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SUMMARY AND CONCLUSIONS 

SUMMARY 

The Nuclear Energy Center (NEC) is a concept for siting a large number 
of nuclear power plants at a common location. It appears feasible to 
utilize the ocean or other large water bodies for the dissipation of the 
large quantity of reject heat from an NEC. 

Once-through cooling affords the advantages of higher thermal effi-
ciencies and minimal loss of summer peak generating capacity compared to 
closed—cycle systems, and the problems of atmospheric heat dissipation 
are largely avoided. Depending on the land area found necessary for 
atmospheric heat dissipation systems, an NEC with once-through cooling 
could require a substantially smaller land area. 

The main environmental impacts of once—through cooling are effects 
on ecosystem structure and function through (1) increase in the temperature 
of the receiving water body, and (2) by entrainment and impingement of 
aquatic organisms. A concept for an NEC once—through cooling system is 
proposed that would minimize these impacts by utilizing deeper offshore 
waters than have been used heretofore for coastal plants. 

A concept for the design of an offshore heat dissipation system is 
shown in Fig. 1 (p. 8). The intakes are located sufficiently far from 
shore to avoid the shallow-water in-thore areas which are characterized 
by higher biological productivity than the offshore areas which are 
generally less productive. The discharge is a tandem jet diffuser, with 
high-velocity jets for good mixing of the discharge with ambient water. 
The jets are oriented in the offshore direction, so that the resulting 
plume would have a considerable offshore momentum which tends to carry 
the plume seaward during periods of low ambient currents. The intake 
and discharge are connected to a pumphouse on shore via underground water 
conduits which may be either tunnels or buried pipeline. The NEC itself 
is set back some distance from the shoreline, so that recreational use 
of the shoreline is not impeded. 

A heat dissipation system design already developed for a power 
station can be scaled-up to the size required for an NEC module, using 
scaling laws based on Froude similitude. As an example, the design 
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for the two-unit San Onofre units 2 and 3 station was scaled-up to the 
capacity for an 8-unit NEC module. Assuming the same temperature rise 
(AT) and number of jets, t"he NEC module diffuser would have the first part 
in lo n water depth, and would extend 2650 m in length, compared with 9 m 
water depth and 1520 m length for the San Onofre design. The resulting 
plume would have the same temperature distribution, but the area within 
each isotherm would be 3.03 times greater for the NEC module, and the jet 
discharge velocity would be 1.32 times greater. This analysis shows that 
an NEC module design oi reasonable dimensions could produce a plume with 
reasonable surface temperatures and areas within isotherms. The results 
are based on hydraulic and analytical modeling, since no thermal diffusers 
of the proposed design are presently in operation. 

The environmental effects of the heat dissipation system may be 
divided into the effects of an increase in the temperature of the receiv-
ing water, and all other effects on aquatic life. 

The undesirable effects of heat, such as heat stress and possible cold 
shock, are largely avoided by the rapid mixing of the discharge with ambient 
water in the jet diffuser (Sect. 3.0). The resulting mixed plume is only 
1 to 2°C above ambient temperature, and is within the natural range of 
coastal water temperature changes caused by changing winds and tides (Sect. 
2.0). The indirect effects of a warm plume are not well understood, but 
may include effects on fish migration and spawning at some sites. There 
is some consensus among aquatic ecologists that the warming of colder 
waters often results in an increase in biological productivity. 

The most important and ecologically significant effects on aquatic 
biota are caused by entrainment of plankton and fish eggs and larvae 
(ichthyoplankton) and impingement of small fish too large to pass through 
the intake screens of power plants. At present, there is not sufficient 
data to determine the effects of fish losses due to these causes on fish 
population dynamics. However, a conservative estimate of fish losses due 
to an 8-unit module, not including any compensating effects on population 
dynamics, for a middle-Atlantic region, was slightly under 1% of the 
annual commercial catch for the region (Sect. 5.3). 

The monitoring of relative numbers of fish is required in the vicinity 
of NRC-licensed plants. The data normally obtained in routine monitoring 
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are not sufficient nor adequate to determine effects of plant impacts on 
population dynamics. Some useful data have been obtained from San Onofre 
unit 1. These data show that about the same number of species of fish 
are found near the plant discharge as in a control area about 8 km down-
coast, and that more fish are found near the discharge than in the control 
area, over the greater part of the year (Sect. 5.3). 

The cost of an offshore system would be highly site—dependent, and 
would depend on the length of conduits required to reach sufficiently deep 
water, and the type of rock o\j soil at the site. By comparison with exist-
ing designs, it was estimated that a once-through NEC module at a favorable 
site would cost less, but not greatly less, than a closed-cycle system. A 
once-through system may be preferred por some sites even without a direct 
cost advantage, because of advantages such as lower atmospheric and visual 
impacts, and a possible reduction in site land area requirements (Sect. 6.0). 

For water conduits, in favorable rock, experience indicates that 
tunneling would be cheaper than buried pipeline by about the cost of 
installation of pipeline. However, unfavorable conditions, such as hard 
rock or fractured or nonsupporting rock, can increase the cost of tunneling 
by factors of two or three. Tunneling has the advantage that the land 
surface need not be disturbed except for test borings. 

CONCLUSIONS 
1. The heat from an NEC can be adequately dispersed by use of a sub-

merged jet diffuser only moderately larger and located in moder-
ately deeper water than diffusers designed for present-generation 
power stations, A diffuser of the type proposed is not presently 
in commercial operation. 

2. The NEC offshore heat dissipation system concept appears to be 
economically competitive with closed-cycle systems. However, 
the costs of offshore systems are highly site-dependent. 

3. Once-through systems have several advantages over closed-cycle 
systems: 
• Atmospheric and visual impacts can be practically eliminated. 
• High thermal efficiency and negligible loss of summer peak . 
capacity are obtained. 

• The land area required for the NEC may be substantially smoJIer. 
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4. Once-through systems have the disadvantage of greater impact on 
the aquatic environment. 
• Under some conditions, a large volume of warm water (only 
slightly above ambient temperature) can accumulate in the 
vicinity of the discharge. The ecological effects of 
slightly warm plumes are not well understood. However, the 
overall effect is not necessarily detrimental, particularly 
in colder waters. 

• Entrainment and impingement could reduce the populations of 
various aquatic species and affect the structure and function 
of the aquatic ecosystem. The most important impacts might 
be on some species of fish. The prediction of these impacts 
on fish population dynamics is not presently within the state 
of the art. A prediction based on conservative assumptions 
indicates that the effect of an 8-unit NEC module on important 
fish species populations would be about two orders of magnitude 
less than the known impact of commercial fishing. The NEC off-
snore concept is expected to minimize the effects of entrain-
ment and impingement by locating the intakes in relatively deep 
water where the concentration of aquatic life is relatively low. 

5. In site selection for a coastal NEC, a site underlain by rock 
favorable for the construction of water tunnels is to be preferred. 
Tunnels do not disturb the land surface nor the shoreline and are 
economic in favorable rock. However, buried pipelines are also 
feasible and can be readily emplaced on sites underlain by uncon-
solidated sediments. 
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OFFSHORE HEAT DISSIPATION FOR NUCLEAR ENERGY CENTERS 

Howard F. Bauman 

ABSTRACT 

The technical, environmental, and economic aspects of utiliz-
ing the ocean or other large water bodies for the dissipation 
of reject heat from Nuclear Energy Centers (NECs) were investi-
gated. An NEC in concept is an aggregate of nuclear power plants 
of 10 GW(e) capacity or greater on a common site. The use of 
once-through cooling for large power installations offers 
advantages including higher thermal efficiencies, especially 
under summer peak-load conditions, compa-ed to closed-cycle 
cooling systems. A disadvantage of once-through cooling is 
the potential for greater adverse impacts on the aquatic 
environment. A concept is presented for minimizin, he. impacts 
of such systems by placing water intake and discharge locations 
relatively distant from shore in deeper water than.has hereto-
fore been the practice. This technique would avoid impacts on 
relatively biologically productive and ecologically sensitive 
shallow inshore areas. The NEC itself would be set back from 
the shoreline so that recreational use of the shore area would 
not be impaired. The characteristics of a heat-dissipation 
system of the size required for a NEC were predicted from the 
known characteristics of a smaller system by applying hydraulic 
scaling laws. The results showed that adequate heat dissipation 
can be obtained from NEC-sized systems located in water of 
appropriate depth. 

Offshore intake and discharge structures would be connected 
to the NEC pump house on shore via tunnels or buried pipelines. 
Tunnels have the advantage that shoreline and beach areas would 
not be disturbed. The cost of an offshore heat-dissipation 
system depends on the characteristics of the site, particularly 
the distance to suitably deep water and the type of soil or rock 
in which water conduits would be constructed. For a favorable 
site, the cost of an offshore system is estimated to be less than 
the cost of a closed-cycle system. 

1. INTRODUCTION 

The Nuclear Energy Center (NEC) is a concept for siting a large 
1 2 

number of nuclear power plants at the same location. ' It would have 
a capacity of greater than 10 GW(e), and would therefore require that more 
than 20 GW(th) of low-grade heat be dissipated to the environment. Since 
most lakes and rivers do not have sufficient heat capacity to absorb this 
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large quantity of heat, the NEC studies to date have proposed that the heat 
be dissipated by evaporative cooling, typically in cooling towers. The 
various effects of dissipating this large amount of heat in the atmosphere 
have been considered and are the subject of continuing study, e.g., the 
METER program.3 

On the other hand, very large bodies of water, mainly the oceans and 
the Great Lakes, may be considered infinite heat sinks even for the large 
quantities of heat that would be discharged from an NEC, and could be used 
for once-through cooling. The technical, economic, and environmental 
considerations of once—through ronlinp for NF.Cs are the subject of this 
report. 

2. ADVANTAGES AND IMPACTS OF ONCE-THROUGH COOLING 

Once-through cooling affords a significant conservation advantage in 
that higher thermal efficiencies are obtained. Further, since relatively 
cool water is available from large water bodies even in summer, there is 
little or no loss of summer peak generating capacity due to high condenser 
temperatures in hot weather. This is a significant advantage for the 
majority of U.S. utilities that experience a summer load peak. 

2.1. Water Temperatures 

The temperature of water available at moderate depths in large water 
bodies is significantly lower than the usual design water temperature of 
closed-cycle systems. A typical design water temperature for a wet cooling 
tower system is about 32°C. For economic reasons, most systems are designed 
to meet the design conditions about 95% of operating time, so that in hot 
humid weather (i.e., about 5% of operating hours) the condenser cooling 
water temperature generally exceeds 32°C. 

Some summer water temperatures, at the surface and at moderate depths, 
for typical locations on the U.S. coasts and Great Lakes, are given in 
Table 1. These data, taken from various power plant environmental state-
ments, are daily average maximum summer water temperatures or closely 
similar measurements. Cool water is available in summer on the Pacific 
coast, the northern Atlantic coast, and on the Great Lakes. The waters of 
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Table 1. Summer water temperatures at typical locations 
on the U.S. coasts and the Great Lakes 

Summer water temperature 
Distance (°C) a Location offshore Water depth 

Surface Subsurface 

Seabrook, NH 
Atlantic, NJ 
North Carolina 

North of 
Hatteras 
South of 
Hatteras 

Pompano, FL 
Texas, Gulfcoast 
San Onofre, CA 
Lake Erie 
Lake Ontario 

1600 
6000 

Nearshore 

Nearshore 

3000 
NA 
3000 
NA 
NA 

19 
24 

26 

28 

30 
30 
22 

23 
22 

11 
21 

25 

26 

28 

24 
20 

11 
17 

15 
10 

NAb 

NA 

30 
30 
10 
25 
30 

Depth at which temperature was measured. 
5NA; data not available. 



the south Atlantic and Gulf coasts are warmer, but still cool relative to 
typical closed—cycle system water temperatures. Most of the water bodies 
are stratified to some extent in summer, that is, the surface layers are 
warmer than deeper layers. Except for the southern Atlantic coasts, where 
strong currents keep the waters over the continental shelf well mixed, the 
water available at moderate depths is significantly cooler than the surface 
water for most summer conditions. 

Natural fluctuations in water temperature on the order of 5°C over 
short time spans (days or hours) are common at most locations. These 
£ tlw»Cltlcns G CdllSCu ulQVCIuCS o £ Vatcr Iu3SS GS O f clif £ OT T̂ nn t£I2p 0T3— 
tures. Common examples include upwelling of cold bottom water by wind-
driven currents, and the tidal movement of solar—heated water from shallow 
areas. The temperature difference of a well-mixed plume from a once-
through cooling system (over the ambient water temperature) should be less 
than the short-term natural fluctuations in water temperature observed in 
large water bodies. 

2.2. Atmospheric Effects 

For an NEC, the most significant advantage of once-through cooling 
may prove to be the avoidance of the problems of atmospheric heat dissipa-
tion. It has been postulated that a large source of atmospheric heat and 
moisture might trigger precipitation, thunderstorms and other atmospheric 
phenomena, but the extent to which this might occur is presently not known. 
In the NECSS-75 study,"*" it was assumed that groups of plants would be 
widely separated [2.5 miles (4 km) between groups of four] to avoid possible 
atmospheric effects. If such large spacing is indeed found to be necessary 
with evaporative cooling, an NEC employing once-through cooling would have 
the advantage of requiring a much smaller land area. 

2.3. Environmental Acceptance 

The main environmental impacts of once-through cooling are effects 
on ecosystem structure and function due to an increase in water temperature 
and due to entrainment and impingement of aquatic organisms. A once-through 
cooling system to be environmentally acceptable must be sited, designed, and 
operated to minimize these impacts. To meet environmental regulations it 
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must qualify for a FWPCA Section 316 exception, which requires that a 
balanced indigenous population of aquatic life be maintained. 

3. DESIGN CONSIDERATIONS FOR AN OFFSHORE HEAT 
DISSIPATION SYSTEM 

Nearly all of the coastal power plants (nuclear and fossil) now 
operating use once-through cooling with shoreline intake and discharge 
systems. These systems have the environmental disadvantages of disturbing 
the shoreline and of withdrawing and discharging water from relatively 
shallow areas where heat dissipation is hindered and where biological 
productivity tends to be relatively high. Several new plants, such as 
Seabrook, NH, and San Onofre, CA (units 2 and 3), have been designed with 
submerged offshore heat dissipation systems to minimize impacts on the 

4 5 
aquatic environment. ' The considerations presented here for an offshore 
heat dissipation system for an NEC are based on recent studies in thermal 
hydraulics and aquatic ecology performed for various coastal power plants 
including those just mentioned and the offshore floating nuclear plants 
(Atlantic, NJ).6'7 

Excessive temperatures in the receiving water body can be avoided by 
discharging the condenser effluent through a jet or jet diffuser system 
in sufficiently deep and open water. The jets entrain cool bottom water so 
that the heated discharge is diluted rapidly by a factor of about 8 to 10. 
The mixed plume is then at most only 1°C or 2°C above ambient and drifts 
along the surface until it is dissipated. The diluted plume at this 
moderate temperature would not cause damage to aquatic life from either 
excessive temperatures or from "cold shock" (the sudden withdrawal of the 
heat source),, Under some conditions large volumes of slightly warmed water 
(1°C or less above ambient) can accumulate near a discharge. The ecological 
effects of such warming are as yet not well understood. Some ecologists 
believe that the principle effect of warming in cold waters is to enhance 
biological productivity (refer to Sect. 5.2). Under some conditions, when 
the surface waters are stratified and appreciably warmer than the bottom 
waters, the temperature of the mixed plume from a submerged discharge may 
be no greater than or even less than the ambient surface temperature. 
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In recent studies, problems other than water temperature, particu-
larly impingement and entrainment, have drawn increasing attention. 

Impingement is mainly the trapping of small fish too large to pass 
through the openings of the intake screens of a water intake system. Large 
fish and most pelagic fish generally swim fast enough to escape impingement. 
A number of measures have been tried to reduce impingement, but the most 
effective may be to locate the intake where concentrations of small fish 
are relatively low. In general, the deeper the water and the further from 
shore, the less the impingement probability. 

Entrainment is the drawing in of organisms (plankton) ton small fn be 
caught on the intake screens. Eggs and larva of fish are planktonic and 
their entrainment could adversely affect fish populations. Intakes, there-
fore, should be located away from spawning and nursery areas, in order to 
reduce the probability of adverse impacts. Once again, locations in deeper 
water further from shore are generally most favorable. 

Generally some fraction of entrained organisms survive passage through 
a once-through cooling system. A major stress on the organisms is the 
increase in water temperature (AT) in the condenser; the time at elevated 
temperature before being returned to cooler water is a major factor in 
survival. For a given rate of heat removal, the water flow required is 
inversely proportional to the AT. This leads to a tradeoff in the design 
of a once-through cooling systems; lower water flow at higher AT reduces 
the amount of impingement and entrainment, but increases the thermal stress 

on those organisms that are entrained. A complete analysis of this question 
g 

(which is the subject of continuing study ) is beyond the scope of this 
report, but the following points are relevant: 

• The economics of offshore cooling favor lower flow at higher AT. 
This reduces the size of the conduits and reduces the pumping power 
required. 

• Plankton populations other than ichthyoplankton are usually in a 
dynamic equilibrium'at a level determined by availability of food 
and nutrients. In this situation, plankton which fail to survive 
passage through a cooling system would be rapidly replaced through 
normal reproduction. Any loss of ichthyoplankton is noi immediately 
recovered, but fish populations also tend to be in a dynamic 
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equilibrium, so that loss of ichthyoplankton would not necessarily 
result in a significant reduction of the adult fish population. 

* Both surviving and non-surviving plankton are returned to the 
ocean and are not lost to the aquatic food chains. 
The above considerations would support the conclusion that a high 

survival rate of plankton entrained in a cooling system is not necessarily 
required for the maintenance of a balanced indigenous aquatic population. 

Very little is known about the ecological and economic implications 
of the impacts incurred from once-through systems. It seems logical that 
the population and productivity of spccics that are affected by euLtaiu-
ment or impingement could become depressed in the vicinity of a once-
through system. For wide-ranging species this might result in a very 
slight depression over a very large region (and would probably be prac-
tically impossible to measure). For species that do not range widely, there 
might be a noticeable depression locally while other parts of the region 
would be unaffected. 

Ecologists have not reached agreement as to which of the various 
kinds of unavoidable adverse impacts from human activities should be con-
centrated in a few locations and which should be distributed as broadly 
and evenly as possible. Obviously, the pursuit of the NEC concept leads to 
the concentration of impacts in a few locations. For the case of aquatic 
entrainment and impingement, concentration may be an advantage because any 
local depression in the number of entrainable organisms would correspondingly 
reduce the number of organisms subsequently entrained. In compensation, other 
parts of the region would remain undisturbed and could supply reproductive 
capacity for entrainment-affected organisms in order to maintain a "balanced 
indigenous population" for the region as a whole. 

4. CONCEPT FOR AN OFFSHORE HEAT DISSIPATION SYSTEM 

A concept for a once-through cooling system for an NEC is presented 
to illustrate the features that could make such a system environmentally 
attractive. The system consists of submerged intake structures and tandem 
jet diffusers coi.~e.cted to the NEC by tunnels or underwater pipelines as 
shown in Fig. 1. The system shown is a module to serve eight 1200 MW(e) 



Fig. 1. A conceptual design for a submerged offshore heat dissipa-
tion system for an NEC. 
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units, which would be set back about 1 km from the shore. As construction 
of the NEC proceeded beyond eight units, another similar offshore module 
would be constructed several kilometers distant along the shore. The exact 
sizes, numbers of components, layouts, and distances are not critical to 
the concept and are intended to be illustrative. 

4.1. Intake 

The design and location of the intake structures may be the most 
important element in the acceptability of once-through systems for NECs, 
because of the ecological importance of impingement and entrainment. In 
this concept, the intakes are located as far as necessary offshore to reach 
relatively deep water. While the exact location and depth of the intakes 
would be strongly influenced by site conditions, an intake depth of 30 
meters appears to be a reasonable goal for many sites. The intake structures 
are covered with "velocity caps" to reduce impingement, and the openings 
are positioned about one-third the water depth above the bottom to reduce 
impacts on bottom-dwelling fish. A velocity cap covers the top of an intake, 
so that water enters from the side. It has been shown that fish more 
readily sense and avoid a horizontal flow acceleration at a side intake than 
a vertical acceleration at a top inlet. The intakes are clustered so that 
the predatory effect of the intake is concentrated at one location. (If the 
intake should depress certain aquatic populations in the vicinity of the 
intake, it would be an advantage to take all of the required water from the 
point at which the population was already depressed.) Furthermore, cluster-
ing leaves the maximum area of ocean habitat completely undisturbed. 

4.2. Diffusers 

Multiple-jet tandem diffusers are located inshore of the intakes. 
The jets are oriented in the offshore direction, and the momentum of the 
discharge would move the plume away from shore during periods of low 
ambient currents. The inshore end of the diffuser is in water sufficiently 
deep (about 10 m) to provide ample inflow of dilution water. Under certain 
current conditions, the diluted plume may pass over the intake structures, 
but thermal stratification is expected to minimize recirculation of warmed 
water. The tandem jet design was adapted from a design proposed for the 
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a 
Perry, Ohio, nuclear station and tested in a hydraulic model. The design 
allows free access for dilution water from the sides of the diffuser to 
mix with each jet under various ambient flow conditions. Under the con-
dition of strong along-shore current, model studies show that a broad, 
well-mixed plume streams off the lee side of the diffuser. Under the con-

tion of low ambient current, each jet reinforces the offshore movement 
of the plume, so that the entire plume streams off the end of the diffuser 
in the offshore direction. Good dispersion of the heated effluent was 
demonstrated under all flow conditions tested. 

4.3 Pump'nouse 

A pumphouse containing coventional intake screens is located onshore, 
from which cooling water is distributed to the power plants to be served. 
The pumphouse and the NEC controlled area are set back from the shoreline 
about 1 km, and the reactor buildings are set back somewhat further within 
the usual exclusion area. For a typical coastal topography, the buildings 
would be below the line of sight from the beach (as shown on Fig. 1), and 
the NEC would not interfere with any of the usual recreational uses of the 
shoreline. 

4.4 Plant Layout 

The layout of plants within the NEC is not critical to the concept. 
Economics of cooling water distribution would favor relatively short 
distances between the pumphouse and the power plants. Either surface 
canals or underground conduits could be used to distribute the cooling 
water, depending on site conditions. A possible arrangement for eight 
plants served from a pumphouse module could be two groups of four plants 
each (quads) separated by a distance of about 1 km and set back about 
1 km from the boundary of the controlled area. 

5. ENVIRONMENTAL EFFECTS 

5.1 Impacts of Construction 

The impacts of construction of the proposed NEC offshore heat 
dissipation system depend largely on the type of water conduit used. 
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Where tunneling is feasible, there is almost no impact on the shoreline, 
and only small areas of ocean bottom are disturbed around the intake and 
diffuser structures. 

Where pipeline is installed, a corridor across the shoreline and 
along the ocean bottom will be disturbed for a period of two to three 
years. It is anticipated that the shoreline would be restored to approxi-
mately its original condition, and that the disturbance of the ocean 
bottom (e.g., displacement of benthic organisms) would heal naturally in 
a few years. Shoreline restoration is practical in most locations, but 
could be very difficult in ecologically sensitive areas such <±s marshes 
or mangrove swamps. Hopefully, sensitive areas could be avoided in the 
site-selection process. 

All in all, the impacts of construction would be temporary and non-
repetitive, and would not be expected to have long-term effects on the 
ecosystem. An excellent discussion of the impacts of along shore con-
struction, including the effects of dredging, may be found in Ref. 10. 

5.2 Physical Effects of Operation 

The possible physical effects of a once—through heat dissipation 
system can include bottom scouring, sediment deposition, interference 
with littoral sediment transport, and the formation of a heated-water zone 
or thermal plume. An offshore system by nature avoids interference with 
littoral transport, and can be readily designed to avoid scouring or 
sediment deposition. The only important physical effects expected are 
associated with the thermal plume. 

The characteristics of a submerged jet discharge are rapid mixing of 
the heated discharge with ambient water to produce a mixed plume generally 
less than 2°C above ambient water temperature. Under these conditions, 
only a small fraction of the heat (less than 5%) is immediately transferred 
to the atmosphere; and atmospheric effects, which may include occasional 
"steam fog," are generally negligible. On a longer time scale the water 
body, which is in a dynamic equilibrium with the atmosphere, will transfer 
any excess heat to the atmosphere by evaporation, conduction and radiation. 
This eventual transfer of heat to the atmosphere occurs over a large surface 
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at an energy density which is small compared to natural processes, and is 
therefore not expected to trigger atmospheric effects. 

Analysis of a Thermal Plume. A thermal plume is generally character-
ized by the surface area and/or volume within isotherms above ambient tem-
perature. Methods are available for predicting the extent of a thermal 
plume for specific cases, given specifically the design of the diffuser, 
the bottom topography, and the temperature and current regime of the 
ambient waters. Design studies could typically include the construction 
of a hydraulic model as well as the use of computer models. Since efforts 
cf this magnitude are hardly justified for a hypothetical system, a simpler 
approach has been taken for this analysis. The characteristics of a 
typical NEC once-through heat dissipation system will be predicted by 
scaling up a study made for an actual system, using the hydraulic scaling 
laws based on Froude similitude, as shown in Table 2. We would have 
preferred to scale-up field data rather than hydraulic model data, but 
as yet there is not a diffuser of the proposed type in operation. There 
is, of course, a larger degree of uncertainty in scaling up model data 
that has not been subject to field verification. However, it is likely 
that appropriate field data will become available within the next few years, 
in time to be useful in the design of diffusers for the first generation 
of nuclear energy centers. 

The heat dissipation system designed for San Onofre, units 2 and 3, 
(Fig. 2) is very similar to the conceptual design proposed here for an NEC. 
The major difference is in the orientation of the jets; in the NEC concep-
tual design all jets are oriented directly seaward; in the San Onofre de-
sign alternate jets are oriented 20° to either side of the seaward direction. 
(For low ambient currents, the San Onofre design would produce a wider plume, 
and the NEC design a narrower plume with greater offshore momentum,) 

The San Onofre design was tested under a variety of ambient flow con-
ditions in a hydraulic model. In this analysis we will apply the results 
of the model test to an assumed prototype with a discharge four times 
greater than that of San Onofre, representing an eight-unit prototype NEC 
heat dissipation module. The dimensions of an NEC prototype scaled up in 
this fashion, compared with the dimensions of the San Onofre prototype, are 
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Table 2. Hydraulic scaling laws 

Scale ratio 
Quantity prototype to 

model 

Temperature difference 
Length 
Velocity 
Ti • ~ liilie 
Flow 

^Where {. is the ratio of prototype length to 
model length for an undistorted model. 

1.0 

,1/P. 
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OFFSHORE PLAN 
FLOW UNDER REVERSED CONDITION 

Fig. 2. Offshore heat dissipation system designed for San Onofre 
Nuclear Generating Station Units 2 and 3. 
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given in Table 3. Note that in this method of scale-up, the flow is jcnled 
up directly, the AT is unchanged, and the number of jets are unchanged. 
For a flow scale—up of four, the linear dimensions increase by a factor of 
1.74, area by 3.03, and the jet velocity by 1.32. The results (isotherm 
plots) obtained for the San Onofre cases may now be applied to the NEC 
prototype by applying the same factors (e.g., multiplying linear dimensions 
by 1.74). 

A typical isotherm plot scaled up for the NEC 8-unit prototype is 
shown in Fig. 3. The plume temperature is above ambient by no more than 
10% of the system temperature rise (AT), indicating a jet dilution of 
greater than 10 in the mixing zone. The area within each isotherm is a 
factor of 3.03 greater than the comparable area for a two-unit station. 

The above analysis was carried out to show that a reasonable heat 
dissipation system design for an 8—unit module could produce reasonable 
plume temperatures and areas within isotherms. While it is instructive 
to see how an established design for a diffuser can be scaled up to the 
size required for an NEC, the design of large diffusers for an NEC is of 
course not limited to the scale-up of previous designs, 

5.3 Effects of Operation on Aquatic Biota 

The Nuclear Regulatory Commission has recently published the Environ-
mental Statement related to the manufacture of Floating Nuclear Power Plants 
(FNP) by Offshore Power Systems. This document includes, in addition to a 
description of the aquatic ecology of the Atlantic and Culf Coasts, a 
comprehensive assessment of the effects of once—through heat-dissipation 
systems on aquatic biota. Several findings from this study are relevant 
to the NEC system concept. 

Ecological effects are caused by entrainment, impingement, chemical 
and biocide discharges, and temperature changes. 

The populations of the simpler life forms are not believed to be 
sensitive to entrainment losses. Because of their short life cycles, losses 
are compensated for by rapid reproduction. The analysis of entrainment 
effects was concentrated on ichthyoplankton, since fish populations are 
believed to be most sensitive to entrainment losses. The larvae of many 
species remain in sheltered waters and would not be subject to entrainment 
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Table 3. Diffuser scale-up to NEC size 

San Onofre, 
2 units 

NEC, 
8 units Ratio 

3 
Flow, m /s 105 420 4 
Temperature rise, °C 11 11 1 
Number of diffusers 2 2 1 
Number of ports per diffuser 63 63 1 
Port diameter, m 0.52 0.90 1.74 
D - 2 Port area, m 0.21 0.64 3.03 
Discharge velocity, m/s 3.94 5.21 1.32 
Distance from shore, m 

Diffuser 1, first port 1067 1860 1.74 
Diffuser 2, first port 1524 2650 1.74 
Diffuser 2, last port 2590 4510 1.74 

Water depth, m 
Diffuser 1, first port 9.1 16 1.74 
Diffuser 2, last port 16.8 29 1.74 
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A = 985 
B - 9 83 
C = 878 

10.06 

Z = 0 . 1 0 

Fig. 3. Kilometer scale appropriate for 8-unit NEC module superim-
posed on San Onofre model isotherm plot (from Fig. 6.44, Ref. 10). 
Surface isotherms (in increments of 2.5% of source AT0) for special 
current sequence SPA. (Diffusers shown as straight lines; instantaneous 
current speed = 0.0 knots.) 
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at an offshore intake. The larvae of several common species are found in 
open waters and would be subject to entrainment. The potential changes in 
fish populations due to entrainment of eggs and larvae cannot be quantified 
because the requisite data on population dynamics are not known. However, 
for the FNP study the loss of fish due to entrainment was estimated based 
on conservative assumptions and this loss compared with the commercial fish 
catch for each of five coastal regions. Based on this data, the annual 
loss of fish (0-1 year class) due to entrainment in an 8-unit NEC module for 
the middle Atlantic region would be from 0.2% to 0.8% of the commercial 
catch. These data are based on conservative estimates of larval densities 
and do not take into account any compensating mechanisms in the population 
such as density dependence. 

Another approach to estimating the effect of entrainment is to 
evaluate the volumes of water involved. The intake for an 8-unit module 
drawing from an average 30 m deep bottom layer daily draws in the volume 
of water within a circle of about 600 m radius. This is a very small 
fraction of the water over the continental shelf off the coast of a region 
served by an NEC. The overall effect of the module would be to "thin out" 
the planktonic biota in the plume streaming from the vicinity of the 
diffuser; for a typical dilution ratio of 10 to 1, and conservatively 
assuming zero survival, the density of live planktonic biota in the plume 
would be about 90% of that in the ambient waters. The loss to the ecosystem 
is small on a regional scale and would not be expected to disturb the struc-
tural and functional characteristics of biotic populations in the vicinity 
of the discharge. However, some increase in the abundance of organisms 
which feed on detritus would be expected. 

Impingement of fishes on intake screens is readily observed and 
measured in operating plants, but its effect on fishery populations is 
very difficult to quantify and predict. The FNP statement concludes that 
small schooling fishes may be an intermittent problem for offshore intakes, 
but that the fraction of fish taken is not likely to be large enough to 
disturb the population balance. The best defense against impingement is 
the siting of intakes away from locations where small schooling fishes are 
prevalent. 
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The principle chemical and biocide discharges from a once-through system 
are copper, nickel, and chlorine. Copper and nickel may be present as 
corrosion products from heat exchanger surfaces; the FNP statement concludes 
that the probable concentrations would not be large compared to the natural 
concentrations in seawater, and that toxic effects are not expected. Chlorine 
treatment is a commonly used procedure to prevent biological fouling of the 
heat exchange surfaces; a typical schedule is two hours of chlorination per 
day. Entrained organisms do not survive chlorination. The FNP statement 
recommends that treatment be controlled to limit the residual chlorine in 
the discharge to less than 0.1 mg/liter. Under these conditions essentially 
no residual chlorine appears in the plume, because it is consumed by the 
chlorine demand of the dilution water entering the discharge jets. 

In addition to chlorination, the temperature of the intake and dis-
charge conduits is generally increased periodically to remove organisms 
which would otherwise encrust exposed surfaces. Entrained organisms do 
not survive heat treatments. Heat treatment has been shown to not 
appreciably increase the overall impact of a heat dissipation system.^ 

Direct temperature effects are minimal for systems employing sub-
merged jet diffusers, because the discharge is rapidly diluted with 
ambient water. The only high temperature portions of the discharge are 
within the high velocity regions of the jets, where fish are not expected 
to reside. The temperature of the mixed plume is generally less than 
2°C above ambient. This temperature increase is of the same order as 
natural temperature changes that can be observed in the coastal ocean 
over periods of a few hours as winds and tides change (Sect. 2.0). 

Bottom temperatures are usually unaffected outside the mixing zone 
of the jets, because the warm plume is buoyant and remains on the surface. 

Indirect effects of temperature are more difficult to assess. Fish 
are known to exhibit temperature preference and probably grow faster within 
their preferred temperature range (which differs by species). Thus, fish 
often seek a thermal plume in cold waters and avoid a plume in waters 
warmer than their preferred temperature. Migrating fish may linger in a 
warm plume. Water temperature is known to affect spawning. Effects on 
migration and spawning may be important for some sites, but at present 
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no satisfactory data are known for offshore locations. The overall effects 
of the wanning of water by an NEC are expected to be small because the 
temperature of the mixed plume is only slightly above ambient, and because 
the area affected is small compared to the total water area of a coastal 
region. 

Field Studies. Although shoreline once-through systems have been 
used for many years, there is very little experience with offshore systems. 
There is at present no data from which the effects of offshore systems on 
the population dynamics of aquatic biota can be evaluated. Certain routine 
monitoring of aquatic populations is required for NRC-licensed plants, but 
the scope of routine environmental monitoring is not broad enough to permit 
analysis of population dynamics. 

Aquatic monitoring data have been obtained from San Onofre unit one. 
Much of these data are summarized and analyzed in an NRC report by Adams 

12 
et al. The 1975 fish collection data were singled out for analysis. 
Bottom nets were placed at 9-m depth near the outfall, and similar sampling 
was conducted simultaneously at control stations about 8-km downcoast during 
all four seasons of the year. A summary of the results is given in Table 4. 
The results show that the number of species is about the same in both the 
discharge and the contol areas, and that, for three of the four sampling 
periods, more fish were found near the discharge than in the control area. 

Some preoperational fish sampling had been done at San Onofre, but 
the data were not considered sufficient for a meaningful comparison of pre-
operational and operational fish populations. The report suggested a monitor-
ing program which could make a valid comparison possible for the operation of 
units 2 and 3. 

In summary, the San Onofre 1 monitoring data indicates that fish 
populations increased in the vicinity of a warm discharge, and no change 
was observed in the number of species. There is not sufficient data to 
evaluate any change in local fish population due to the operation of a 
plant, nor is there sufficient data to evaluate the effect of a plant on 
the population dynamics of the nearby ocean. 
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Table 4. Fish collected in bottom nets at 
San Onofre unit 1 in 1975 

March June September December Total 

Near discharge 
Number of fish 417 641 
Number of species 20 23 

In control areaa 

Number of fish 253 383 
Number of species 24 23 

214 
17 

208 

19 

598 
20 

168 
19 

1870 

1012 

aControl area 8 km downcoast from plant. 
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6. ECONOMICS 

Once-through systems historically have been more economical than the 
various closed-cycle alternatives. This may or may not be true for off-
shore submerged systems for NECs. 

The cost of an offshore system will be highly site dependent. The 
offshore concept for dissipating the large amount of heat from an NEC 
depends upon access to the large amount of cool water which is available 
at greater depths than have been utilized heretofore. The length of the 
conduits required to reach this deeper water is site dependent, and the 
cost of the conduits depends strongly on the type of rock or soil at the 
site. The cost of water distribution within the NEC is also dependent 
on the topography and soil. While it is therefore not possible to attach 
a price tag to an offshore system as one can to a cooling tower, consider-
able is known concerning the cost factors of offshore systems. Let us 
first examine the characteristics of several systems designed for current 
plants. 

6.1. Current Offshore System Designs 

The cost-determining characteristics of three offshore system designs 
are given in Table 5, along with the utility's estimate of the cost of the 
once-through system relative to the cost of the closed-cycle system con-
sidered most suitable for the site. In the case of the Perry, OH, plant, 
the closed-cycle system was the alternative chosen for construction (for 
institutional rather than economic reasons). 

The estimated costs of these systems range from less than half the 
cost of a closed-cycle system at San Onofre to nearly an equal cost at 
Seabrook. Cost ratios are based on lifetime costs, including operating 
costs and penalties for capacity losses. 

The San Onofre system was relatively low cost because relatively deep 
water was close to shore, there was no plant setback from the shoreline, 
so that onshore conduit length was negligible, and the soil conditions 
were favorable for laying buried pipeline. The estimated cost for this 
system should be reliable because the utility has already constructed a 
smaller offshore system for unit 1 at the same site. 



Table 5. Characteristics o£ several designs for 
offshore heat dissipation systems 

Seabrook, NH 
2 units 

San Onofre, CA 
Unit 2 Unit 3 

Perry, OH 
2 units 

Ft Lucie, FI. 
Unit 2 

Typical NEC conceptual 
module, 4 unitu 

General 
Flow rate, m"Vs 52.0 52.4 52.4 72.5 12.6 220 
Temperature rise, °C 21 11 11 16 12 11 
Type of conduit Tunnel Pipe Pipe Tunnel Pipe — 

Intake 
Conduit 

Length, m 3960 1070 1070 1010 500 6000 

Diameter, m 5.5 5.5 5.5 5.5 3.7 9.8 
Velocity, m/s 2.2 2.2 2.2 3.0 3.0 3.0 

Water depth, m 9.1 9.1 9.1 6.4 7.6 30 
Distance from shore, m 910 1070 1070 730 370 5000 

Discharge3 

Conduit 
Length, m 4570 1830 1070 760 370 2000 

Diameter, m 5.5 5.5 5.5 5.5 3.7 9.8 

Velocity, ra/s 2.2 2.2 2.2 3.0 3.0 3.0 
Water depth, m 12.2 12.2 9.1 6.1 10.7 15 
Distance from shore, m 1520 1830 1070 490 500 1000 

Cost, relative to preferred 
alternate closed-cycle system 0.88 0.42 0.42 0.75 0.7 

aAt first port. 
''including present worth of annual costs and capacity penalties. 
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The Perry system design was for water tunnels in a shale substrate. 
The cost of the actual tunnelling was estimated to be only 15% of the 
construction cost of the cooling system. Presumably, then the system 
could have been extended further from shore to somewhat deeper water 
without a large increase in costs. 

The Seabrook system, based on tunneling through rock, was relatively 
expensive because of the site. The site is a considerable distance from 
open ocean, and two-thirds of the tunnel distance is inshore. No doubt to 
hold down tunneling and pumping costs, this system was designed for a 
relatively large AT and low flow rate. The estimated overall cost is 
very close to that of a closed-cycle system. 

6.2. Costs of an NEC System 

The characteristics of what might be a typical NEC system module are 
given in the last column of the table. The economic optimum diameter for 
tunneling appears to be about 10 m, and a tunnel of this size is about 
right for four units; therefore, the data are given for a four-unit module 
of the system shown in Fig. 1. In length of tunnels, the NEC module is 
very similar to the Seabrook system, and the cost of the module is probably 
in the same range. The use of one tunnel for four (rather than 2) units 
would save on both tunneling and pumping costs. However, the installation 
of intake and discharge structures in somewhat deeper water (considerably 
deeper for the intake) would increase costs moderately. The equipment 
and procedures usually employed in coastal construction work (e.g., jack-up 
barges) can be used in water depths up to about 35 m at moderate cost. 
Work in deeper water is feasible, but would probably jump costs to a higher 
level, and does not appear warranted for heat dissipation systems. 

As already mentioned, offshore system costs are likely to be very site 
dependent. It appears that, for favorable sites, the cost of an offshore 
module can be less, but probably not greatly less, than the cost of a 
closed-cycle system. For less favorable sites, the cost could equal or 
exceed the cost of closed-cycle systems. In the latter case, the offshore 
alternative might be selected for reasons not strictly economic, such as 
lower atmospheric and visual impact, or an advantage in the site area 
required. 
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b.3. Water Conduits 

Meaningful costs for a water conduit system must be referred to a 
13 specific site. However, considerable generic information is available. 

In favorable locations for each, the cost of buried pipeline exceeds 
the cost of tunnels by about the cost of installation of the pipeline (for 
Seabrook, pipeline was estimated to cost about 40% more than tunnels). 
Installation of pipeline can be costly where surface obstructions such as 
roads and railroads must be crossed, and restoration costs may be high 
where recreational or wildlife areas are disturbed. Large pipeline sections 
(10 m diam) are not generally transportable, but can be fabricated on or 
near the site and may be conveniently moved by barge. 

Tunneling has the advantage of not disturbing the land surface or the 
shoreline, except for test boring. Modern tunneling practice requires a 
heavy concentration of test boring along the route; closely spaced borings, 
although expensive, can save money in tunneling by avoidance of bad rock. 
Most tunnels are concrete lined, but where rock is adequately self-supporting, 
about one-third the cost of the tunnel can be saved if lining is not 
required. The type of rock present largely determines the economics of 
tunneling. Tunneling costs increase by factors of two or three for hard 
rock or sections of fractured or nonsupporting rock. 

Techniques for tunneling through unconsolidated and/or water-saturated 
soils are within the present state of the art, but are relatively expensive. 
However, the technology of tunneling is advancing rapidly and the alterna-
tive of tunneling rather than laying buried pipeline should be examined for 
any potential site. 

6.4. Water Distribution 

The layout of an NEC would require that some of the power plants be 
located at some distance from the pumphouse, requiring water conduits for 
distribution. Tunnels or bur • pipelines would be suitable, but for many 
sites open channels could be used at a considerable saving in cost. Once 
the shore zone has been crossed with underground conduits, the use of open 
conduits on-site may be environmentally innocuous and relatively inexpensive. 
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