff (1978). 

flow, and wind-driven (i.e., surface) currents. The tidal current 
has both a semidiurnal and a diurnal component. The flood-tide 
is basically parallel to the shore, flowing in the south-southeast direi- 
tion. The maximum semidiurnal component of the current is about 
20-30 cmis while the diurnal component is 10-20 cmis. The 
geostrophic flow is highly variable and can exceed 60 cmils in larger 
eddies, although near Kahe Point currents on the order of 15-25 
cmis are more typical. The magnitude of wind-driven currents (].e., 
surface) depends on the wind strength. but values of  9-10 cm/s are 
typical. Wind-driven currents tend to be shore-parallel near Kahe 
Point. 

The currents discussed above are highly variable in magnitude 
and direction. The mean flow near Kahe Point is difficult to deter- 
mine but is estimated to be on the order of or less than 10 cm/s. 
In shallower areas nearshore, this flow tends to be more shore- 
parallel. The net flow of the surface waters in the vicinity of Hawaii 
tends to be westward, being part of the North Pacific Equatorial 
Current. 

Ocean currents in the vicinity of southeastern Puerto Rico are 
generally westward flowing due to the South Atlantic Drift, which 
is driven by the North Atlantic Trades. The currents tend to follow 
the bathymetric contours (and thus tend to be shore-parallel) bur 
are highly variable. The mean current is typically 10-40 cmis in 
the deep offshore waters (< 1000 m deep) and slightly higher (60 
cmis) nearshore. 

General Site Characteristics 
General Plant Characteristics 

Temperature,  Salinity, and  Density Profiles-In the vicinity of 
Kahe Point, Oahu. Hawaii. the probable surface temperature varies 
from 24 1°C in late winter to 26.9"C in  midsummer. The likely 
range of surface temperatures is generally within 1.2"C of these 
probable values. At a depth of 700 m the probable temperature varies 
from 5.2 to 5.5"C.  At a depth of 1000 m the temperature is about 
4.2"C with very little variation. The thickness of the mixed layer 
typically varies from as little as IO m to as much as 180 m: however, 
the probable thickness of the surface mixed layer varies from 40 
to 100 m, being deepest during the winter and shallowest in the 
winmer. The average nearsurface salinity is about 34.8 ppt and 
incrcases to about 35.1 ppt at the bottom of the surface waters (a 
depth of  100-125 m), and then decreases again to about 34.1 ppt 
at a depth of' about 450 m. The density profile is dominated by 
temperature, but salinity variation has some effect due to the salinity 
maximum occurring near the thermocline (just below the bottom 
of the surface mixed layer). 

In the vicinity of Southeastern Puerto Rico the probable surface 
temperature varies from 26.2"C in winter to 29.2"C late summer 
and early fall. The likely range of surface temperatures is general- 
ly within +2.3"C during spring and fall. At a depth of 700 in the 
probable temperature is 7.9-8.2"C. At a depth of 1000 m the 
temperature is about 5.3"C with very little variation. The thickness 
of the mixed layer typically varies from ab little as IO m to as much 
as 140 m: however, the probable thickness of the surface mixed 
layer varies from 40 to 100 m, being deeper during the winter and 
shallower in  the summer. The nearsurface salinity is about 35-36 
ppt and increases to a maximum of about 36.7 ppt at a depth of 
100-125 m. The aalinity minimum is about 35 ppt at a depth of 
700-900 m. 

Currents-The ocean currents near Kahe Point, Oahu, Hawaii. are 
fairly complex, being a comhination of tidal (i.e., depth-averaged. 
shelf) currents, geostrophic (i.e.. uppcr water column of deep water) 

Type of Plant-The first OTEC plants are expected to be of the 
closed-cycle type using ammonia as the working fluid. Smaller 
plants (of the pilot-plant scale) will probably be located on or near- 
shore or on bonom-mounted towers in about 100 m of water. Larger 
plants (of commercial scale) will likely be either on bottom-mounted 
towers or offshore in the form of moored floating plants or free- 
floating plantships. 

Plant Capacity-OTEC plants are expected to be made up of multi- 
ple units which can operate independently. A typical pilot plant 
might be made up of four to six IO-MWe units, while eventually 
ten to twenty 25-MWe units might be typical for commercial planta 
(W. H. Avery, Director, Ocean Energy Programs, Johns Hopkin5 
Uniw Appl. Physics Lab.. Laurel, MD. pers. conimun. 1984). 

Plant Dimensions-Pilot plants located on or nearahore where spacc 
is not particularly limited will have horizontal dimensions on the 
order of 100 m. Bottom-mounted plants (on towers) will make use 
of the space along the vertical extent of the tower and thus will 
have horizontal dimensions on the order of 50 m. Larger plants 
(commercial scale) in the open ocean are expected to be 100-150 
m in diameter for cylindrically symmetric designs and 50-75 m wide 
X 150-200 m long for ship or barge type designs. 

Power Sys tem 

Working Fluids-Most designs for first-generation OTEC plants 
specify ammonia as the working fluid. Other fluids that have been 
considered are noted in Table 2 .  

Heat Exchangers-Initially heat exchangers will be of aluminum 
or titanium but eventually other mattrials may be used. Designs 
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Figure 2.-The Kahe Point area, Oahu, Hawaii. 
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Table 2.-Characteristics of some candidate OTEC working fluids. 

Physical 
state*+ 

Fluid (20°C) 

Ammonia 

FreonTU 22 

FreonT" I I 

Methyl 
chloride 

Methylene 
chloride 

Nitrtigcn 
dioxide 

Methyl 
formate 

Methyl 
amine 

Ethyl 
amine 

~~~~ ~~ 

Gas 

Gas 

Liquid 

GZ\ 

Liquid 

Ga\ 

Llquld 

Gas 

Llqud 

~~ ~ ~~ 

Clean Water 
Act (1977) 

standing 

Hazardous 
substance 

Not 
regulated 

Not 
regulated 

T O X K  

pollutant 

Toxic 
pollutant 

Hazardou\ 
substance 

Not 
regulated 

Not  
regulated 

Not 
regulated 

Water 
\olubility*' 

(in 100 ml H,O) 
~. . ~~~~ 

90 g (0°C) 

Insoluble 

Insoluble 

400 g 

2 g (20°C) 

7 g (0°C) 

30 g (20°C) 

807 g (12°C) 

Soluble 

Fldmnta- 
hdit)" 

671°C" 

h32'CA 

No data 

632°C' 
< O T b  

61S"C' 

No data 

465"Ca 
-l'cb 

430'Cd 
0"Ch 

3RS'Cq 
< - l i " c '  

Explosion 
hazard" 

Moderate 
(when 
exposed to 
tlame) 

No data 

Reacts 
~iolentl)  
uith molten 
aluminum 

Moderate 
(Reacls 
vrolently 
uith 
aluminum) 

None under 
ordinar) 
condrtlons 

Reacts 
violentl) 
with 
aluminum 

Moderate 
(when 
exposed to 
heat or 
flame) 

Moderate 
(when 
exposed to 

spark or 
flame) 
No data 

. . -- 

"Autoignition temperature 
'Flash point 
'Occupational Safety and Health Administration 
'Low - c a u s a  readily rcveruble tissue changes which disappear after exposure ceares 

Disaster 
hazard 

Moderatel) dangerous 
(emits toxir fumes 
when exposed to heat) 

Dangerous (emit5 
highly IVXK fumer 
uhen heated to 
decomposition or on 
contact with acid or 
acrid fumes) 

Atmospheric release 
may contribute to 
potential degradation 
of the ozone layer 

Dangerous (emits 
highly toxic fume, of 
tluorides and chlorides 
when heated to 
decomposition) 

Atmocphenc release 
may contribute to 
potential degradation 
of the ozone layer 

Dangerous (emits 
highly toxic fumes 
when heated to 
decomposition. reacts 
rigorously with 
oxidizing materials) 
Dangerous (emits 
highly toxic fumes 
when heated IO 

decomposition) 
Dangerous (emits 
highly toxic fumes 
when heated to 
decomposition, reacts 
with water or steam 
to produce heat and 
cor rowe fumes) 

Dangcrou (emits 
toxic fumes when 
exposed to heat or 
flame, reacts 
vigorously with 
oxidizing materials) 

Dangerou\ (reacts 
vigorou\ly with 
oxidizing materials) 

- 

Dangerow (reacts 
>igorously with 
oxidizing materials) ~~. . 

OSHA' 
8-h expowrc 

limits? (ppm) 

50 

No data 

No data 

100 

SO0 

5 

100 

IO 

10 

High 

LOW 

Low 

Moderate 

Moderate 

High 

Moderate 

Moderate 

High 

- ~~~ 

Carcino- 
genicit)** 

None 

None 

None 

None 

None 

N0"C 

Nonc 

Nunc 

None 

SOURCES * P Holtzclaw. U S EPA, 401 M SI SW 
Wash , D C , pers commun. 1981 

? Hodgman. 1959 
**  Sax. 1979 

Moderate - may cauhe reversible or irreversible changes to exposcd tissue, no permanent injury or death 
High - capable of causing death or permanent mpry in normal use, poisonous 

ii' United States Department of Labor. 1972 
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Cold Water Intake suitable for OTEC applications involving tube-in-shell, plate types, 
and folded tube heat exchangers have been successfully tested at 
small scale under OTEC conditions (Avery, pers. commun. 1984). 

Riofouling Control-Most designs will use periodic (daily) chlor- 
ination for biofouling control. Some designs also plan to use mech- 
anical cleaning methods, such as Amertap'" balls or M.A.N.'" 
brushes, in conjunction with chlorination. The dose of chlorine 
needed to prevent biofouling will be somewhat dependent on site- 
specific charactzristics; however, recent studies suggest doses on 
the order of 0.07 mg/L (70 ppb) injected 1 hour/day may be suffi- 
cient (Larsen-Basse and Daniel 1983). 

Operating Efficiencies-Overall Cermal operating efficiencies for 
most OTEC plants are expected to be in the 2-3% range. However, 
certain pilot-plant designs use larger than normal warm-water flow 
rates to take advantage of less expensive heat exchangers. Such 
designs will have efficiencies in the 1.0-1.5% range. 

The thermal efficiency is the fraction (usually expressed as a per- 
cent) of the heat energy extracted from the warm water that is con- 
verted into net electrical energy. For normal OTEC operating 
temperatures, this efficiency is limited to 6.0-7.5% by the basic 
laws of thermodynamics. Therefore, a more useful quantity might 
be the "effectiveness" of the plant which is the ratio of the net 
electrical power available for external use to the gross power pro- 
duced by the turbo-generator system. This ratio is 65 to 75% for 
typical designs (increases rapidly with delta-T) and may fall to 35% 
for shore-based sites where the needed cold-water pipe lengths re- 
quire higher pumping power (Avery, pers. commun. 1984). 

Seawater Systems 

Warm Water Intake 

Depth and location-The warm-water intake will be located in the 
upper part of the surface mixed layer of the ocean to take advan- 
tage of the warmest water available. Intakes for pilot plants will 
be about IO m deep, while intakes for larger commercial plants 
will have to be about 20 m deep due to the larger intake flow-rate 
requirements. 

Shape and on'entation-The intake structure will generally be con- 
structed to produce horizontal flows external to the structure because 
it appears that fish can sense and avoid horizontal flows better than 
vertical flows (see Impingement section). The structure will also 
be much larger in the horizontal direction than in the vertical direc- 
tion to keep intake velocities low and yet keep the structure near- 
surface where the warmest water is located. 

Flow rates and  intake velocilies-Typical warm-water flow rates 
for OTEC designs are in the range of 3-5 m3.s-'.MWe-l. 
However, flow rates as high as 8.5 m3.s-I.MWe-' are proposed 
for plants intending to trade larger flow rates for less expensive 
heat exchangers. Flow velocities in the warm-water pipes and con- 
duits will generally be in the 1.5-2.5 mls range, but intakes are 
expected to be designed to reduce the velocity to 0.25-0.30 m/s 
outside the intake structure. The low intake velocities can lead to 
rather large intake area requirements for large (100-MWe) plants. 
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Depth and location-The cold-water intake for most OTEC designs 
will be at the end of a long pipe extending to a depth of 750-1000 
m. The selection of the depth at which the cold water will be 
withdrawn is the result of a trade-off between the efficiency gained 
by colder temperatures and the added expense of constructing and 
operating a longer cold-water pipe. 

Shape and orientalion-Because the cold-water intake will be 
located in an area of low biological activity, little effort has gone 
into design of the intake structure; most likely, it will be an open- 
ended pipe with bar screens placed to keep out relatively large 
objects. 

How roles and inlake velocity-Typical OTEC designs call for cold- 
water flow rates comparable to the warm-water flow rate, in the 
range of 3-5 m'.s-'.MWe-'. However, some designs try to 
reduce the cold-water requirements because of the expense of ob- 
taining water from such depths. Flow velocities in the cold-water 
pipe will generally be in the 1.5-2.5 mis range. Intake velocities 
may be of this same order because it is generally thought that there 
is no need to reduce the intake velocity at the great depths involved. 
However, lower intake velocities can be achieved, if needed, by 
use of a flared pipe section. Ocean Thermal Corporation will use 
such a section to reduce the cold-water intake speed to 0.3 rnls for 
the Kahe Point design. 

Discharge 

Depth and location-Most OTEC designs will try to locate the 
discharge so as to reduce the potential for recirculation of effluent 
into the warni-water intake. Although this may be accomplished 
through either separate or mixed effluent discharges. most designs 
depend on the density of the effluent being greater than the density 
within the mixed layer so that the effluent will come to equilibrium 
near the bottom of the mixed layer, out of the influence of the in- 
take. For nearshore plants this may involve the use of a discharge 
pipe leading offshore. In deeper waters it is anticipated that the 
discharge will generally be located at a depth of 30 m or greater 
to avoid recirculation. 

It is expected that the temperature of the warm water and cold 
water will decrease about 2-3°C during passage through the heat 
exchangers. For representative warm and cold waters of 25°C and 
5"C, respectively, temperatures of separate warm and cold 
discharges would then be about 22-23°C and 7-8"C, respectively. 
For this situation, a mixed discharge would have a temperature near 
15°C. 

Shape and  orientation-Most proposed designs do not involve the 
use of any special discharge structures such as multiport diffusers 
(see Effluent Discharge section). Thus, the discharges will be from 
open-ended round pipes directed either downward or horizontally 
(often with a downward component). 

How d e s  and discharge velocity-Discharge flow rates niust equal 
intake flow rates due to continuity. Typically, discharge velocities 
will be in the 1.5-2.5 mls range. 



PHYSICAL INTERACTION 
WITH THE ENVIRONMENT 

The presence of an OTEC plant will cause a physical interaction 
with the marine environment. However, with the exception of some 
small modification of water movement in the immediate vicinity 
of a plant, the principal physical interaction will be due to the in- 
take and discharge of the relatively large volumes of water needed 
for an OTEC operation. These topics are discussed in this section 
since they are so important to the definition of biological interaction 
taken up in the later section on Biological Interaction. 

Cold Water Intake 

The cold water intake provides the cold water needed for the con- 
densing part of the OTEC cycle. Given a certain surface tempera- 
ture, a cold water pipe (CWP) will have to be extended deep enough 
to obtain cold water at a temperature low enough to assure a 
temperature difference (AT) of about 20°C. Certain engineering 
constraints will be present, however, in obtaining the cold water, 
e&,  the large pipe diameters and depths required for bottom- 
mounted pipe installations both exceed the demonstrated capabil- 
ity of the offshore pipe laying industry (Brewer 1979). However, 
it  is believed that these problems may be overcome with a minimum 
extension of present technology. The CWP may either be 

1. emplaced on a shelf, extending to the needed depth for a land- 
based OTEC plant; 

7 .  placed vertically within the structure of a shelf-sitting tower 
to the needed depth. or to the seabed and then extended on the shelf 
to the needed depth; or 

3. placed vertically to the required depth beneath an open ocean 
plantship. 

To obtain a AT of about 20"C, the CWP intake will need to be 
located at a depth of about 800-1000 m in most locations. At this 
depth the induced flow will not interact with other intake and 
discharge flow fields, and the interaction with the environment will 
depend primarily on the volumetric flow rate (Paddock and Dit- 
mars 1983). Therefore, the intake depth, volumetric withdrawal 
rate, and velocity are the three principal variables that will define 
the interaction. 

Warm Water Intake 

Like the need for cold water, a relatively large volumetric rate of 
warm water is needed for the evaporation part of the OTEC cycle 
(see section on Flow Rates and Intake Velocities). 

In general, the warm water intake will draw water from a range 
of depths, dependent upon the ambient density stratification in the 
vicinity of the intake, the flow rate at which water is withdrawn, 
and the size and shape of the intake structure (Paddock and Ditmars 
1983). The volumetric flow rate at which water will be withdrawn 
will depend, among other factors, on thermodynamic needs of the 
power cycle and the efficiencies of the heat exchangers. Once the 
volumetric flow rate is established, however. a trade-off is involved 
between the intake dimension and the velocity of the flow-the less 
the intake dimensions, the greater the intake velocity and vice versa. 
For example. consider the intake of 140 m3/s of warm water for 
a 40-MWe OTEC plant ( i .e. ,  3.5 m3.s- ' .MWe- ' ) .  Using an in- 
take pipe of 34 m diameter would result in an intake velocity of 
15 cmis, whereas an intake pipe of 17 m would impart an intake 

velocity of 62 cm/s. Using an intake pipe of 10 m diameter would 
result in an intake velocity of 178 cni/s for which the power loss 
due to friction would be small, whereas an intake diameter of 5 
m would entail a velocity of 713 cmis which would cause an un- 
acceptable friction loss (Avery, pers. commun. 1984). 

The effect of the warm water intake on the flow field in the vicinity 
of the intake structure will also be dependent upon a number of 
fdctors. T o  provide an idea of the possibilities, three induced flow 
patterns are indicated in Figure 4 for three simplified hypothetical 
intake situations: 

1. Intake flow field in the presence of an ambient current for 
an intake distributed uniformly over the mixed layer where the den- 
sity is constant above and below a strong thermocline (Fig. 4a); 

2. intake flow field in the presence of an ambient current for 
a point intake within the mixed layer, again where the density is 
constant above and below the thermocline (Fig. 4b); and 

3. intake flow field for a point intake in a stagnant, linearly 
stratified environment (Fig. 4c). 
These hypothetical scenarios provide an indication of the variety 
of cases that will determine where seawater and organisms are 
withdrawn. The quantification of the pertinent variables for such 
cases has been discussed by Paddock and Ditmars (1983). 

Most ocean environments exhibit some variations of seawater den- 
sity with depth (i.e., density stratification) such as shown in Figures 
5 and 6 for Kahe Point and Punta Tuna, respectively. In the case 
of intake withdrawal from a density-stratified environment, selec- 
tive withdrawal occurs. Selective withdrawal involves the flow of 
water from discrete layers centered about the elevation of the in- 
take as shown in Figure .IC. The thickness of the layer withdrawn 
(0) is inversely proportional to the degree of stratification. so that 
thinner layers will be withdrawn when strong stratification is 
present. 

Effluent Discharge 

The discharge of used warm and cold OTEC waters may be either 
separate or mixed. Additionally, a discharge could be through a 
single discharge pipe, through a number of discharge pipes if the 
dimensions of a single discharge structure became unrealistic. or 
through a multiple port diffuser. Multiple port diffusers are cam-- 
manly used for the discharge of municipal waste to ocean waters 
(Koh 1983) and have been considered in hydraulic studies of OTEC 
discharges. Although multiple port diffusers could ensure a greater 
degree of dilution of an OTEC effluent, it is not obvious that this 
is the desired objective, as discussed below. Furthermore, problems 
with construction, head losses, and additional pump requirements 
might outweigh possible advantages of a multiple port diffuser, to 
say nothing of additional biological concerns over the greater volume 
of dilution water needed. 

A separate discharge scheme would involve separate discharges 
for both the warm and cold waters, whereas a mixed discharge 
scheme would utilize the same discharge structure for both water 
types. Although the initial physical fates of the discharged water 
would vary according to the scheme employed, the physics that 
define these fates are the same for both cases and relate to the 
behavior of buoyant discharges. 

The behavior of positively or negatively buoyant discharges has 
been studied analytically as well as through the use of physical 
models. Initially these studies were conducted to evaluate the 
behavior of cooling water discharges from conventional power plants 
and of effluents from sewage outfdlls; recently such studies have 
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Figure 4.-a. Schematic of the intake flow field in the presence of an ambient 
current for an intahe distributed uniformly over the mixed layer (from Paddock 
and DilmdrS 1983). h. Schematic of the intake flow field in the presence of an 
ambient current for a point intake within the mixed layer (from Paddock and 
Ditmars 1983). c. Schematic of the intake flow field for a point intake in a stag- 
nant, linearly-stratified environment (from Paddock and Ditmars 1983). 
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been applied to OTEC discharges (Allender et al. 1978: Ditmars 
1979; Ditmars and Paddock 1979). Although details of such 
assessments may be quite complex and dependent upon site-specific 
factors, generalities can be made for certain simplified situations 
(Paddock and Ditmars 1983). As discussed by Paddock and Dit- 
mars. different phenomena govern the different regions of the flow 
that develop. termed the near-field, intermediate-field. and far-field 
(Figs. 7. 8). Momentum and buoyancy dominate in the near-field. 
gravity and interfacial shear in the intermediate field. and advec- 
tive and dispersive mechanisms in the far field. 

The important parameters about the near-field region are primarily 
the depth where the discharge plume reaches neutral buoyancy 
(equilibrium depth). the average dilution achieved by the discharge 
plume upon reaching the equilibrium depth (initial dilution). and 
the trajectory from the point of discharge to the equilibrium depth. 
Paddock and Ditmars (1983) present methods for quickly estimating 
these parameters for simplified situations. As an example, consider 
the discharge from 40-MWe hypothetical OTEC plants located off- 
shore of ( I )  Kahe Point. Oahu. Hawaii. and (2) Punta Tuna. Puetto 
Rico. The plants pump 130 m'is of both cold and warm water for 
a total flou and discharge of 280 m'is. Four cases are considered 
to give an indication of the range of behavior that might be expected: 

1 .  Separate horizontal round discharges to nearsurface waters 
(20 m): 

2. separate horizontal round discharges at depth (100 m): 
3. mixed horizontal round discharge to nearsurface waters (20 

4. mixed horizontal round discharge at depth (100 m). 
m): and 

For all four cases. it is assumed that stagnant conditions prevail. 
the density profiles of Figures 5 and 6 apply. and the intake waters 
are from 20 m and IO00 m with the following ambient properties: 

Salinity 
Temp. ("C) (PPO '4 

Kahe Point 
Warm Water 26.6 34 9 22 8 
Cold Water 3 8  34 5 27 4 

Puma Tuna 
Warm water 27 7 36 0 23 3 

5 .4  35.2 27 8 Cold Water 

It is also assumed that the warm water will undergo a temperature 
drop of 2°C and that the cold water will undergo a temperature 
increase of 2°C. Based on tables of seawater density in Fischer 
et al. (1979), these temperature changes would produce sigma-t's 
(oJ of approximately 23.4 for the warm water side and 27.2 for 
the cold water side at Kahe Point, and 23.9 for the warm water 
side and 27.5 for the cold water side at Punta Tuna. All discharges 
are made through 10-m diameter pipes, whether separate or mixed. 
For the case of mixed discharges, the discharge velocity is kept 
constant at 1.8 mis by using two 10-m diameter pipes. It is assumed 
that the discharges do not interfere with each other. Using the ap- 
proximation methods of Paddock and Ditmars (1983) leads to the 
following results 

E, w 

V - 
-Warm- Water Intake -m- 

- - 
-4 

Figure 8.-Typical discharge flow field for an OTEC 
plant located in shallow water showing flon along rhe 
bottom (from Paddock and Ditmars 1983). ermediate Field 

- u - Cold-Water Intake 

Figure 7.-Typical discharge flow field for an OTEC plant located in deep water (from Paddock and 
Ditmars 1983). 
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(20 m) 
Separate to nearsurface 

Separate to depth 
(100 m) 

Mixed to nearsurface 
(20 m) 

Mixed at depth 
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F'unta Tuna 
Separate to nearsurface 

Separate to depth 

Mixed to nearsurface 

Mixed at depth 
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Although the above results are only rough approximations, they 
provide insights that are useful for defining physical interaction with 
the environment. In general, it can be seen that initial dilution for 
OTEC discharges will be in the range of about 1 to IO.  The strong 
effect of density stratification is also apparent and scggests that 
wherever an OTEC discharge plume encounters a strong density 
gradient, its further vertical motion will be limited. Not only do 
strong density gradients arrest a plume's trajectory, they also limit 
the amount of dilution that can be achieved. The presence of cur- 
rents would act to lengthen the trajectory of the discharge plume 
and increase the dilution achieved; accordingly, the depth of neutral 
buoyancy of an effluent plume might be somewhat less for a 
negatively buoyant discharge. 

Regional Influence 

Using approximation methods discussed by Paddock and Ditmars 
(1983), it can be shown that the above initial dilutions and levels 
of neutral buoyancy will occur in a time frame on the order of a 
minute. Referring back to Figures 7 and 8, it can then be inferred 
that the intermediate and far field processes will have a greater in- 
fluence on regional environmental impacts. Examining a hypothe- 
tjcal40-MWe OTEC plant in typical tropical ocean conditions, Jirka 
et ai. (1980) analyzed the spreading of a mixed discharge plume 
in a density stratified environment. The results indicated the ef- 
fluent plume to be about 10 m thick and 5 km wide. This size is 
comparable with island shelf areas and warrants an analysis of the 
regional environmental influence of even a small OTEC plant. 

Aware that the regional influence of an OTEC operation could 
be considerable, NOAA initiated a research effort in 1982 with 
Argonne National Laboratory to develop a model that could define 
this influence. To come to an understanding of the influence, a 
description was needed of the physical processes associated with 
the discharge of large volumes of water into the upper ocean by 
OTEC plant operations. The approach taken departed from previous 
mathematical modeling investigations of OTEC plant interactions 
with the ocean environment. In previous modeling, effluent plume5 
and intake flows have been superimposed on fixed ambient ocean 
waters; that is, no attempt was made to model changes in the ocean 
resulting from their presence. The Argonne model simulates the 

interaction of an OTEC discharge with the ocean, thereby permit- 
ting discharge-induced modifications to the ambient ocean to be 
determined. Changes in ambient circulation, temperature structure, 
and concentration of effluent and water column constituents are 
modeled. The general approach was to modify an existing three- 
dimensional model for limited-area coastal regions (Wang 1982) 
by incorporating simulations of the effluent flows due to an OTEC 
operation. The effect of the intake flow was found to be minimal 
and thus is not included in the model. 

The Argonne model was applied to a base case of a 280 m'/s 
mixed discharge from a 40-MWe OTEC plant into coastal waters 
for various ambient ocean conditions, and then was used to examine 
the effect of two nearby 40-MWe plants and that of an 80-MWe 
plant. Applied to the case of a mixed discharge from a 40-MWe 
OTEC plant located in deep water on a coastal margin, the Argonne 
model indicated the effluent plume will be confined mostly to the 
top of the thermocline. In the case of an ambient alongshore cur- 
rent of 20 cmis, the addition of a conservative dye to the discharge 
indicated the effluent plume to be about 20 m thick, 2 km wide, 
and 4 km long (Fig. 9), and diluted by a factor of 20-100. Because 
the plume is mainly driven by the buoyant discharge, the regional 
influence does not depend on the details of the mode of discharge 
(e.g. ,  single or multiple outlet discharge). Temperature perturba- 
tions are caused by the dilution of the effluent and by the redistribu- 
tion of ambient temperature structure. For a 40-MWe OTEC plant 
discharge, temperature perturbations are less than 0.2"C and are 
distributed almost uniformly between the bottom of the mixed laycr 
and the top of the thermocline. 

The circulation induced by interaction of the buoyant discharge 
and the ocean not only influences plume dilution and temperature 
structure but also contributes to the redistribution of other ocean 
constituents. A computation of a nitrate profile subjected to only 
the physical (conservative) aspects of OTEC operation indicated 
that the nitrate flux into the upper ocean is derived both from the 
mixed-discharge effluent (i.e., cold water influence) and from 
discharge-induced deep upwelling. For a base condition where the 
nitrate level is very little in the upper 90 m and increases to some 
higher level in the depth interval of 90-130 m. the two processes 
contribute about equal amounts of the OTEC-induced nitrate flux 
into the upper ocean. 

Using the Argonne model to examine the effects of discharges 
of two adjacent OTEC plants showed that the regional influence 
may be computed as a superposition of two individual plumes, given 
reasonable separation between plants. When two 40-MWe OTEC 
plants are separated by 2 km alongshore, the effluent concentra- 
tion near the up-current plant is about the same as the effluent con- 
centration of a 40-MWe OTEC single plant, where the effluent con- 
centration near the down-current plant is increased by about 25% 
(Fig. IO). When two plants are separated by only a few hundred 
meters, which is equivalent to the case of a single 80-MWe OTEC 
plant, significant interaction occurs and the effluent concentration 
is increased by about 100% from that of a single 40-MWe OTEC 
plant. 

The regional influence is not very sensitive to the effects of the 
coastal boundary. On the other hand, the dilution of the effluent 
plume is greatly reduced for effluents discharged in shallow water 
or along the bottom. For a 40-MWe OTEC plant with bottom 
discharge, the maximum effluent concentration will be about 10% 
of the initial concentration, which is about twice the maximum con- 
centration of the effluent plume from the nearsurface discharge. 
The plume also penetrates deeper into the thermocline than in the 
case of nearsurface discharge. 



Figure $.-Horizontal distrihution nf d>e at 10 
m (letel I ) .  30 m (level 21, 50 m (level 3). and 70 
m (Ie\el4) from a model of the regional influence 
of a 40-MWe OTEC plant (initial concentration 
= IO: ambient current = 20 rmls aloneshore) 
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(from M n n g  1984). 

The applications of the Argonne model to several OTEC con- 
figurations have demonstrated the importance of the discharged- 
induced circulation. or interactions between the discharge and am- 
bient ocean. The region of influence of an OTEC facility clearly 
is greater than simply the geometric extent of the plume determined 
from integral jet models and superimposed on a fixed ambient ocean. 
For the purpose of investigating regional influence in a generic 
sense. model applications have been restricted to a simple coastal 
geometry and steady ocean currents. In the case o f  a more com- 
plex geometry, the effluents that are advected downcurrent may 
accumulate in a convergence zone. The effluent plume also may 
be swept away hy storm currents and impinging eddies. 

BIOLOGICAL INTERACTION 
WITH THE ENVIRONMENT 

Biological Characteristics of the Environment 

This section briefly summarizes information presented in reports 
by Hoss et al. (1983) and Uchida (1983) (both efforts being part 
o f  this overall study). on pertinent biological information from the 

Caribbean and Pacific. respectively. For specific details those 
reports should be directly consu!ted. 

Location-There are no areas in the Caribbean which lie outside 
of existing or potential Exclusive Economic Zone claims of some 
nation. It is likely that OTEC operations by U.S.  corporations will 
be within the Fishery Conservation Zone (equivalent to the Exclusive 
Economic Zone in the U.S.) surrounding Puerto Rico and the U . S .  
Virgin Islands (Fig. 11). Several sites in the Pacific have been 
studied for possible land-based m E C  plants including Keahole Point 
and Kahe Point in the Hawaiian Islands and Cabras Island, Guam. 
Additional areas in the open Pacific (e.g., between lat. 5"-10"N 
and long. 90"-95"W) have been investigated and found to be ex- 
cellent for OTEC plantship operation. 

Phytoplankton-Primary production in Hawaiian and open tropical 
Pacific waters is low relative to that of Continental Shelf areas in 
the Pacific (estimated to be on the order of 200 g C.m-' .y- ')  
(Platt and Rao 1975). Noda et al. (1982) estimated the annual 
primary production off Keahole Point to range from 4.2 to 72.6 

Noda et al. (1981a) determining average annual primary produc- 
C .m- ' . y - l .  . measurements off Kahe Point are similar, with 
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tion at 60.4 ? 15.6 g C.m-2.y- i .  Slightly higher values, 120 to 
144 g C .m-* .y - ' ,  have been reported from the open ocean (El- 
Sayed and Taguchi 1979). Bienfang and Szyper (1982) demonstrated 
that enriching the photic zone with upwelled nutrients can increase 
production. 

Production in the Caribbean is also generally low, typical of areas 
without a pronounced admixture of nutrient-rich water from below. 
Average daily production rates reported from various areas (Sander 
and Steven 1973; Steven 1971; Beers et al. 1968; and Steeman 
Nielsen and Jensen 1957) correspond to annual rates ranging from 
20 to 105 g C . m - 2 ' y - ' .  The variation is associated with input of 
nutrients to the surface: where water passes over shallow banks, 
at the edge of eddies which form in the wake of islands, at upwell- 
ings along the South American coast, and in upwellings on the 
periphery of eddies of Amazon river water. Potential OTEC sites 
near Puerto Rico and the U.S. Virgin Islands may be particularly 
low in primary and secondary production due to the thick wedge 
of low-density surface water present which may reduce nutrient 
advection. 

Phytoplankton standing crop is similar at oceanic sites in the 
Caribbean, Hawaii, and the mid-Pacific. Surface chlorophyll-a con- 
centration from eight Caribbean locations (Marshall and Solder 

Figure 10.-Horizontal distribution of velocity 
and dye for t w o  adjacent 40-MWe OTEC plants 
at 10 m (level I ) ,  30 m (level 2). 50 m (Ierel 31, 
and 70 rn (level 4) (velocity scale = 20 cmis 
alongshore; initial dye concentration = 10; con- 
tour interval = 0.1) (from Wsng 19%). 

1982; Knauer and Flegai 1981; Sander and Steven 1973: Malone 
1971; and Hargraves et al. 1970) averaged 0.13 mg m-3. Off 
Keahole Point in Hawaii it ranged from 0.03 to 0.18 mg n 1 - j  
(Noda et al. 1982) and in the open tropical Pacific the average valuc 
was 0.12 mg/m3 (El-Sayed and Taguchi 1979). 

Investigations of plankton near oceanic islands have repeatedly 
revealed that taxonomic composition, standing crop, and produc- 
tion change with distance from shore. The intensity of this "island 
mass" effect and the area influenced are generally greater on the 
leeward side of the island. Data from Barbados (Sander and Steven 
1973) showed that moving from 2 to IO km offshore reduced cell 
concentration and production rates by a factor of four and increased 
the relative abundance of blue-green algae by a factor of ten. Because 
the intensity of this island mass effect varies with location. site- 
specific studies are particularly important at potential sites which 
are nearshore 

Zooplankton-Although zooplankton have not been studied exten- 
sively in either Hawaii or the Caribbean, the data available indicate 
similar abundance in both areas. In dry weights per sample from 
the Caribbean oceanic water, the range (0.3 to 12 mgim') is 
similar to that found in Hawaiian nearshore samples, 0.14 to 25 
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Figure I I .-The Fishery Con5ervation Zone wrrounding 
Puerto Rico and the U.S. Virgin Islands (L.S. Department 
‘lr State 1982). 

mgim‘ (Noda et al. 1981a). The average displacement volume, 
0.20 to 0.30 mlim’. and average dry weight, 2.4-3.3 mgim’, are 
very similar among oceanic studies from the Caribbean (Moore and 
Sander 1977; Deevey 1971; Margalef 1971; and Moore 1967). The 
importance of an island effect on zooplankton abundance is evi- 
dent from studies near Jamaica and Barbados where respective dry 
weights inshore were 1.7 and 2.5 times those found offshore (Sander 
and Steven 1973; Moore 1967). 

Abundance of zooplankton decreases considerably with depth. 
Off Bermuda, total abundance in the upper 500 m was 8, 19, and 
39 times that found at respective depths of 500-1000 m, 1OOO-1500 
m, and 1500-2000 m (Deevey and Brooks 1971). In the mid-Pacific, 
Hirota (1977) showed the highest concentration in the upper 150 
m and moderately high concentration between 200 and 900 m. Stan- 
ding stocks in the upper 200 m varied about 50-90% of that in the 
upper 1000 m. Off of Kahe Point in Hawaii, Noda et al. (1981a) 
observed an approximate tenfold difference between surface samples 
and those from 600-1000 m. 

Although diel migration of zooplankton has been observed but 
not extensively documented in Hawaii and the Caribbean, the 
phenomenon is general and fairly well known. “Dlel vertical 
movements occur in  all planktonic phyla and in most of the smaller 
taxonomic groups” (Longhurst 1976). In general this consists of 
a migration from deep water toward nearsurface layers, where 
plankton spend the night and then descend again at dawn. The 
plankters do not necessarily rise all the way to the surface: aggrega- 
tions tend to occur at the level of the deep chlorophyll maximum, 
and abundance in the surface water may even decrease during the 
night as a result of downward migration of surface zooplankters 
to the chlorophyll maximum layer. 

Fisheries-The major thrust of the commercial fishery in Hawaii 
is in the open ocean beyond 200 m in depth, where pole-and-line 
sampans catch skipjack tuna; and longline, handline. and charter 
boats harvest yellowfin and bigeye tuna. albacore. striped blur and 
black marlin, swordfish, spearfish, sailfish. wahoo. and mahimahi 
Nearshore fisheries include a variety of commercial handline. nct. 
trap, and recreational boats which catch a wide variety of derner- 
sal and bathypelagic species including pink, red, and grey snap- 
pers, goatfishes, seabass, and bigeye and mackeral scad. The scad 
landings are of considerable importance, being second only to trina 
and billfishes. 

The area near Kahe Point sustains a varied and valuable fishery. 
In the years from 1976 to 1980, 101 different species were iden- 
tified in the harvest from the area. Hawaii Division of Aquatic 
Resources records show that the average annual catch was about 
219 metric tons with an annual yield to commercial fishermen of 
$350,000. 

The commercial fisher). in the oceanic waters of the Caribbean 
is basically a long-line fishery for tunas. The fishery is dominated 
by large modern vessels from Japan, Korea, Taiwan, and Venezuela. 

The commercial fishery in nearshore waters can be described in 
terms of several main components which overlap slightly. The most 
important of these, both in weight and value, is the demersal fishes 
component, in which fish pots and hand lines are used to catch 
shallow reef species and deep-water snappers and groupers. This 
component of the fishery accounts for about 70% of the catch in 
Puerto Rico and 5 3 1  of its value. The second component of the 
fishery is for coastal pelagic fishes. using troll lines, beach seines. 
and gill nets; this component accounts for about 21 1 of the total 
catch and 16% of its value in Puerto Rico. Shellfish, the third com- 
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ponent, accounts for only about 15% of the Puerto Rico catch but 
about 30% of its value. Spiny lobster landings are over 50% of 
the shellfish catch, yet 70% of its value; the other major shellfish 
species is the queen conch. 

Although the economic importance of the recreational fishery has 
not been evaluated, it is of considerable importance to the tourism 
industry and the local residents. Its importance in Puerto Rico is 
reflected in a catch of 1,361 blue and white marlin and sailfish from 
May 1977 to April 1978, about half of which were caught by vessels 
from outside the area. Other species for which the area is known 
are yellowfm tuna, wahoo, bonefish, some of the larger reef species, 
and billfishes. Billfishes are already overexploited in the Atlantic, 
so the future of that recreational fishery is uncertain. 

Eggs and Larvae of Important Species-Data on abundance and 
distribution of the early life stages of important species is rather 
scant; thus, it is difficult to make a general comparison of larvae 
from Hawaii and the Caribbean. Based on reproductive stages of 
adult fish in the Caribbean (Munro et al. 1973). it appears that reef 
fish eggs and larvae will be most abundant during February through 
April. However, the eggs and larvae of tuna and billfishes will be 
most abundant during the summer, with some species present at 
lower numbers in spring and fall (Matsumoto et al. 1984; Uchida 
1981; Yoshida 1979; Shomura and Williams 1975; Miller et al. 
1979; Idyll and deSylva 1963). 

Spatial distribution of larvae is quite complicated depending on 
both the reproductive habits of the fish and water movement in and 
near the spawning area. Most of the important reef species have 
pelagic eggs and appear to be spawned at times and locations where 
the eggs will be quickly moved offshore to areas where predators 
may be less abundant. This pattern has been substantiated in Hawaii 
by Leis (1982) who found reef fish eggs were more abundant 3.0 
km from shore than 0.2 km out, and Miller (1974) who reported 
larvae of some fish were more abundant 50 km off Oahu than 5 
km out. Dekhnik et al. (1973) found the same larval pattern off 
Cuba and several studies have shown the same pattern with fish 
eggs at other Caribbean sites (Moore 1967; Sander and Steven 1973; 
Moore and Sander 1976). Larval distribution of pelagic species may 
be much different. Miller et al. (1979) reported tuna larvae were 
much more abundant nearshore and on the leeward rather than wind- 
ward coast. It appears likely that high surface densities of larvae 
are produced by wind-driven upwelling of layers of water contain- 
ing fairly dense larval concentrations. 

Comparing absolute abundance of larvae between areas is par- 
ticularly difficult because various investigators use different tech- 
niques, including sampling at different depths, and because the 
samples display considerable variability. The larval abundance of 
oceanic species in the Caribbean (Richards 1981), however, ap- 
pears similar to that in the eastern tropical Pacific (Ahlstrom 1971, 
1972). The Caribbean may have a more diverse assemblage with 
15 families accounting for about 70% of the larvae (Richards 1984) 
in comparison to the Pacific, where 10 families constituted 90% 
of the larvae. It is likely that in both regions the larvae are most 
abundant nearsurface. In the mid-Pacific, Hirota (1977) found: 

1) that the larvae of commercially important tuna occur more 
abundantly in the neuston layer than from 1-200 m, 

2) the species in the 1-200 m layer are primarily midwater forms, 
and 

3) very few larval fish occur between 200-1000 m. 
Off Puerto Rico the vertical trend is similar with few fish below 
200 m and the highest number between 0 and 25 m (Vargo et al. 
1981). 

Other Important Biological Components-Other biological com- 
ponents such as coral reefs, mangroves, and sea grass beds are all 
very important habitat types for numerous fishery resources, at least 
during some portion of the individual species’ life cycle. Impacts 
on such fishery habitats may be of greater importance than direct 
impact on the species themselves (eggs, larvae, adults), particular- 
ly for nearionshore OTEC sites (J. Naughton, Southw. Region- 
West. Pacific Program Staff, Natl. Mar. Fish. Serv., NOAA, 
Honolulu, HI, pers. commun. 1984). In addition, the destruction 
of coral reefs can sometimes lead to an increase in the incidence 
of ciguatera poisoning, caused by the ingestion of fish contaminated 
with a paralytic neurotoxin of natural origin (see Research Priorities 
section). It is important that all efforts be made to minimize the 
impact of OTEC operations on such biological resources. 

In a strict interpretation, protected species such as marine mam- 
mals may not be “fisheries” resources. However, they are impor- 
tan: components of the biota at the potential OTEC sites and impacts 
on them will have to be evaluated on a thorough basis. As noted 
in Table 3, a number of species are listed as threatened or en- 
dangered in Hawaiian and Caribbean waters. The humpback whale, 

Table ).-Threatened (T) and endangered (E) marine 
species (Source: 50 CFR 17.11-12). 

Hawaii Virgin Islands 

Marine mammals 
Right whale Bulaenu gluciulis* 

Sei whale 
Bulaenoprera boreulis 

Blue whale 
Buluenopreru musculus 

Finback whale 
Bulaenoprcru physulus 

Humpback whale 
Meguprera novaeangliue 

Hawaiian monk seal 
Monachus schuurnslandi 

Sperm whale Physerer carodon 

Caribbean monk seal 
Monuchus rropiculis 

West Indian manatee (Florida) 
Trichechus manariis 

Sea Turtles 
Loggerhead sea turtle 
Curerro carerru 

Green sea turtle 
Cheloniu mydas 

Leatherback sea turtle 
Dermochelys coriuceu 

Hawksbill sea turtle 
Erermochelys imbricara 

Kemp’s Ridley sea turtle 
(=Atlantic) 
Lzpidochelys kempii 

Olive Ridley sea turtle (Pacific) 
Lzpidochelvs olivaceu 

Birds 
Newel’s shearwater 
Puffinus aunculuns n e w / / !  

Hawaiian dark-rumped perrel 
Perrodroma phueopygia 
sundwichensrs ~- 

E 

E 

E 

E 

E 

E 
E 

T 

E 

E 

E 

E 

T 

T 

E 
~~~~ 

E 

E 

T 

T 

E 

E (=Carey) 

E 

*Not considered part of the normal cetacean fmna in 
Hawaiian waters. 
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Megapteru noweungliae. one of the most abundant cetaceans in 
Hawaii. is an endangered species which migrates into Hawaiian 
waters in winter to breed. A second endangered species, the 
Hawaiian monk seal. Monuchus schuuinslundi. is present: however, 
the population resides in the Northwestern Hawiian Islands and away 
from potential OTEC sites. Of the five sea turtles that have been 
reported off Hawaii, the green sea turtle (Chelonia m?dus) is the 
most abundant. A single green sea turtle has been observed repeated- 
ly on the reef directly off the Kahe Point power station. 

A number of marine species listed as threatened or endangered. 
including several turtles, are found in the waters off Puerto Rico 
and the Virgin Islands. Of particular importance are the leather- 
back and hawksbill turtles which nest in potential OTEC areas, and 
humpback whales which calve and mate in the region from January 
through April 

Factors That May Affect Fish 

Organisms entrained by the intakes of an OTEC plant will either 
be impinged on screens placed to prevent larger objects from enter- 
ing and clogging critical parts of the plant, or entrained and 
transported through the plant and then discharged. In passage 
through the plant. entrained organisms will be subject to a number 
of stresses such as temperature and pressure changes, and chemical 
additions. Upon discharge to the environment, entrained organisms 
will be redistributed in the water column along with additional 
organisms entrained into the discharge plume. The artificial upwell- 
ing of nutrients and other constituents contained in the deeper, colder 
waters and their subsequent redistribution may also effect some 
biological changes. 

Attraction/Avoidance-The attraction or avoidance of fish towards 
objects, light and noise is a known phenomena that is expected to 
occur with OTEC operations, whether they be open-ocean plant- 
ships, stationary towers, moored platforms, or land-based plants. 
For the purpose of this study, Seki (1984) has summarized available 
information on this topic and related it to OTEC development; the 
following is a brief synopsis of his findings. 

The attraction of fish to free-floating and anchored objects or 
structures has becn studied throughout the world's tropical and sub- 
tropical waters. The objects with which fish have been observed 
to associate include drifting seaweed (Senta 1966), driftwood ( Y a k  
and Mori 1950; Inoue et al. 1963; Hunter and Mitchell 1967; Inoue 
et al. 1968), manmade rafts (Kojima 1960; Gooding and Magnuson 
1967). and artificial surface or midwater structures, including com- 
mercial fish aggregating devices (FAD's) (Hunter and Mitchell 1968; 
Klima and Wickham 1971; Wickham et al. 1973; Wickham and 
Russell 1974; Matsumoto et al. 1981). Tunas dominate the catch 
of the pole-and-line, trolling, handline, and purse seine boats fishing 
around FAD's, as evidenced by some catch data obtained from 
Kiribati, Western Samoa, Fiji, and Hawaii (Shomura and Mat- 
sumoto 1982). The experimental study by Matsumoto et ai. (1981) 
provided the most detailed records of catches around FAD's in the 
Pacific. Matsumoto reported that skipjack tuna, Kutsuwonus 
pelamis, represented nearly 90% of the catch by the pole-and-line 
boats. These fish ranged from 0 .9  to 5.4 kg and sometimes over 
9.1 kg. Unlike pole-and-line boats, trolling boats ha< a much more 
diversified catch. Tunas (mostly yellowfin tuna, 7hunnus ulbacares, 
and skipjack tuna, Katsuwonus pelamis) still dominated the catch, 
although mahimahi. Coryphaena hippurus, constituted the largest 
percentage of single species caught. 

Another tuna fishery which utilizes FAD's (in conjunction with 
an artificial light source) in Hawaii is the ika-shibi or the night 
handline fishery for tuna. Although this rapidly growing fishery 
utilizes extremely simple gear (a single hook and a line) as compared 
with the longliners and large purse seiners, it is an extremely ef- 
fective method as indicated by the mean catch rate of approximately 
two fish per hook per night (Yuen 1979). 

In comparison to floating OTEC structures, the tower and man- 
made island designs of OTEC plants are expected to function as 
artificial reefs. duplicating those conditions that cause concentra- 
tions of fishes and invertebrates on natural reefs and rough bottom 
areas. The effect of tower designs would be similar to that of off- 
shore oil platforms, which have resulted in an increase in offshore 
sport fishing in the' immediate area. 

Numerous studies have described the variety of fish which have 
been attracted to artificial reefs at various sites. In all studies, the 
many different species found generally represent similar basic broad 
behavioral classes, such as the Turner et al. (1969) reef or nonreef 
associates (the former further split into resident or semiresident). 
Four reefs were established at various sites in Hawaii between 1960 
and 1973, using primarily car bodies, damaged concrete pipes, and 
old car tires filled with mortar. The southern boundary of a reef 
created on one of these sites (Waianae) on the western coast of the 
Island ofOahu is at lat. 2lo25.1'N, long. 158"11.6'W (Kanayama 
and Onizuka 1973) only 3 miles from the present OTEC benchmark 
survey site at lat. 21"19.5'N, long. 158"12.5'W offshore of Kahe 
Point. Sampling along a fish transect established before the reef 
construction indicated the presence of 32 different species and a 
standing crop density of 103 pounds of fish per acre. The reef was 
constructed in two sections, one composed of car bodies and the 
other of damaged concrete pipes. Thirty species of fishes (standing 
crop estimated at 1,271 pounddacre) were present at the car body 
section. This was a tenfold increase over the pre-reef count. The 
concrete pipe section showed a fivefold increase of 45 fish species 
and a standing crop estimated at 496 pounddacre. 

Although attraction of fish to man-made structures is well 
documented, questions still arise regarding the relationship between 
artificial structures and fish production. Mallory (1965) believed 
that a structure concentrated the fish which constantly migrated in 
and out, thus serving as an orientation point. This was true for a 
number of species (primarily the game fishes) associated with flot- 
sam. Stroud (1965) felt that since the artificial habitat provides food 
and shelter. reproduction will be enhanced resulting in an increase 
in production and yield of fish. A third hypothesis discussed by 
Carlisleet al. (1964), Turneret al. (1969), and Dugaset al. (1979), 
combines both viewpoints; fish are concentrated by recruitment, 
and, as the colonization progresses on the structures, a reproducing 
resident fish community may evolve. Although this may hold true 
for many of the reef fishes, this hypothesis falls short of account- 
ing for overall fish attraction as evidenced primarily for such species 
as the deeper water pelagic scombrids and billfishes. 

The attraction of various marine organisms to light is a phenom- 
enon that has been used in the harvesting of fish for many years. 
Mackerel scad, Decapterus macarellus, and bigeye scad, Selar 
crumenophfhulmuc (Yamaguchi 1953; Powell 1968). various species 
of tuna (Yuen 1979), and squid (Ogura and Nasumi 1976), are 
caught by the use of night lights. How much of an effect the lights 
from an OTEC facility will have on the tuna is not presently known. 
As indicated by Laevastu and Hayes (1981), every species has a 
particular optimum light intensity in which its activity is at a max- 
imum. It is probable that the intensity of the artificial light would 
fall within the thresholds of some species. 
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Regarding aboidance traits of marine biota to structures and opera- 
tions in the ocean, published information is virtually nonexistent. 
Yuen (1981) indicated that the endangered and threatened species 
would probably avoid the area due to human presence and to the 
noise emitted from the plant. Among the few studies that address 
avoidance was one on the negative phototactic behavior of fish. 
Dragesund (1958) found that herring would sometimes display a 
shock response. That is, when the light was turned on, the fish would 
make a sudden upward movement towards the light only to later 
disperse or school and descend. Studies on other aspects of 
avoidance, such as of the physical structures, are nonexistent in 
published literature. Future studies should be directed in this area. 

Impingement--Impingement at coastal power plants has been an 
ecological problem (loss of a large number of organisms), an opera- 
tional problem (reduction in cooling water flow), and a cost prob- 
lem (removal and disposal of organisms). Impingement occurs when 
organisms too large to pass through the intake screen, are pulled 
against it, and are unable to escape due to the current velocity. 
Schooling fishes are especially susceptible, and impingement mor- 
talities may involve millions of individuals. In one incident, 2 million 
menhaden at the Millstone Plant in Connecticut were impinged and 
caused a shutdown of the plant by reducing the cooling water flow. 
These mortalities are believed by some ecologists to be reaching 
proportions which may cause population damage (Van Winkle 

1977). As a result, data on impingement of fish have been collected 
from many operating plants (Adams 1969; Marcy 1971; Jensen 
1974; Uziel 1980). 

Variation in impingement on intake screens is related, among 
other things, to season, swimming speeds, intake location, and 
operating schedules of the power plant. Screen catches at most 
coastal power plants studied in temperate waters fluctuate marked- 
ly with season, due to migrations into and out of intake areas and 
to changes in water temperature that affect the fishes' ability to swim 
successfully against intake currents. In tropical areas, where OTEC 
plants will be located, impingement may be less variable because 
there is generally less migrational movement of populations and 
the water temperature is essentially the same the entire year. 

The swimming speed of an organism determines whether or not 
it will escape impingement or entrainment once in the vicinity of 
an intake. Eggs and larvae of marine fish drift passively in the ocean 
within the zooplankton community. Early larval stages utilize swim- 
ming only to capture prey, escape predation, or migrate vertically. 
In general, sustained swimming speeds of fish larvae fall into a range 
of 2-4 body lengthsisecond for larvae in advanced development or 
for juveniles (Blaxter 1969; Bainbridge 1960). Table 4 lists represen- 
tative species, including a few freshwater species, for individuals 
up to 6 cm in length. For most fishes, relative speeds decrease as 
size increases above that shown in Table 4, and absolute speed in- 
creases as size increases. 

Table 4.--Sustained swimming sweds of some larval and iuvenile fish swcies (adapted from Marcv et al. 1980). 

Temp Time 
("C) maintained 

European plaice 7 5 I2 
9 5 21 

Whitefish 10.12 16 
29 

Common roach 35-45 138 

Common bream 

Horse mackerel 
Mullet 
Mullet 
White bream 
Atlantic herring 
Atlantic herring 
Sole 

Carp 
45-55 
50.60 
30-40 
3545 
45-55 
18-26 

6.5-8 
12-14 
4 

Bleak 0.26 g (wet wt) 
Smallmouth bass 22 
Yellow perch 6 5  

7.5 
8.5 
9.5 

10.5 
13 5 

8 5  
9 5  

10.5 
11.5 
13.5 
14.5 

Lake whitefish 15.2 
15.8 
19.7 
21.3 

Walleye 7 5  

28.8 

126 
129 
136 
128 
156 
330 
5.8 

10 
6-9 

29.8 
146-312 

5.5 
14.0 
24.0 
21.5 
32.0 
46.0 

5.0 
13.0 
29.0 
32.0 
37.5 
42.0 
46.0 
35 
58 
71 
16 

1 I5 

6.5-7 5 A few 3 

6.5-7.5 A few s 
4 ? 

16 7 

? 1 min 

? I min 
I mm 

? I min 
1 mm 
I min 

?(14) 45 mm 
9-10 60 min 
I5 Long periods 

7 

7 

intermittent 
swimming 

20 - 
20-35 3 min 
13 60 mm 
13 60 min 
13 60 nun 
13 60 min 
13 60 min 
13 60 min 
13 60 mm 
13 60 min 
13 60 min 
13 60 min 
13 M) rnm 
13 60 rnin 
13 60 mm 
7 5  I mm 

11.5 I min 
11.5 I min 
I 4  5 I rnl" 
14.5 I nun 

. _ _ _ _ _ _ _ _ _ . _ _ ~ ~ _ _ _  

Body length, 
per second Author 

- 
- 

I .6 
2.4 
3 1-3.9 

2.3-2.8 
2.1-2.6 
3.44.5 
2.8-3.6 
2 8-3 5 
12.7-18 3 
0.7-0.9 
0.7-0.8 
I 5-2.2 

- 

6 6-14.2 
0.8 
I .9 
2.8 
2.9 
3.0 
3 4  
0.7 
I 5  
3 0  
3 0  
3 3  
3.1 
3 2  
2 4  
3.1 
3.6 
3 5  
4 0  

Ryland (1963) 

Brauni (1964) 

Aslanova quoted by Radakov 
(1964) 

Radakov (1964) 
Bishai (1960) 
Blaxter ( 1966) 
Rosenthal (1966) 

Iviev (1960) 
Larimore and Duever (1968) 
Houde ( 1969) 

Houde (1969) 

Hoagman ( 1974) 

17 



Among the fastest burst swimmers are yellowfin tuna, which as 
adults can swim 27 body lengths/s for 5 seconds (Walters and 
Fierstine 1964). Although larvae do not have strong sustained swim- 
ming ability. they possess impressive darting or burst speeds relative 
to their size. Blaxter (1969) suggests bursts of 10 body lengthsis 
which, for most larvae (up to 25 mm). would limit their speed to 
less than the 0.25-0.30 m/s suggested as typical of OTEC plant 
warm-water intake velocity (see Seawater Systems section). Scom- 
brid larvae have not been measured for burst swimming perfor- 
mance, but Pacific mackerel up to 3.6 cm in length swam up to 
26 cm/s, counting time spent in rest and feeding (Hunter 1980). 

Swimming ability is a function of morphological shape, stage of 
development, length, ambient temperature and light. and the dura- 
tion required for the performance (Tsukamoto et ai. 1975; Hart- 
well and Otto 1978; Rulifson 1977; Pavlov et al. 1968; Larimore 
and Duever 1968; Hunter and Kimbrell 1980). Knowledge of these 
factors and the types of species likely to be near the OTEC plant 
site is necessary to predict the potential of larvae and juveniles to 
escape intake currents. 

Morphologically, the fastest species have a high aspect ratio of 
the caudal fin (ratio of the square of the caudual fin depth to the 
surface area) (Lighthill 1970). Species with high aspect ratios are 
those with the carangiform (e.g., Carangidae, Clupeidae, Poma- 
tomidae) and thunniform (e.g., Scombridae, Istophoridae. Xiphii- 
dae, Stromateidae) swimming motion. Anguilliform swimmers 
(e.g., Anguillidae, Pleuronectiformes). subcarangiform swimmers 
(e.g.. Gadiformes, Salmonidae), or ostraciiform swimmers (e.&, 
Ostraciidae, Tetraodontidae, Lophiiformes) have a low caudual fin 
aspect ratio and are relatively slow. 

The effects of temperature on swimming speeds are probably 
unimportant in predicting susceptibility of small fish to entrainment 
in an OTEC plant. While Hettler (1979) found that a 10°C increase 
in temperature caused the swimming speed for two carangiform 
juveniles to increase by a factor of 1.6, the relatively consistent 
temperature in the tropics is unlikely to cause large seasonal changes 
in susceptibility to entrainment. 

The design of the water intake structure will greatly affect cur- 
rent velocity. It has been shown that fish are better able to orient 
to a horizontal flow than a vertical flow. Intake structures placed 
or capped so that intake flows are in the horizontal plane enable 
fish to orient to the flow and more effectively avoid the intake 
(Langford 1983). 

Because of the large volume of water required by OTEC plants 
and the relatively high flow rate at the screens, impingement of 
organisms on the warm-water intake screens will assuredly be a 
visible effect and may, in some cases, be ecologically important. 
Impingement rates will depend on intake location and velocity. time 
of day, behavior characteristics of the populations of organisms 
associated with the plant site and, to some extent, season of the 
year, although this will be a relatively minor factor in tropical 
waters. Another important factor is that the plant may serve as a 
fish-attracting device and concentrate large numbers of organisnls 
where they are in danger of being impinged or entrained (Seki 1984). 

Impinged organisms generally fall into the micronekton siLe 
category (2-20 cm) and include fishes, macroplanktonic crustaceans, 
cephalopods, and gelatinous organisms such as cwlenterates. salps. 
and ctenophores. Micronekton are an important intermediate step 
in the food chain between the zooplankton and commercially im- 
portant fishes. The significance of large-scale mortalities due to i n -  
pingement at coastal power plants in temperate waters has not been 
quantified from field data and there is presently no conclusive 
evidence of actual population declines in any species due to imp- 

ingement losses. 
Attempts have been made to model the effects on populations 

(see section on Potential Range of Ecological Effects) but there is, 
in general, a lack of needed data on natural mortality rates. In 
general, the data base for tropical-subtropical waters is even more 
deficient than for temperate waters. Very few quantitative studies 
have been made in tropical-subtropical waters to systematically col- 
lect samples of micronekton. Therefore, it is very difficult to 
estimate the impingement rate. Sullivan and Sands (l980),  using 
data from water off Oahu, Hawaii, estimated a daily impingement 
of 420 kg for the warni-water screen of a 400-MWe OTEC plant, 
and concluded that this loss is probably insignificant when the 
replacement ability of the micronekton population in the surround- 
ing region is considered. 

Primary Entrainment-Any organism small enough to pass 
through the intake screens (approximately 1.3 cm; Sands 1980) will 
be entrained in the seawater flowing through the heat exchangers 
(primary entrainment). During this period, organisms are subjected 
to thermal and mechanical stresses as a result of changes in pressure 
and temperature, shear and acceleration forces, abrasion, and col- 
lision with structures. In addition, organisms will be subjected to 
biocides used to clean the surfaces of the heat exchangers. anti- 
corrosion agents, and corrosion products. Effects on organisms will 
be due to a combination of these factors 

The effects of primary entrainment at conventional power plants 
have been extensively studied and a number of reviews have been 
reported (e.g.. Schubel and Marcy 1978). There is general agree- 
ment that while a great many species of organisms cannot survive 
passage through the cooling water system, there is a wlide range 
of tolerance among species, and plant design and operating 
characteristics are critical factors. Mechanical damage is probably 
the major single factor contributing to primary entrainment mor- 
tality. The importance of thermal and chemical stress will vary 
depending on thermal exposure, biocide treatments, and corrosion 
rates. 

Entrainment effects associated with OTEC will no doubt be one 
of the most important factors to consider with respect to fisheries. 
Because of the low thermal efficiency of OTEC plants the aniount 
of water needed is extremely large; generally between 6 and I O  
m's-l. MWe-' for the total combined warm and cold water flow 
(see Seawater Systems section), as compared to an average of 0.05 
m3.s-1. MWe- '  for condensing water for a nuclear plant. Because 
of this large water requirement, the number of organisms sublect 
to entrainment will be large. 

Temperature-Organisms entrained in conventional power plants 
are subjected to rapid increases in temperature as they pass through 
power plant condensers. The near instantaneous temperature changes 
(AT) may range from less than 6°C to inore than 19°C (Schubel 
and Marcy 1978). and the exposure time to these elevated temper- 
atures may range from several minutes to an hour (including time 
in the discharge canal) depending on the plant design. Laboratory 
research on the larvae of four species of temperate subtropical 
marine fish (Atlantic menhaden. Breioorrin fyrcrnrlus; spot. 
Leiustornus .mirthirius: pinfish, Lngodori rhurnhoidrs: and tlounder, 
Purdiclithys sp.) ha5 shown that their survival following entrain- 
ment in a once-through cooling water system will depend on the 
increase in condenser water temperature over ambient water 
temperature and the length of exposure (Hoss et al. 1971, 1974). 

Studies designed to evaluate a hypothetical offshore conventional 
power plant with a AT of I0-12"C and an ambient tempcraturc of 
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15-16”C indicate that spot, Leiosromusxunrhuncr, eggs may be more 
affected by heat shock during their first day of life than at later 
stages as embryos (Hettler and Coston-Clements 1978). Eggs of 
black sea bass, Cenrroprisfis srriutus, did not show this same ef- 
fect, so it appears that stage of development at time of shock may 
be important, but must be determined on an individual species basis. 
Spot Gggs that were slowly returned to ambient temperatures had 
a much better survival than those subjected to a rapid return. The 
larvae of spot (1-21 days old) showed no apparent relationship 
between age and survival following thermal shock (Hettler and 
Cosron-Clements 1978). 

Unlike conventional power plants where organisms experience 
only an increase in temperature as they pass through the condensers, 
organisms entrained in OTEC plants will experience both increases 
and decreases in temperature. Organisms entrained in the warm 
water will pass through the evaporator, where the temperature will 
be decreased by 2-3”C, while organisms entrained in the cold water 
will pass through the condenser, where temperature will be increased 
2-3°C (U.S. Dept. of Energy 1978). Additionally, organisms will 
be subject to larger temperature changes upon mixing of the two 
effluents (if practiced) and/or discharge to the environment. For 
instance, a mixed discharge would effect a temperature drop of about 
10°C for the warm-water organisms and a 10°C increase for any 
cold-watzr organisms. Entrained organisms will also experience a 
redistribution in the water column when discharged with effluent 
waters. This redistribution could also expose organisms to a dif- 
fermt temperature regime. 

No literature was found on cold shock in fish for the temperature 
range and AT expected for the OTEC discharge. Cold shock litera- 
ture IS limited to describing effects of rapidly reduced temperatures 
during the cooler months to new temperatures at or near the low 
lethal teniperatures, which produce death by the formation of ice 
in the tissues or induce primary (respiratory) or secondary (nerve 
blockage) chill comas. All reported fish kills or experimental cold 
shocks involved species in temperate climates. Chittenden (1972) 
found that young Alosu sapidissirnu exposed to abrupt temperature 
decreases from 24°C to 12°C were not affected, but below 12°C 
even gradual decreases caused sublethal behavioral problems. Terpin 
et al. (1977) showed that Anchou mitchilli died at 10°C when ac- 
climated to 22°C and subjected to a 12°C decrease in 29 hours. 
However, no mortality occurred at decreases of 4°C and 7°C. 
Bccker et al. (1977), although not working with marine species, 
Yhowed that differences in response to abrupt temperature changes 
wcre found between species, inferring that a general prediction of 
the effect of cold shock cannot be made to a number of species. 
Further, knowledge of thermal requirements of the adults of a 
species may not be sufficient to predict those of egg and larval forms. 
In Brett’s (,1956) review. he states that “ . . the thermal requirements 
in rhc very early stages are more exacting than in the adult.” For 
cggs and larvae of stenothermal species, reduced temperatures, 
although not actually “cold,” will retard development and may 
cause abnormalities. Harada et al. (1978) found that no yellowfin 
tuna larvae developed normally in temperatures below 20°C. 

Pressure-Rapid change in hydrostatic pressure IS one of the stresses 
ti) which organisms are subjected during entrainment. These 
pressurc changea may be either negative (vacuums within the pump) 
or positive, and the magnitude of the change is dependent on design 
< i t  th.2 p1’Lit. 

It has bcen suggested that rapid changes in pressure that occur 
in power plant cooling water pumps may be potentially damaging 
ro entrained fish (Marcy et al. 1980). Although much research has 

been conducted on the effect of pressure change on fish, very little 
of it has any direct relevance to the relatively small pressure changes 
(1-5 atmospheres; 1 atmosphere change equivalent to a 10-m depth 
change) to which fish are subjected in power plant cooling systems. 

Much less entrainment of organisms is expected in the cold water 
intake of an OTEC plant, but any entrained organisms will be ex- 
posed to a pressure change of 70-100 atmospheres depending on 
depth of the intake pipe. Entrained fish larvae possessing a swim 
bladder would be very vulnerable to rapid changes in pressure of 
this magnitude (Hoss and Blaxter 1979; Blaxter and Hoss 1979). 

Chemical Additions-Due to the low thermodynamic efficiencies 
available through the OTEC system (Myers and Ditmars 1985), the 
heat transfer rate at the heat exchanger surfaces will be critical. 
The inhibition of biofouling due to microorganisms must thus be 
an integral aspect of OTEC operations. As in coastal power plants, 
current thought here supports the need for intermittent chlorina- 
tion to keep biofouling to a sufficiently low level. As noted by Hoss 
and Peters (1983), there is concern over the use of chlorine because 
of its toxicity. It has been shown that added chlorine can seriously 
affect the growth and survival of entrained organisms (Schubel and 
Marcy 1978), although there are species-to-species variations and 
certain synergistic effects with temperature and trace metals (Hoss 
et al. 1975, 1977). 

The biocide concern is amplified in an OTEC operation because 
of the large volumes of water involved, i.e., the achievement of 
a certain concentration for biocidal effectiveness will require the 
application of large quantities of biocide. Although the required 
dose of chlorine will be somewhat site-specific, recent studies in- 
dicate that concentrations of total residual chlorine of about 0.07 
mg/L may achieve the desired results (Larsen-Basse and Daniel 
1983). This is well below the new source performance standards 
(NSPS) requirement for chlorine discharges from steam electric 
generating stations, the standards which would most likely apply 
to OTEC discharges (Myers and Ditmars 1985). For plants with 
a steam electric generation capacity of 25-MWe or more, the NSPS 
specify the total residual chlorine (TRC) in the cooling water 
discharge from any single generating unit shall not exceed 0.20 
mgiL, and that the duration of chlorine discharge shall not exceed 
2 hoursiday. 

Although chlorine bioassay studies by Venkataramiah et al. 
(1981b) suggest that levels less than or equal to 0.5 mgiL may be 
generally safe, there are still concerns regarding cumulative effects 
of continuous discharges that must be further addressed (Venka- 
taramiah et al. 1981a; U.S. Department of Energy 1981). There 
is also a potential for synergistic reactions of chlorine with trace 
metals and ammonia leaks. Recent studies (Venkataramiah et al. 
1981a,b) on marine fishes and zooplankton have shown that the 
toxicity of ammonia and chlorine varies with habitat of the species 
and with duration of exposure. Within the same species (gray mullet, 
Mugil cephalus), smaller fish were more sensitive than larger fish. 
This work confirms past research on other species and provides 
further evidence that exposure to chlorine in marine waters, while 
not well understood, may present a serious problem and should 
receive additional study. 

Because of the large surface areas required for OTEC heat ex- 
changers [about 9.3 m2/kWe for closed cycle (NOAA 1981a)l. 
heat exchangers are considered one of the principal sources of trace 
metal release. Myers and Ditmars (1985) have used the results of 
DOE-supported corrosion tests (Tipton 1980) to make worst-case 
estimates of trace metal concentrations in OTEC discharges (Table 
5 ) .  In general, the concentrations of trace metals in an OTEC 
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Table 5.-Estimates of OTEC emuent trace metals concentrations due to heat exchanger corm 
sion and erosion. 

Material losslunit area 

_ _ _ _ _ _ _ _ _ _ _ _ ~ _ _  ~ ~ ~ _ _ _ _ _ _ _ _ _ _ ~  

Trace constituent cnncentrations 
Cleaning 3-mo exposure' in OTEC discharge effluentd 

MaterialP environmentb (mgicm') ( n g k )  ~ _ _ _ ~  
Alclad 3003 Brush + chlorine 34.3 
SO52 AI Brush + chlorine 10.1 
CA 706 Cu-Ni Brush 87.5 
AI-6X Steel Brush 0.02 

Ti Brush <o 01 

AI. 66. Zn, 1 
AI. 19. Mg. 0.49: Cr, 0 OS 
Cu. 151; Ni, 17, Fe, 2.4 
Fe, 0.02; Ni, 0.01; Cr, 0.01, 
Mn, 0.002 
TI,  <0.02 __ 

aMaterial composition. Alclad 3003 IS 99% AI. I % Zn; 5052 AI IS 97.5% AI. 2.5% Mg, 0.25% 
Cr: CA 706 Cu-Ni i s  88.6% Cu, 10.0% Ni. 1 4% Fe, AI-6X Steel is 50% Fe, 24% Ni, 20% Cr, 
6 %  Mo, and titanium is commercially pure. 

bCleaning environment is either M.A.N." (American M A N. C o p ,  N.Y.). brushing with 3 round- 
tripsiday or brushing plus continuous chlorination at 0. I mg/L concentrations. 

'From Tipton (1980), largest alloy losses from 3-mo exposure reponed here. 
dCalculated assuming alloy loss (from Tipton 1980). heat exchanger surface areas of 9.3 rn2/kWe 

(NOAA 1981a), and OTEC seawater flows of 6 m3sCiMWe-'. 

discharge are estimated to be on the order of 100 "g ig  (100 pg/L) 
or  smaller. With the possible exception of copper, these estimates 
suggest that the release of trace metals from heat exchanger sur- 
faces would not pose significant concern. Worst-case estimates of 
the release of copper from a Cu-Ni alloy (i .e. ,  CA 706) indicate 
concentrations above 100 nglg, in the acute toxicity range of cop- 
per in seawater based on a number of observations of copper tox- 
icity (Klapow and Lewis 1979). 

With the exception of catastrophic accidents, any leaks of work- 
ing fluids will be diluted by the large volumetric flow of seawater 
through the plant, to the point that problems should not arise. For 
instance, with the Ocean Thermal Corporation OTEC design for 
Kahe Point, it is predicted that normal leaking of ammonia could 
result in an increase of 2.4 pg/L, above the ambient level of 10.7 
pgiL in the mixed discharge (Ocean Thermal Corporation 1983). 
Upon reaction with the seawater, only about 5 %  of this increase 
would remain as un-ionized anmionia, the principal toxic form. The 
concentration of un-ionized ammonia in the discharge would then 
be about 0 .66 &L, well below a reported minimum-risk level of 
10 p g i L  (U.S. Environmental Protection Agency 1973) and only 
0.12 pgiL greater than the ambient concentration of un-ionized 
ammonia. 

Secondary Entrainment-Secondary entrainment refers to the cap- 
ture of organisms in discharge waters (cftluent plume) as a result 
of turbulent mixing or behavioral responses. The rate at which 
organisms are entrained in this manner will depend on the discharge 
flow rate, the near-field dilution, and the average population density 
along the near-field trajectory of the plume (Paddock and Ditmars 
1983). 

Most of the same stresses encountered in primar). entrainment 
will also be encountered in secondary entrainment, the difference 
being that the magnitude of the stress will, in general, be much 
less. Determining the effects on fisheries organisms of secondary 
entrainment will be even more difficult than for primary entrain- 
ment. and results from previous power plant studies arc limited in  
their usefulness. 

Ehrlich (1977) reported that the hatching success of California 
grunion ( I~~urrsrhes  rrnuis) was significantly reduced by a nom 
thermal but unknown component of the effluent from a California 
power plant. Large variation in hatching success suggested that the 
unknown hatching inhibitor in the mater fluctuated during plmt 

operation. It is possible that trace metals in the effluent caused the 
variation, since previous work by Rosenthal and Alderdice (1976) 
showed reduced hatching in herring eggs exposed to trace metals. 
The effects of small changes in water temperature have been shown 
by Peters and Angelovic (1973) to be an important factor in con- 
trolling fish feeding and growth. Small changes in temperature 
(either increases or decreases) in the discharge plume may, 
therefore, have an effect on larval fish growth, but this will he very 
dependent on the depth at which the discharge occurs and the total 
area that is impacted 

Ocean Water  Mixing-An OTEC plant's displacement of large 
quantities of deep ocean water can cause an upwelling effect that 
may disturb the natural temperature structure, salinity gradient and 
levels of dissolved oxygen, nutrients, and trace metals in the sur- 
face waters. Artificial upwelling is not a characteristic of conven- 
tional power plants; therefore, there is little direct analogy to the 
OTEC situation. However, some studies that have been made on 
nutrient distribution and changes in trace metal levels may be of 
some use in predicting upwelling effects. 

In general, it is thought that the pumping of large amounts of 
deep nutrient-rich Ocean water to the surface layer may have positive 
effects if the same type of biostiniulation occurs near OTEC plants 
as Occurs near areas of natural upwelling. However, whether upwell- 
ing will be harmful or beneficial to local ecosystems will depend 
on many factors. as discussed in the section Impacts on Fishery 
Food Chains. 

The concentration of trace metals in surface water may increase 
due to upwelling of metal-rich deep water or the foi-mation of cor- 
rosion products. The impact of these increases will depend in large 
part on the amount and chemical form of the metals involved. The 
free ion activity, not the total metal concentration, determines 
biological availability and effect. Increases in the bioavailability 
of micronutrients, e.g., iron, manganese, and copper, could increase 
production of the algae community. Similarly, toxicity could result 
from high availability of metals, such as copper, zinc, or cadmium, 
which could be detrimental to biological production. If the trace 
metal complement of the eftluent water is harmful, the potential 
biostiniulatory effect of upwelled nutrients may either not occur 
or be unnoticeable. The trace metal complement mill changs with 
time through a variety of processes, and a bloom may be merely 
delayed. With current information it is not possible to predict what 
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effect the altered trace metal regime will have on the utilization 
of upwelled macronutrients, nor is it clear whether the effects will 
differ with location. 

which were large enough to escape intake velocities. In Hawaii the 
net was pulled faster than in h e r t o  Rico (1.7 vs 1 .O d s )  and larger 
animals were collected. Adjusting the nocturnal catch in Hawaii 
for those fish weighing more than 10 g (those most likely to be 
able to avoid impingement) results in estimates of the biomass of 
animals which will be impinged at night (4.6 rng/m3). The average 
impingeable biomass over a 24-hour period is 2.4 mgim’. Similar 
calculations with data from deeper water result in an estimate of 
impingeable biomass at the cold water intake of 3.4 mgim3 in the 
Caribbean and 4.2 mgim3 in Hawaii. 

Multiplying the average concentrations of impingeable biomass 
from the two studies (2.1 mgim’ at the surface and 3.8 mgini’ in 
deep water) times estimated flow rates results in an estimate of im- 
pingement rates. A 40-MWe plant with surface and deep intake rates 
of 120-200 m’!s (Le., 3-5 m’.s-’.MWe-’ for each intake; see 
Seawater Systems section) would probably impinge 20-35 kg live 
weight daily from the surface water and another 40-65 kg at the 
cold water intake, roughly in accord (being an order of magnitude 
less) with the impingement estimated by Sullivan and Sands (1980) 
for a 400-MWe OTEC plant in similar waters (see Impingement 
section). These estimates of impingeable biomass are based on the 
assumption that larger organisms can detect and avoid the intake 
screens. We are unaware of any measures of the concentration of 
larger organisms which could be used to estimate impingement rates 
on a screen which they could not detect; thus, our estimates can 
serve only as a lower bound. Higher rates are possible, but we have 
no means of estimating them. 

Primary Entrainment of Plankton-Plankton entrainment rates 
are a function of plankton density and the rate of water intake. While 
the intake rate can be predicted and infomiation on average density 
of various planktonic groups is available, their vertical stratifica- 
tion is, in many cases, not clearly documented. Those motile 
organisms which aggregate at particular depths may be entrained 
at rates vastly different than predicted from their average density 
in the mixed layer. 

Phytoplankton biomass is approximately the same in Hawaii and 
the Caribbean. In the mixed layer at the Hawaiian Kahe Point OTEC 
site the median value was 0.10 mg chlorophyll-aimg (Uchida 
1983). The average of eight published values reported from the 
Caribbean surface waters (Hoss et al. 1983) is 0.13 mgim’. Judg- 
ing from chlorophyll-a concentration at discrete depths, there is 
no consistent pattern in the vertical distribution of phytoplankton 
in the upper 50 m near Hawaii and Puerto Rico (Sands 1980). Thus, 
average concentrations can be used to estimate phytoplankton en- 
trainment. However, it should be recognized that while mean abun- 
dances in Hawaii and the Caribbean are similar, individual 
measurements showed considerable variation, so the rate of entrain- 
ment of phytoplankton may also vary widely over time. To be con- 
servative in estimating the range, extreme lower and upper bounds 
are assumed to be 0.05 mgim’ and 0.25 mgim’. 

Daily phytoplankton entrainment by a 40-MWe plant, again with 
surface and deep-water intake rates each in the range of 120-200 
m’is, will probably be between 0.5 kg chlorophyll-a (0.05 mg 
chlorophyll-a m3 and 120 m’is) and 4 .3  kg (0.25 mg chloropyll-a 
m3 and 200 m’is). Assuming a factor of 100 for relating 
chlorophyll-a to organic carbon (Holm-Hansen 1969), we estimate 
that the organic carbon of phytoplankton entrained will be in the 
range SO to 430 kg Cid. If the chlorophyll-a concentration is 0.1 
mgim’, a figure frequently used to describe subtropical oceanic 
water, then phytoplankton entrainment will be in the range 100 to 
170 kg Cid. 

The Potential Range of Ecological Effects 
Resulting From OTEC Operations 

Marine ecosystem impacts which may result from OTEC opera- 
tions can be described only in very general terms. This section at- 
tempts to estimate the upper and lower bounds of these effects for 
a 40-MWe shorebased plant with the effluent plume coming to 
equilibrium near the bottom of the mixed layer (see Effluent 
Discharge section). Impacts which we consider include impinge- 
ment, primary and secondary entrainment, and nutrient enrichment. 
This or any estimate of impacts is limited by the environmental data 
available and by an incomplete understanding of the amounts and 
types of ecological compensation which may occur. Also, evaluating 
the importance of projected effects will be particularly difficult and 
dependent upon resource and system boundaries. 

Impingement-Impingement rates will depend on volume and speed 
of the intake waters and the abundance of animals larger than the 
mesh size of the intake screen and their ability to avoid the intake. 
An animal’s ability to avoid the intake depends on (1) rheotactic 
behavior, (2) visual perception in low light environments, and (3) 
swimming speed. Swimming speed depends on (a) species limita- 
tions (form or hydrodynamics), (b) temperature, and (c) physical 
condition. Physical condition depends on (i) nutritional state, and 
(ii) presence of disease or injury. While neither abundance or 
avoidance capability is well documented, reasonable estimates are 
possible. Fish, in general, can swim about 3-6 body lengths per 
second and will avoid intakes which are visible and in a horizontal 
flow field (Hocutt and Edinger 1980). With estimated intake 
velocities of 0.25 to 0.30 mis (see Seawater Systems section), it 
is unlikely that fish over I O  cm in length will be impinged, and 
many smaller ones could probably avoid the screens. The minimum 
length of fish impinged will be several times the screen mesh size. 
Thus, most impinged animals will be in a size range probably nar- 
rower than from 3 to I O  cm. 

While there are no measurements of the absolute abundance of 
animals susceptible to impingement by an OTEC plant, trawl surveys 
conducted near Hawaii (Maynard et al. 1975) and Puerto Rico 
(Vargo et al. 1981) may be used to provide estimates of impinge- 
ment rate. While catch efficiencies of the trawls are not known, 
we assume the fishes’ susceptibility to capture by net is about the 
same as by impingement. Although the nets were pulled several 
times faster than plant intake velocities, most animals caught were 
of the same small size (<lo cm) which is most susceptible to en- 
trainment or impingement. By adjusting the reported trawl catches 
for items identified as undersized or soft-bodied (entrainable rather 
than impingeable) and oversized (those which can probably avoid 
an intake), we can estimate expected impingement. 

In both areas surveyed, fishes were the most abundant group, 
with crustaceans and cephalapods also present. In Hawaii surface- 
waters, a combined catch of all three groups was 0.2 mgim3 dur- 
ing the day and 5.4 ing/m3 at night. Micronekton sampling near 
Puerto Rico revealed an average biomass of 2.7 mgim-’. Adjusting 
the Caribbean catch for the 60% “residue” of entrainable size 
organisms, which those samples contained, results in estimates of 
1 . 1  and 2.5 mgim’ for day and night, respectively, or an average 
I 8 rng/mi of animals large enough to get caught on surface in- 
take screens. In these samples, there appeared to be few animals 



The zooplankton biomass which is subject to entrainment by an 
OTEC plant consists of two major fractions: macroplankton caught 
in conventional nets (200 pm or larger mesh) and microplankton 
small enough to pass through such nets. The larger animals in sur- 
face waters have been studied enough that their density is fairly 
well known. In Hawaiian water the mean dry weight biomass in 
the upper 200 m was 4.9 mgim’ and 3.3 mgim’ in two different 
sets of cruises (Noda et al. 1981b, from Uchida 1983). The average 
of four published studies from the Caribbean is 2.6 mg/m3 (stand- 
ard error = 0.24). Converting these dry weights to nearsurface 
zooplankton carbon (Wiebe et al. 1975) yields estimates of 1.3 mg 
C/m3 in Hawaii and 0.8 mg C/m3 in the Caribbean. Macrozoo- 
plankton abundance at cold-water intake depths has not been studied 
as thoroughly as at the surface. The corxentration clearly decreases 
with depth and will probably be less than 0.24 mg C/m3 (Table 
6). The 0.24 mg C/m3 average estimated from four studies (Table 
6) is probably inflated because many of the samples were taken 
during the day when plankton abundance is greater than the 24-hour 
average and because we chose the highest of the conversion fac- 
tors reported for estimating dry weight. 

The smaller zooplankton, i.e., microzooplankton, have received 
little study so estimates of their density are not very precise. While 
microzooplankton density appears to vary with depth, we averaged 
measurements from the top 100 m of the photic Lone as an indicator 
of entrainable biomass. A study in Hawaii (Gundersen et al. 1976) 
showed an average biomass of 0.7 mg Cim’. Holm-Hansen (1969) 
reported values off southern California of 0 .9  mg C/m3. Using 
0.08 as a factor to convert displacement volume to carbon (Holm- 
Hansen 1969) and the volumes given by Beers and Stewart (1969. 
197 I ) ,  we calculate the microzooplankton biomass averaged 2.3 
mg Cim’ in the eastern tropical Pacific and 1.2 mg C/m3 in the 
California current. From these estimates it appears that microzoo- 
plankton abundance is approximately the same as the average macro- 
zooplankton density in Hawaii and the Caribbean (about 1 mg 
Urn’). This similarity in biomass of these vastly different sized 
animals has also been noted by Sheldon et al. (1977). With little 
information indicating the factors responsible for differences in 
density of microplankton, a more precise estimate of abundance 
in surface water is not possible. 

With micro- and macrozooplankton densities in the mixed layer 
each averaging about 1 mg C/m3, the warm water intake of a 
40-MWe plant will entrain between I O  and 17 kg C/d in each of 
the zooplankton size categories. For the lack of evidence that 
microplankton are abundant at such depths, we assumed that en- 
trainment at the cold water pipe will be limited to macroplankton. 
If deeper water macroplankton are present at a density of 0.2 mg 
C/m3 (Table 6) ,  then entrainment will probably range from 2 to 
4 kg C/d.  

Secondary Entrainment-Turbulent mixing will result in a rapid 
dilution of the effluent water through the entrainment of ambient 
water (see Effluent Discharge section). As a result, there is a poten- 
tial for impact on the plankton present in the ambient water as they 
become entrained into the discharge plume. While it  is difficult to 
predict the scale of impact from this secondary entrainment, the 
potential effect is considerable. This impact will depend on the abun- 
dance of organisms in the dilution water, their sensitivity to the 
altered water quality, and the amount of ~vater involved. 

Secondary entrainment will occur over a narrow depth range. 
Because of the desire to avoid recirculation of effluent back into 
the warm-water intake, the discharge location may be below 30 
m. Based on the density of the eftluent. relative to the dcnrity and 

Table 6.--Estimated macrozooplankton carbon density at cold water intake 
depth. 

Depth of 
\ample, Calculated 

Area Source (m) Data provided (mg Clm’) 

~ ~ - ~~~~~~~~~~~~~ ~ ~~~~~ ~ ~~~~ 

~~~ ~~~~~ ~ ~~ ~~~~ ~~~~ ~~. ~~ ~ ~ ~~ .. 

Hauaii Uchida 
1983 20O-IooO 0.80 nig dry wt/m’ 0 26 

Pacific (19°C) Vinogradob 700 0.004 mI!m’ 0.17 
and Sargasso 1968 
Sea 

Pueno Rico Vargo et ill 6oo-looO 0 0035 ml/rn’ 0 15 
1981 

Sargasso Sea Deevey and SOO-iooO 0 0108 nil/rn’ 0 45 
Brooks 1971 

1ooO-I500 0 0046 rnbrn’ 0 19 

Calculations used the following conversions: wet weight = 7 2 %  ofdisplacemcnt 
bolurne. dry weight = 13% of drsplacemeni volunie: carbon weight = 32% of 
dry weight (Wiehe et at 1975) 

density gradient of ambient waters near the discharge, the plume 
will come to equilibrium near the bottom of the mixed layer. Thus, 
it appears that the dilution water and therefore secondary entrain- 
ment of organisms will generally he from depths between 30 and 
80 m. However, some recent modeling investigations (Wang 1984) 
indicate that there may also be an induced upwelling from beneath 
the plume which would entrain some water from below the mixed 
layer (see Regional Influence section). 

Several characteristics of the effluent (e.g.. reduced water 
temperatures, the presence of a biocide, and a supersaturation of 
nitrogen gas) may adversely affect secondarily entrained organisms. 
Assuming a mixed discharge, we estimate that the temperature of 
the effluent at the point of discharge could be as low as 15°C. While 
many of the organisms which could be secondarily entrained engage 
in vertical migrations which expose them to a wide range of 
temperatures, others, including some of the ichthyoplankton, are 
not accustomed to such low temperatures. Even thermally tolerant. 
temperate organisms may be immobilized or killed by sudden ex- 
posure to cold temperature (Hoss et al. 1974; Bradley 1978; Stauf- 
fer 1980). The probability of mortality is greatest when the animals 
are living near their lower lethal limit. While most of the impor- 
tant tropical organisms have not been studied for thermal effects, 
it seems likely that many of those found in surface waters are 
stenothermal (e.g.. tuna larvae) and may be impacted by temperature 
changes during secondary entrainment. 

While biocides will probably be introduced only intermittently 
and at low concentrations, it is rcasonable to assume that if the 
biocide is concentrated enough to kill fouling organisms it may also 
affect the more sensitive animals which are secondarily entrained. 
Prediction of biocide impacts from current information is difficult 
because most research has involved temperate organisms. Conduct- 
ing additional research on biocide effects will be difficult because 
likely effluent concentrations are near the limit of detectability. 
Whatever biocide effects occur will be greatest in the zone of ini- 
tial dilution where their concentration is greatest and thermal im- 
pacts are largest. Furthermore, previous research has shown that 
thermal and chlorine effects are synergistic (Hoss et al. 1977). There 
is also a possibility that temperature or chlorine effects may interact 
with effects from gas supersaturation. When saturated cold water 
IS brought to the surface and warmed, it will be supersaturated with 
nitrogen, a condition which has caused fish mortality at other types 
of p w e r  plant\. 
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With all the uncertainty surrounding the effects of water quality 
on secondarily entrained organisms, any prediction of effects is 
largely subjective. Until additional information is collected, it is 
assumed that cold shock effects will be insignificant for short-term 
temperature drops of less than 2°C. even in combinations with 
biocide concentrations and nitrogen supersaturation 20% that at the 
point of discharge. If surface and deep water intake rates are equal, 
the total discharge rate will be twice the surface intake rate. Assum- 
ing the temperature of the mixed layer to be constant, the amount 
of dilution water required to reduce the temperature difference to 
2°C would be 8 times the surface intake rate (a 5:  1 dilution being 
needed to decrease the difference between effluent temperature and 
ambient temperature to 2°C). With the further assumption that the 
concentration of biota in the depth interval of 30 to 80 m is the 
same as used in estimating primary entrainment mortality, an up- 
per limit on secondary entrainment mortality may then be about 
8 times that lost to surface primary entrainment. If cold shock rather 
than exposure to biocides, trace metals, or pressure changes is the 
major factor involved in the harmful effect of secondary entrain- 
ment, then many species may suffer only slightly, the most vulner- 
able being non-migratory animals. This, unfortunately, includes 
many fish larvae. 

Impacts on Fishery Food Chains-Increased fish production can 
occur through either more primary production or shorter food 
chains, either of which could result from upwelling of nutrient-rich 
deep water. Primary production changes will in large part be due 
to the reaction of algae to nutrient and trace metal characteristics 
of the effluent plume. If these characteristics stimulate algal growth, 
fast growing diatoms will in all likelihood account for most of the 
production (Sunda and Huntsman 1983). If these diatoms are large 
or chain forming species they can probably be utilized directly by 
macrozooplankton. This could result in a shorter food chain than 
would occur if small algae were eaten by microzooplankton which 
were then eaten by macrozooplankton. Removal of one trophic step 
could increase fish production 5 to 10 times in the receiving waters. 

In general, complex food webs, which occur in potential OTEC 
areas, are resilient so that most changes have little impact on 
ecosystem function. Minor changes in the food web, however, may 
drastically alter our acceptance of the fish produced. For example, 
blooms of the dinoflagellates which cause red tide or ciguatera can 
make the fish inedible. Unfortunately, the factors responsible for 
blooms of these algae are not well enough understood to allow 
precise estimates of OTEC influence on them. Based on the theory 
that most red tide outbreaks are associated with terrestrial runoff, 
they would not be expected as a consequence of CYTEC operations. 
It is possible that minimizing disturbances of the benthic substrate 
(Bagnis 1981) during construction or operation of an OTEC plant 
will reduce the likelihood of ciguatera 

The indirect predatory effect of a 40-MWe OTEC plant on car- 
bon or energy flow through the fishery food web is predicted to 
be minimal. Based on estimates of primary and secondary entrain- 
ment and impingement of various organisms by an m E C  plant 
(Table 7), the number of trophic transfers between the various 
trophic levels and fishery harvest (Ryther 1969), and an assumed 
trophic transfer efficiency of 15 %, calculations were made of 
equivalent harvestable stock which would be lost due to OTEC 
operation. If all the entrained or impinged biomass were removed 
from the system, then 1.8 to 3.1 fewer kg of carbon would be 
available as fish harvest each day. Based on a carbon-to-live-weight 
ratio of l : l O ,  about 18 to 31 kg of fishery harvest would be lost 
daily. This probably overestimates actual loss because it is likely 
that many of the organisms killed will be eaten and thus not be lost 
from the food web. 

Our projection that food chain effects will not significantly im- 
pact the fishery does not address direct effects on the harvested 
species. Many of the fishes are currently being harvested at levels 
equal to or greater than the Maximum Sustainable Yield (MSY). 
If such assessment of harvest levels is accurate, then those stocks 
may not be able to compensate for the individuals lost through en- 
trainment or impingement, and yield will be reduced. Unfortunately, 
we do not know the fine-scale temporal and spatial distribution of 
the early life stages of the major species, and thus are unable to 
predict the number which may be impacted by OTEC operation. 
In addition, our knowledge of the survival 3f these early stages is 
too incomplete to predict the amount of impact on the resource. 

Potential Impact on Fisheries 

Defining in detail what constitutes significant adverse impact on 
fisheries is very subjective. Effects which reduce commercial and 
recreational fisheries harvest would likely be considered adverse. 
On the other hand, if the plant were to serve as a fish aggregating 
phenomenon, harvest efficiency may be increased and the overall 
effect considered beneficial. However, this potential beneficial ef- 
fect would have to be weighed against the overall negative effect 
that aggregation (see Attraction/Avoidance section) may have on 
entrainment and impingement. 

In predicting impacts of conventional power plant operations on 
fish population levels, scientists have relied on life cycle models 
which focus on those components of the life cycle which are suscep- 
tible to power plant effects at the appropriate stages. Simple models 
take a gross view of the life cycle, examine the environment in which 
the species exist, and incorporate details of the plant operations and 
effects. More complex models account for increased temporal 
resolution, more detailed environmental variation, and knowledge 
of behavioral responses to changes in the environment. 

Table 7.-Estimated loss of living carbon and equivalent harvestable stock due lo  entrainment 
and impingement during operation of a 40-MWe OTEC plant (kg C/d). (Based on Peters 1983). 

Phytoplankton Microzooplankron Macrozooplankton Micronekton 

__ 

Entrainment 
Primary 100 - 170 I O  - 17 12 - 21 - 
Secondary 800 - 1364 80 -136 80 - 136 - 

6 - 10 
Total 900 - 1530 90 -153 92 - 157 6 -  10 
lmpmgement - - - 

Trophic transfers 5 4 2 5  1 
Transfer efficiency ........................................... 0.15 ......................................... 
Equivalent harvest- 0.07 - 0.12 0.05-0.08 0.80-1.4 0.90-1.5 

able stock 
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With OTEC, adverse impacts cannot be examined with any degree 
of confidence because what information is available on fish eggs 
and larvae at potential sites is not sufficiently precise. Furthermore, 
effects from operations of conventional power plants can hardly 
be extrapolated to that of an OTEC plant because of the un- 
precedented volume of water the latter is expected to pump and 
the redistribution of water properties that will occur. However, in 
the absence of data which can be used as input into a life cycle 
model, a crude evaluation of OTEC-related impacts on fisheries 
has been made by Matsumoto (1984) for the purpose of this study. 

Based on a review of the combined effects of impingement, direct 
entrainment, and biocide usage to fish. Matsumoto (1984) concluded 
that an assumption of total mortality of all fish eggs, larvae and 
juveniles, directly entrained is not unreasonable. Because the eggs 
and larvae of most fishes caught commercially off Kahe Point are 
buoyant and tend to reside near or at the surface, the degree of sqc- 
ondary entrainment of fish eggs and larvae will be very dependent 
on the discharge depth of the effluent. Little is known regarding 
the effects of secondary entrainment; however, Matsumoto (1984) 
believes the effects would be minimal for deep (e.g., 100 m) 
discharges. More information is needed, however, on the micro- 
distribution of fish eggs and larvae to judge whether such a con- 
clusion would be justified for shallow discharges where the degree 
of secondary entrainment may be 10 to 20 times (worst case) that 
of direct entrainment on the warm water side. If 100% mortality 
is assumed for both direct and secondary entrainment. one must 
then ask what effect this will have on fisheries. 

Off Kahe Point, the principal fisheries that would be affected by 
OTEC operations include six pelagic and two demersal fish groups 
representing 98% by weight of the area's total annual production. 
The pelagic forms include tunas (mainly skipjack and yellowfin 
tuna), billfishes (Pacific blue and striped marlin), mahimahi, wahoo, 
bonefish, and jacks (principally scads), where the demersal forms 
include goatfishes (six species) and snappers (eight species). 

Based on density values of tuna and billfish larvae at depths near 
the warm water intake and discharge points, and warm and cold 
water intake rates of 160 m'is (i.e., 4 m3 . s - ' .MWec ' ) ,  Mat- 
suniote (1984) has estimated the extent of damage from the planned 
Ocean Thermal Corporation plant at Kahe Point. Assuming total 
mortality during entrainment, it was estimated 13.7 million skip- 
jack and 5.5 million yellowfin larvae will be killed each spawning 
season. To be more realistic, these mortality figures must be ad- 
justed for natural mortality which is estimated at 93% for skipjack 
and 91 % for yellowfin. This would result in estimates of OTEC- 
induced mortality of I .O million and 0.5 million, respectively. Any 
effects of secondary entrainment would add to these figures; 
however, Matsumoto suspects that the effects of secondary entrain- 
ment would be minimal. 

The OTEC plant is also expected to function as a fish aggregating 
device and attract fish from adjacent areas. Any increase of large 
aggregations of fishes. such as tunas, mahimahi, mackerels, and 
carangids, will eventually result in concentrated spawnings around 
the plant, subjecting more than the usual amounts of eggs and lar- 
vae to entrainment effects. 

The impact on fisheries will be largely through the recruitment 
process. Through recruitment, the impact on pelagic species, par- 
ticularly tunas, is not expected to be noticeable because most of 
them are migrants from the eastern Pacific fishery, the northwestern 
Pacific, and from equatorial waters. The effects of recruitment on 
bottom and reef-associated fishes would most likely be felt in areas 
further downstream from the plant site. If the prevailing currents 
carry the eggs and larvae along the coast and out into open ocean. 

the full impact of the damages caused by the plant may not be ap- 
parent at the plant site. 

Direct effects could occur, however, in the demersal fishery. For 
the Ocean Thermal Corporation OTEC design for Kahe Point. Oahu 
(see Application section), warm effluent from the Hawaiian Elec- 
tric conventional powerplant at Kahe Point is used as a supplemen- 
tary heat source, and sand particles which are contained in this ef- 
fluent (McCain 1977; Coles 1980) will eventually be discharged 
over the escarpment and build up over a period of time, blanketing 
the rocky bottom near the discharge point. The effect would be to 
force fishes such as snappers to relocate to other areas. The net 
effect to the fishery should be negligible, however, since demersal 
species comprise only a small portion ( I  .3%) of the total fish pro- 
duction off Kahe Point. 

Turning to Puerto Rico, we find that the principal fisheries off 
Punta Tuna include four demersal and one pelagic fish groups 
representing 72% of the fish taken along the eastern coastline. The 
demersal group includes groupers (14 species), grunts (1 1 species), 
snappers (14 species), and porgies (3 species); the pelagic group 
is comprised of mackerels (2 species). Other pelagic fishes, such 
as tunas, marlins, dolphins, and jacks, comprise 1.8% of the total 
fish production and are caught in small numbers. 

The potential effects of OTEC plant operations on pelagic fishes 
off Punta Tuna are also believed by Matsumoto (1984) to be in- 
significant. The effects there on demersal and reef fishes, however, 
cannot be estimated in the absence of appropriate data and biological 
information. 

MEASURES TO REDUCE 
POTENTIAL EFFECTS 
TO FISHERIES 

From the previous chapter and background reports. one can con- 
clude that there will remain some level of uncertainty regarding 
the potential risk to fisheries due to construction and operation of 
an OTEC plant until a full-scale OTEC operation can be monitored 
for some period of time. However, certain aspects of an OTEC 
operation warrant enough concern to examine measures that would 
minimize the risk to fisheries of early plant operations. 

First, from the viewpoint of general environmental risk, proper 
siting is the single most effective means to minimize the potential 
for environmental damage. The avoidance of areas of high biological 
productivity and others of special biological importance (e.g., 
critical habitats, spawning grounds, coral reefs) is desirable. 
However, the flexibility in choice of location may be limited in many 
of the islands that have a suitable thermal resource. For instance. 
as noted by Uchida (1983), there are a number of sites in Hawaiian 
waters that satisfy criteria for both nearshore floating and shore- 
baaed OTEC power plants. However, on the island of Oahu, only 
the area along the Waianae coast from Barbers Point to Kaena Point 
was concluded to meet certain criteria for OTEC siting (Shupe 
1982). Along or offshore of this part of the Oahu coast are major 
coral formations and important commercial and recreational 
fisheries. 

Once the location has been tentatively chosen, preliminary 
oceanographic information will have to be collected to identify i n -  
tial engineering flexibility. This will include information on the 
thermal resource, waves and tides, currents, and extreme ocean- 
ographic events. 

The power produced, and thus thc cost-effectiveness of a plant, 
is highly dependent upon the thermal resource (AT). For an island 
plant, the bite selected will therefore have to offer a suitable thcrrnal 
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resource within a reasonable distance of shore. One of the major 
trade-offs for the conceptual design by dcean Thermal Corpora- 
tion for Kahe Point, Oahu, Hawaii (Ocean Thermal Corporation 
1983). was the distance offshore for placement of their “artificial 
island” system. The artificial island would require greater struc- 
tural and construction costs in deeper waters; however -r-,ater 
distances offshore also reduce the cost of the cold watz::’ pipe (i.e., 
less length) required to achieve a certain AT. Greater distances off- 
shore also reduce the cost of effluent pipes. The study conducted 
by OTC indicated that a plant in about 15 m of water was optimal 
for their design. 

Assuming normal operation of an OTEC plant at a suitable loca- 
tion, the most important design features for which there is some 
flexibility to reduce the potential threat to fisheries are the cold water 
intake, warm water intake, discharge, and chemical additions. These 
topics are discussed in the following sections. 

Cold Water Intake 

Generally, reviews by Hoss and Peters (1983) and Uchida (1983) 
reveal that the direct environmental implications of the deep water 
intake of cold water are small. The depths involved are below the 
euphotic zone, estimated to be in the range of 100-150 m in sub- 
tropical waters of the Caribbean and the Pacific. As a consequence, 
the entrainment of phytoplankton by the cold water pipe (CWP) 
is not a concern. 

The information on zooplankton distributions indicated that the 
CWP will entrain certain zooplankton. It is also apparent that the 
deeper the placement of the CWP intake, the fewer the number of 
zooplankton that will be entrained. If the CWP intake could be placed 
beneath the zone within which certain zooplankton undergo diel 
migrations (see Zooplankton section), this would also help to 
minimize entrainment. However, the extension of the CWP to depths 
deeper than necessary to achieve the needed AT would be very ex- 
pensive, since this is one area where present technology is being 
advanced. This could also totally upset the financial aspects of a 
plant since the CWP construction and deployment costs will com- 
prise a major percentage of the total construction and deployment 
costs. 

It might be argued that the cost of extending the CWP to deeper 
depths to achieve less entrainment of zooplankton would be offset 
by a decrease in seawater volume requirements, and thus pumping 
requirements, if a sufficiently greater AT was obtained. Although 
such trade-offs will have to be examined on a site-specific basis, 
such factors tend to balance out when consideration is given to other 
factors such as the increase in pipe frictional losses. Any extension 
of the CWP is going to be expensive. Furthermore. although deep 
zooplankton play a role in the food web and thus fisheries, it is 
not a well defined role as yet. Therefore, the true benefit of trying 
to avoid deep zooplankton entrainment cannot be quantified with 
the present state of knowledge. 

As noted by Hoss et al. (1983) and in the section on Eggs and 
Larvae of Important Species, little information is available on the 
vertical distribution of fish eggs and larvae in the Caribbean and 
Pacific. However, it appears that they are most abundant in the upper 
25 in, particularly at night. Although Miller (1979) suggests there 
niay be a deep source of certain larvae in waters nearshore Kahe 
Point. few larvae are found below 200 ni. The relative lack of in- 
formation on fish larvae suggests that additional information should 
be gathered at specific OTEC sites when a design is contemplated. 

Thc most significant environmental implication of the CWP in- 

take would appear to be related to the intake in these deep waters 
of nutrients and other natural chemical constituents, which are 
generally present in greater concentrations here than in surface 
waters (NOAA 198 la).  Since the potential environmental impact 
does not relate to the intake as much as to the discharge of these 
constituents back to the ocean near the surface, this topic is taken 
up under discharges (see Discharge Location and Configuration). 

To conclude this section, it is suggested that for most situations 
the placement and configuration of the CWP will be driven by 
economic considerations. However, the lack of flexibility in design 
does not seem to imply any significant disadvantage in terms of 
potential environmental impact and risk to fisheries. 

Warm Water Intake 

As discussed under Biological Interaction with the Environment, 
the warm water intake will have significant interaction with the 
biological environment, entraining or impinging phytoplankton, 
zooplankton, ichthyoplankton, and fish. 

Generally (see Phytoplankton), the concentration of phytoplankton 
increases near tropical and subtropical islands due both to the upwell- 
ing of nutrients from depths as well as  a greater input of nutrients 
from the land mass. Also, in both the Caribbean and Pacific areas 
under discussion, the levels of maximum phytoplankton biomass 
tend to be near the 100-m level, near the bottom of the mixed layer. 
For instance, for waters off Keahole Point, Hawaii, Noda et al. 
(1980) reported that the subsurface chlorophyll maximum occurred 
between 64 and 94 m. Chlorophyll-a levels tended to be relatively 
constant in the top 40 m or so of the water column. In general, 
they increase below this level to the levels found at the chlorophyll 
maximum and then quickly decrease to very low values, with the 
lowest values occurring beneath the euphotic zone. As noted by 
Uchida (1983) for six cruises in the Kahe Point environment, Noda 
et al. (1981a) observed that the chlorophyll maximum remained 
relatively constant in its vertical position at 86 m as well as in its 
concentration. Furthermore, this layer accounted for 77% of the 
chorophyll biomass in the photic zone. 

The discussion in the section Impacts on Fishery Food Chains 
suggests that the predatory effect on harvestable fish stock caused 
by any food chain effect of the entrainment of phytoplankton is not 
a concern. However. where the design flexibility exists, it is prob- 
ably prudent to avoid the direct entrainment of phytoplankton to 
the extent practicable. In light of the information on phytoplankton 
distributions, this would suggest that the warm water intake of an 
OTEC plant should probably be located in shallow water (i.e., 040 
m). The secondary entrainment of phytoplankton is a separate issue 
and is discussed under the next section. 

As discussed in the Zooplankton section, the abundance of 
zooplankton tends to be greatest near the level of the chlorophyll 
maximum, particularly at night when many zooplankters migrate 
from both deeper and shallower waters to this level. Thus, the 
avoidance of zooplankton to the extent practicable also suggests 
relatively shallow warm-water intake depths. However, as in the 
case of phytoplankton, the effect on fish stocks due to the preda- 
tion of zooplankton by an OTEC plant of 40-MWe capacity is not 
expected to be significant (see Impacts on Fishery Fond Chains). 

Like phytoplankton. zooplankton also exhibit an island mass cf- 
fect with Concentrations higher at nearshorc locations (see 
Zooplankton section). However, as evident in Tablc 8 for Carib- 
bean waters, the gradient in surface zooplankton coilcentration is 
not great enough to warrant the extension. for a land-based plant. 
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Table %--Mean displacement volume, dry weight, and abundance of surface zoopl~nkton at island 
sites in the Caribbean. All samples were taken with 203 pm or 239 pm mesh nets (from Hoss 
et al. 19833. _ _ _ ~ _  

Distance Water Displacement 
offshore depth volume Dry weight Abundance 

Location (km) (m) (ml/m') (mg/m3) -in.!?-') Source 

Pueno Rico 0.5-1.0 I O  0.086 - d a d  Youngbluth 1979 
Barbados < I  I O  0.049 4 0 0  - Sander and Steven 1973 
Barbados 2 25 0.041 3.05 345 Moore and Sander 1976 
Barbados I O  460 0.028 2.40 368 Sander and Steven 1973 

Moore and Sander 1977 
Jamaica I 35 0.043 8.28 1600 Moore 1967 
Jamaica 8 900 0.021 3.30 823 Moore 1967 

- __.-______ 

of a warm water intake to waters, say, IO km offshore. For in- 
stance, the data suggest that the entrainment of zooplankton might 
be halved for an extension of the intake from less than 1 km to, 
say, IO km. However, the suggestion of an insignificant effect of 
zooplankton entrainment on fisheries would not justify the benefit 
of this entrainment reduction, if indeed it was to be realized. On 
the other hand, if there was some flexibility over the location of 
the plant, e .g . ,  whether it could be land-based or a shelf-sitter, the 
shelf-sitter with its location and intake being further offshore might 
imply a lower environmental risk on qualitative grounds, other fac- 
tors being equal. 

The only conclusion which can be drawn from observations of 
larval fish (see Eggs and Larvae section) is that the actual distribu- 
tions may be quite complex. The implication is that the spatialitem- 
poral and species distribution of larval fish should be determined 
before engineering flexibility in the location of the warm water in- 
take is considered. 

From the standpoint of impingement and entrainment of adult 
fish, the warm-water intake velocity is a critical factor with lower 
velocities being more desirable (see Impingement section). The 
general guideline regarding velocities for conventional power plant 
intakes is to keep the velocity below 15 cmis so as to allow fish 
to escape the screen wells (U.S. Environmental Protection Agen- 
cy 1973). Although the effectiveness of velocity caps (covers used 
to create horizontal velocity fields for a vertical intake) to reduce 
fish entrainment is not universally accepted, EPA recommend> their 
use for offshore, submerged intakes; the principle is that fish tend 
to avoid horizontal velocity fields more so than vertical ones (see 
Impingement section). 

Discharge Location and Configuration 

The discharge of effluent waters from an CKEC operation has im- 
portant implications for both the operation of the plant and its en- 
vironmental effect. It is of great importance that discharge waters 
not recirculate to the warm water intake and thereby reduce the 
effective thermal resource of the plant. However, for most situa- 
tions the negative buoyancy of the discharge plume and the initial 
dilutions achieved (see Effluent Discharge section) should assure 
that recirculation is not a problem. It is also of great importance 
that a discharge scheme be chosen so as to minimize the potential 
effects to fisheries and other biological resources. As discussed, 
the initial and, to a certain extent, subsequent fates of the effluent 
plume will be very dependent upon the density of the discharge, 
the configuration of the discharge outlet, the vertical ambient den- 
sity distribution, and the presence of currents. 

Several discharge situations were examined in the Effluent Dis- 

charge section: separate and mixed discharges from a 40-MWe 
OTEC plant to two water types that are representative of situations 
found offshore of Kahe Point, Oahu, and Punta Tuna, Puerto Rico. 
Discharges at depths of 20 m and 100 m were considered for both 
situations. 

For the Kahe Point case considered, the upper 50 m were fairly 
mixed so that there was little stratification in density. The calcula- 
tions showed that there would be little impedance to the sinking 
of effluent plumes, whether mixed or separate, until a depth of 
50-100 m was reached. Discharges at 100 m did not stray too far 
from that depth because of the stronger stratification there. 
Calculated diiutions were in the range of 4-7. 

The Punta Tuna case was somewhat different because of the 
stronger density stratification present. A separate warm water 
discharge at 20 m fell to 30 m, achieving a dilution of about 4; 
whereas a separate cold water discharge fell further. to 55 m with 
a dilution of 5.5. A separate warm water discharge at 100 m rose, 
because of its positive buoyancy at that depth, to 75 m with a dilu- 
tion of 5 ;  the separate cold water discharge at 100 m fell to 160 
m with a dilution of 7. A mixed discharge at the 20-m depth fell 
25 m to a depth of 45 m with a dilution of 4.5, and a mixed discharge 
at 100 m fell 15 m to I15 m with a dilution of 5 .  

Although the examples offered are limited, they do provide an 
indication as to how the level of neutral buoyancy (where the density 
of the plume equals that of the ambient waters) and dilutions are 
affected by the type of discharge. For a given situation, larger dif- 
ferences in density between the discharge and receiving waters will 
involve longer trajectories and higher dilutions before a neutral 
buoyancy is achieved. This may be desirable if dilution and removal 
of certain constituents (e.&., chlorine) from the immediate environ- 
ment is desired. However, it might be undesirable if the redistribu- 
tion of organisms is a concern, or if the utilization of nutrients from 
the cold water is possible and desired. Long trajectories and high 
dilutions also result in larger secondary entrainment ofthe organisms 
which could have an effect many times that of primary entrainment. 

This brief treatment of discharge schemes provides only a glimpse 
of the discharge possibilities and how they might be used to advan- 
tage. The presence of currents, occurrence of coastal upwelling, 
and placement of the plant will greatly influence the final schemes 
chosen. Also if the plant is land-based, an artificial island, or a shelf 
sitter, the presence of the seabed may influence the selection. For 
example, a mixed effluent discharged to shallow waters will prob- 
ably hit the seabed before it reaches its level of neutral buoyancy. 
This would affect the rate of subsequent dilution and also cause 
impact to benthic biological resources in the area, such as corals. 
It is obvious that the discharge scheme, more so than either of the 
intakes, will have to be tine-tuned to the environmental conditions 
at a site. 



Chemical Additions 

Chemicals will be added to the seawater pumped through an OTEC 
plant by the corrosionierosion of heat exchanger surfaces, the addi- 
tion of biocides to control the biofouling of heat exchanger sur- 
faces, and the leaking of working fluids. The release rate- will be 
determined by both the engineering design and the biological- 
chemical characteristics of the local ambient waters. For the most 
part. the normal release of working fluids and metals from heat 
exchanger and other surfaces is not expected to be a problem (see 
Chemical Additions section). 

Given that a biocide such as chlorine may be a necessary evil 
for an OTEC operation, a certain amount of engineering flexibil- 
ity can still be utilized to reduce the degree or scale of potential 
effects. All of the previously discussed options are definite can- 
didates (i.e., plant location and intakeidischarge schemes). For in- 
stance, achieving a high dilution and a level of neutral buoyancy 
below the euphotic zone may be very desirable to limit the exposure 
of biota to the biocide. This would require the identification of a 
certain optimal discharge scheme. In addition, certain dosing 
schemes can be used. 

Flexibility in biocide dosing might involve applying the biocide 
to different power modules at different times and mixing the dosed 
module effluent with other module effluents to create some degree 
of pre-dilution. For instance, if a 40-MWe OTEC plant was com- 
posed of four IO-MWe modules and the condenser and evaporator 
could be dosed separately, a certain dose to one of the evaporator 
units and subsequent mixing with the total warm and cold water 
discharge would produce a dilution of 8 to 1 prior to discharge. 
In other words, a free residual chlorine level of 0.05 pgig in the 
effluent of the evaporator or unit in question would be diluted to 
0.006 pg/g before discharge to the environment. Initial dilutions 
of 5 to I O  could further reduce these concentrations to 0.0012 and 
0.0006 pgig. respectively. 

RESEARCH PRIORITIES 

The preceding sections have presented information and inferences 
regarding the potential effects of OTEC operations on fisheries. The 
discussions have primarily relied upon information on power plant 
effects in temperate waters and the limited biological information 
available for tropical waters. Although such an assessment provides 
valuable insights regarding the effects of early small-scale OTEC 
development. a more thorough assessment will eventually be needed. 
To do so will require much additional research of both generic and 
site-specific types as defined below. However, although further 
research is needed, the preceding sections also allude to areas where 
additional information is either not needed or deemed to be unim- 
portant. Specifically, the assessments in the Biological Interactions 
section of the predatory effect of an OTEC plant on phytoplankton 
and zooplankton (with the exception of ichthyoplankton) would sug- 
gest that the effect is so minimal as to not warrant further investiga- 
tion of this topic. '4s emphasized below, additional information on 
thc eggs and larvac of fish is direly needed. 

Investigations of Fish Distribution 

There IS almost no quantitative information available on the distribu- 
tion of the early lifc stages (eggs to juveniles) of fish in tropical 
watcrs. Both spatial and teniporal information of this type is needed 

and should be given high priority, in order to determine the poten- 
tial numbers of fish that will be subjected to impingement and 
primary and secondary entrainment. An understanding of the 
distribution of fish in the water column may allow plant modifica- 
tions to be made that will help decrease the environmental impact 
of OTEC operations. 

Studies on the Effects of Entrainment 

Primary and secondary entrainment effects associated with OTEC 
are potentially important because of the extremely large volumes 
of water involved. Unlike conventional power plants where 
organisms experience an increase in temperature as  they pass 
through the condensers, larval fish entrained in an OTEC plant will 
be subjected to a decrease in temperature of about 2°C upon passage 
through the evaporators. Additionally, in the case of a mixed 
discharge, organisms entrained in the warm water intake will be 
further subjected to a decrease in temperature of about 10°C when 
the warm and cold waters are mixed. Depending on where this 
discharge is made, secondary entrainment may expose additional 
organisms to some temperature decreases. 

Since we found no reported work on the effects of cold shock 
on the young of tropical fish, research on this subject was initiated 
by the National Marine Fisheries Service. This research is examining 
the effects of cold shock (using realistic decreases in temperature) 
that could occur as a result of entrainment. In the future, factors 
such as the addition of biocides and increased levels of trace metals 
in the water should be examined in conjunction with the temperature 
studies. 

Biostimulation/Inhibition 

The OTEC plants are unique in their utilization of cold water from 
the deep ocean. This use of large amounts of deep ocean water 
creates a potential for changes in the upper part of the water column 
similar to those caused by natural upwelling. The increased nutrient 
load of cold, deep ocean waters may have stimulating, inhibiting, 
or no effects on the productivity of marine fisheries. 

Although some experiments have described the effect of mixing 
deep water with surface waters at potential OTEC sites (e.g. ,  
Quinby-Hunt 1979; Szyper et al. 1984). further work is needed. 
This research should look at nutrient and trace metal distributions 
of waters from different depths and test their ability to affect primary 
production and species composition. This type of research can be 
completed in a relatively short time, and the results must then be 
combined with the effects of natural nutrient fluxes to determine 
the ecological significance of potential changes in primary produc- 
tion. 

Early Life History Studies 

It appears that the major direct impacts of OTEC operations on fish 
will be on the early stages in their life history. In order to evaluate 
OTEC impacts on these stages, we need more information on their 
abundance, distribution, migration, and growth and mortality rates. 
Generic information on tropical species is lacking and general prin- 
ciples may be applicable to many species. Such information should 
be collected, starting with some of the major recreational and com- 
mercial species. The duration for this type of research is in years. 
but specific parts can be completed in less time. 
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Dynamics of Fishery Populations 

The research priorities outlined above are directed at establishing 
the effects of OTEC operations on the biological community which 
supports and includes harvested fishery populations. Such research 
should indicate whether effects may be positive or negative and 
supply information needed to predict the number and life stage of 
fish directly impacted. In order to evaluate any such effects as they 
relate to commercial or recreational fisheries. additional informa- 
tion is needed. For example, while some information is available 
on many of the fisheries, much more is needed, including: 

1) Stock structure (i.e., the number and geographic distribution 
of the stocks); 

2) stock assessment over time, which depends upon age distribu- 
tion of the stocks, size at age, and age-specific fecundity, 

3) accurate catch and effort statistics, and 
4) increased information about the factors affecting recruitment. 

including development of models to predict compensation for mor- 
tality at various early life stages. 
Although parts of this research area can be performed over short 
time scales, the topic as a whole will require years to address 
adequately. 

Ciguatera 

Independent of other impacts. fisheries could be severely impacted 
if the fish present were inedible due to ciguatera fish poisoning, 
which occurs in many tropical waters. Current information is in- 
adequate to predict or prevent such an occurrence, and additional 
information is needed, including a description of the environmen- 
tal factors responsible for blooms of the toxin-producing algae, 
methods of easily detecting contaminated fish, and methods of 
mitigation. 

Construction Effects 

Further research is also needed to properly assess the effects from 
disturbances to the environment (including the fisheries) by actual 
construction of the OTEC facility. Any dredging in open seas will 
generate turbidity and sedimentation, not only in the immediate area 
of construction but also in adjacent areas. Sediment in the dredg- 
ing plume will settle out of the water column, covering and perhaps 
killing some benthic life, including, possibly, coral communities. 
Dredging has also been found to be correlated with outbreaks of 
ciguatera poisoning. Thus, in addition to the information needed 
on ciguatera, there is a need to gather data on effects of sediments 
on coral reef ecosystems as well as on the downstream extent of 
the dredging plume. 

CONCLUSIONS 

This report examines the potential impact to fisheries due to the 
operation of ocean thermal energy conversion (OTEC) plants. The 
effort is primarily a synthesis of existing information that has per- 
tinence to the topic, and an extrapolation to conditions brought about 
by OTEC operations. The intent was to gain a perspective of the 
potential risk to fisheries, to identify practicable measures that would 
reduce the potential for problems, and to suggest research areas 
where significant uncertainties exist, uncertainties that under cer- 
tain conditions might unpede the commercial development of OTEC. 

The report focused on two regions where U.S. OTEC interests 
might lie: the Caribbeai, ind the Pacific. It also focused on near- 
shore operation of OTEC as compared to open ocean application; 
the rationale here is that the nearshore area is considered to be the 
more ecologically sensitive as well as more likely t0 see OTEC 
development in the near term. Additionally, the report has contained 
itself priiria ily to those factors of concern that would be associated 
with the normal operating conditions of an OTEC plant: the impinge- 
ment and direct entrainment of biota, the secondary entrainment 
of biota, the redistribution of ocean water properties, and the addi- 
tion of biocides and other chemical constituents. These concerns 
are highlighted by the relatively large volume of water that will 
be pumped through OTEC plants. 

Fish impingement rates caused by these flows will depend on the 
abundance of fish which are larger than the mesh size of an OTEC 
intake screen and on the ability of the fish to avoid the intake. 
Although this avoidance ability will also depend on a number of 
factors, it can be increased through the use or creation of horizon- 
tal intake flow fields. It can also be increased by keeping the flow 
speeds as low as practicable. It is estimated that a 40-MWe Hawaiian 
or Puerto Rican OTEC plant would impinge about 20-35 kg of 
organisms daily, due to the warm water intake, and another 40-65 
kg at the cold water intake. It is estimated that the effect on a fishery 
of such impingement rates will be negligible compared to other 
pressures on a fishery; however, the use of the above mitigating 
measures and attempts to locate intakes away from areas of high 
biological activity are recommended. 

Organisms, including fish eggs and larvae, that are caught up 
in the intake flows and not impinged, will be entrained, travel 
through the plant, and then be discharged. Although the combined 
effect of the various stresses that these entrained organisms would 
undergo is difficult to quantify with accuracy, it is considered pru- 
dent to assume 100% mortality until better knowledge is available. 
Additionally. entrainment mortality will be added to by the sec- 
ondary entrainment of organisms. This entrainment is due to a 
discharge plume that, in falling or rising to find its level of neutral 
buoyancy, entrains surrounding water and biota as it is diluted. With 
typical dilution ratios expected to be in the range of 5 :  I to 10: 1, 
the level of secondary entrainment may be quite high. However, 
until further information is gathered, assessments of the associated 
mortality are very subjective. It is concluded that cold shock to biota 
may be the main concern with secondary entrainment arid that 
organisms may only suffer slightly. However, the most vulnerable 
of the organisms will be the non-migratory species; and these, un- 
fortunately, include many larvae. 

OTEC plants have the potential of influencing the food chains 
leading to fish in several ways. Increased fish production can oc- 
cur through either more primary production or shorter food chains, 
either of which could result from the “pumped upwelling” of 
nutrient-rich deep water. On the other hand, minor changes in food 
webs may drastically alter our acceptance of the fish produced. For 
example, blooms of the dinoflagellates which cause red tides or 
ciguatera can make the fish inedible. Although more information 
is needed on such processes, red tide outbreaks are not expected 
and the minimization of benthic disturbances during OTEC con- 
struction and operation will reduce the likelihood of ciguatera 
outbreaks. 

In trying to examine impacts to fisheries due to mortalities 
associated with OTEC operations. one key problem is the lack of 
detailed information on the spatial and temporal distribution of fish 
eggs and larvae. the natural mortality of most fish, and the range 
of natural variability associated with the various life stages of fish. 

. 

28 



This results in a low degree of confidence in anything beyond rather 
subjective conclusion,. However. even these conclusions are 
valuable until further information is gained. 

Design measures that might be taken to reduce the potential risk 
to fisheries relate to the location of the plant. location and configura- 
tion of the intakes and discharges, and the mode of introducing 
biocides to the sqstem. From the viewpoint of general environinental 
rish. proper siting is the single most effective means to minimize 
the potential for environmental damage. Here, the avoidance of areas 
of high biological productivity and of others of special iniportance 
(e.g. ,  critical habitats, spawning grounds, coral reefs) is desirable. 

For most situations the placement and configuration of the cold 
water pipe will be constrained purely by economic conaiderations. 
Ho-wever, the perceived lack of flexibility does not seem to imply 
any significant disadvantage in terms of potential environmental 
impact and risk to fisheries. Regarding the warm water intake, it 
is felt that more information is needed on the microscale distribu- 
tion of fish eggs and larvae. However, in general, it is believed 
that warm water intakes placed below the surface, where many fish 
eggs rend to concentrate, and above the chlorophyll maximum may 
be most desirable. This suggests a placement between about 10 and 
40 m.  Additionally, if there was some flexibility over the location 
of the plant, particularly its warm water intake, a plant located fur- 
ther offshore might imply a lower environmental and fishery risk 
on qualitative grounds, other factors being equal. 

The placement and configuration of discharges will be a very site- 
specific consideration. Mixed vs. separate, and deep vs. shallow, 
discharges can achieve different dilutions and levels of neutral 
buoyancy. Different permutations have iniplications regarding the 
utilization of cold water nutrients, the potential for recirculation 
into the warn1 water intake, the degree of secondary entrainment, 
the amount of cold shock, and the concentration of biocides. Brief 
treatment of the possibilities suggests that in deeper watera the 
discharge of a mixed effluent near the surface would offer a number 
of advantages. First, the cost of the diacharge structure is mininlized. 
Second, the plume, because of the density addition provided by the 
mixed cold water, would probably sink deep enough to avoid prob- 
l e m  of recirculation into the warn1 water intake. Third. sufficient 
dilution would be imparted to minimize potential problems with 
biocides and other trace constituents. Also. the mixed discharge 
would minimize the degree of cold shock to organisnis secondarily 
entrained. Howevcr, with the discharge near the surface, there may 
be some impact associated with the entrainment of ambient water 
and organisms into the discharge plume. 

The presence o f  currents. occurrences of coastal upwelling. and 
placement of the plant will also influence the final discharge scheme 
chosen for a particular plant. For instance, for a land-based or very 
nedrshore plant, the effluent from a nearsurface discharge will prob- 
ably hit the seabed and roll down it before the level of neutral 
buoyanc) is reached. Depending upon. a number of factors, e .g . ,  
b'vnthic rcsourceh, this might necessitate a deep discharge. 

I n  general, it  IS not believed that the effect of the corrosion 
products of metals will be a problem with OTEC. However, the 
addition of chlorine as an antifoulant over long time periods does 
create smile concern. Although more information is needed 01: the 
chemistry and long-term effects of chlorine. this concern is lessened 
through the achicvement of  high dilutions of the biocide and/or a 
level of ncutral buoyancy near the bottom of the euphotic zone. 
Certain dosing hchemes can be utilized to achieve predilutions that, 
coinhined with the initial dilution process would result in much lower 
Ir\els of biocides in the environment. 

In conclusion. the potential risk to fisheries of OTEC operations 
is not judged to be so great as to not proceed with the early develop- 
ment of OTEC. Due to the lack of a suitable precedent, however, 
there will remain some level of uncertainty regarding these initial 
conclusions until a pilot plant operation can be monitored for some 
period of time. In the meantime, further research o n  fisheries should 
be undertaken to assure an acceptable level of risk regarding the 
larger commercial OTEC deployments. 
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