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Gerald J. Lauer

INTERFACES OF STEAM ELECTRIC POWER PLANTS 
WITH AQUATIC ECOSYSTEMS 

William T. Waller Guy R. Lanza

New York University Medical Center 
Laboratory for Environmental Studies 

New York, N.Y.

SUMMARY

Growth and reproduction may be stimulat­
ed by increased temperature in the cooling 
system and thermal plume during seasons when 
ambient water temperature is less than op­
timum, but growth, reproduction and survival 
are reduced when the elevated temperatures 
become excessive. Some fish  species con­
gregate in the warm thermal plumes during 
cold seasons but are excluded from this l i v ­
ing space by temperatures above their pre­
ference in the summer. However, the warm 
refuge provided by a thermal plume in cold 
seasons can be a death trap i f  a power plant 
shuts down suddenly and exposes the fish to 
cold shock exceeding their lower thermal 
tolerance lim its.

Each of the factors tend to affect d i f ­
ferent segments of the biota. For example, 
impingement involves primarily juvenile and 
adult l i f e  stages of fish  and species of 
large invertebrates; pumped entrainment a f­
fects are restricted to the smaller plank­
tonic forms that include egg and larval 
stages of fish ; and chemical and thermal 
discharges may affect a l l  segments of the 
biota but in ways that vary dramatically 
among segments, species or even l i f e  stages 
of a species.

Death and injury of aquatic organisms by 
power plant operations is  a non-consumptive 
form of cropping, in that dead and injured 
specimens are returned to receiving waters 
and can be u tilized  by various trophic lev­
e ls  .

Mortality of aquatic organisms,and 
stresses resulting in changes not manifested 
in mortality imposed by power plant opera­
tions do not necessarily cause detectable 
adverse effects on populations in receiving 
waters. This fact has been demonstrated by 
a considerable number of studies at existing  
plants. However, fa ir ly  extensive damage to 
aquatic biota in the v ic in ity  of a relative ly  
few power plants also indicates that there 
are local and ecosystem-wide limits on the 
electric  generating capacity that can be 
sustained without sign ificant adverse effects  
on aquatic l i fe .

Aquatic populations have natural but 
limited capacities to withstand predation and

other forms of stress before sign ificant  
damage resu lts. In fact, many i f  not a l l  
species require some level of cropping in 
order to sustain healthy, productive popula­
tions .

Aquatic populations are known to com­
pensate for cropping by various mechanisms 
that include increased growth rates, re­
production rates, and survival rates. As a 
resu lt, cropped laboratory populations of 
some species are known to sustain annual 
production rates as much as 10 to 20 times 
higher than uncropped populations. But pop­
ulations in natural bodies of water are a l­
ready subjected to cropping by other animal 
species, and by man in the case of many fish  
species. The ultimate question for which 
answers must now be sought is , how much ad­
ditional cropping by power plant operations 
can aquatic populations sustain without s ig ­
nificant damage to the populations?

Both types of cooling systems (closed 
and once-through) involve construction e f­
fects, and interface with aquatic l i f e  at 
the water intake structure, in the cooling 
system (pumped entrainment) and at the d is­
charge plume. The closed systems withdraw 
much less water, so expose many fewer or­
ganisms to risk of impingement and entrain­
ment than do the once-through systems. On 
the other hand it  is generally assumed that 
a l l  organisms entrained into closed cycle 
systems are k illed  compared to mortality es­
timates ranging from 2% up to 100% for or­
ganisms entrained through various plants 
with once through cooling systems. The 
once-through systems discharge much more 
heat, that may or may not cause significant 
adverse effects, but u tiliz e  much more of 
the assim ilative capacity of the receiving 
water than closed cycle systems. Conse­
quently, closed cycle cooling systems per­
mit installation  of much more generating 
capacity on a body of water. On the other 
hand closed cycle systems consume consider­
ably more water by evaporation, an important 
consideration in areas already faced with 
water shortages*and they cost much more than 
once-through systems. There are also es­
thetic and te rrestria l environmental e f­
fects associated with closed cycle systems.

Research to evaluate adverse effects of 
steam electric  power plant operation on 
aquatic l i f e  has focused almost entirely on 
the discharge plume of heated water. Re­
cently, many investigators have become con­
vinced that potential for adverse effects  
by the thermal plumes may be re la tive ly  in­
consequential compared to impingement and 
pumped entrainment. Most leg is lation  and 
regulatory e ffo rt is  s t i l l  focused on ther­
mal discharge from power plants but consid-
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eration o f impingement, pumped entrainment 
and other environmental e ffects  is increas­
ing rap id ly .

C learly  plant design and regulatory  
e ffo rts  to minimize adverse environmental 
effects  of power plant operations should in ­
volve an integrated analysis of the effects  
of a l l  interfaces fo r a l l  existing and pro­
posed power plants on a body of water re ­
la tive  to the costs and benefits likely  to 
be achieved by abatement e ffo rts . U t ility  
management and regulatory agency decisions 
based on a piece-meal approach and inade­
quate information may resu lt either in un­
acceptable environmental impacts or un­
warranted capitol expenditures.

INTRODUCTION

Steam e lectric  power plants use large  
amounts o f water for cooling the condensers 
and auxiliary  systems, and for bo iler feed 
make-up, maintenance cleaning, wet ash
handling systems, a ir  pollution control de­
vices, intake screen backwash and disposal 
of sanitary and chemical wastes.

The cooling water requirements fo r  
steam e lec tric  plants in the United States 
now amounts to about 60 t r i l l io n  gallons 
per year, which is  roughly equivalent to 
15% of the total flow in U.S. rivers and 
streams. Other industries use an addition­
al 10 t r i l l io n  gallons of water per year 
for cooling ( 1 ) .

A nuclear fueled plant requires from 
40 to 50 percent more cooling water flow  
than a fo s s il-fu e led  plant of the same gen­
erating capacity and condenser cooling 
water temperature r ise  (AT) design because 
a nuclear plant re jects from 40 to 50 per­
cent more heat to the cooling water per 
k i1lowat-hour (KWh) than a fo ss il-fu e led  
plant. Fossil fueled plants reject from 10 
to 20 percent of their waste heat through 
the stacks to the atmosphere and have a 
higher thermal efficiency (39% for a w ell -  
designed, well-run plant) than nuclear- 
fueled plants. Nuclear plants reject v i r ­
tually  a l l  of their waste heat to the con­
denser cooling water and have thermal e f ­
fic ienc ies  that seldom exceed 34% even un­
der ideal conditions. Thus a 600 MW fo s ­
s il-fu e le d  unit operating at capacity may 
require about 600,000 gallons/minute of 
cooling water heated to 9 degrees centi­
grade (15-16 degrees F) above ambient com­
pared to about 840,000 gallons/minute 
heated to 9°C for a 600 MW nuclear unit.

The water requirements for auxiliary  
uses vary widely, depending upon plant de­
sign, from a few hundred to about 1000 
gallons per minute per 100 Megawatts of 
generating capacity.

Steam e lectric  power plants employ two 
basic types of cooling water systems, once- 
through and closed, along with a host of 
supplemental modifications and combinations 
of those systems.

sers one or more times, and then discharge 
the heated water back to the source.

Closed cycle systems pass the heated 
water from the condensers through cooling 
ponds, canals or cooling towers where the 
excess heat is rejected to the a ir , before 
the water is again recycled through the 
condenser cooling system. A fter in it ia l  
f i l l in g  of the cooling system the only ad­
ditional water required is  the amount nec­
essary to make up for losses by evaporation, 
to d ilute concentrated dissolved so lid  and 
chemical discharges from the cooling system 
and to service auxiliary  systems. Some 
plant designs provide fo r cycling the ser­
vice water through the closed cycle cooling 
system, which reduces the amount of water 
required from source bodies of water. In 
general the use of closed cycle cooling sys­
tems reduces the water requirements of a 
plant to about 3 to 10 percent of the amount 
required for once-through systems. The a- 
mount over about 2.5-3% consists of service  
water not treated in the closed cycle cool­
ing system.

Both types of cooling systems in te r­
face with aquatic l i f e  at the water intake 
structure, in the cooling system (pumped en­
trainment) and at the discharge plume. 
Other factors that may cause power plants to 
impact on aquatic ecosystems include con­
struction, sp illage of coal and o il  during 
unloading operations, scouring by tug boat 
t ra f f ic , leaching from coal p ile s , d is ­
charges from fly  ash ponds, and discharge of 
chemical and sanitary wastes.

Site Selection and Fac ility  Design

Site selection and fa c ility  design are 
planning functions that do not of themselves 
cause aquatic impacts, but s ite  selection  
and design decisions substantially determine 
the kinds and degree of impacts that w ill  
result from construction and operation. A 
wholistic appraisal and balancing of envir­
onmental consequences of alternative sites  
and designs can minimize the aquatic im­
pacts, but i t  is technically impossible to 
achieve an impact-free power plant fa c i l it y .

Construction Impacts

Construction activ ities  that a ffect  
aquatic ecology include excavation both on 
land and in the water required to build the 
fa c i l i t y .  Erosion of s i l t  from land ex­
cavations into adjacent waters may smother 
benthic organisms and fish  eggs and produce 
turbid conditions that inh ibit primary pro­
duction by phytoplankton and rooted aquatic 
plants. Damage to aquatic l i f e  and habitats 
by this factor can be minimized by careful 
selection of the s ite  and construction 
methods, and specific control and abatement 
techniques.

Excavation directly  in water bodies for 
the purpose of constructing intake and d is­
charge structures, d iffu ser pipes, docks, 
bulkheads, je tties  and other such structures 
affect aquatic l i f e  in various ways.
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Benthic organisms are most vulnerable.
A large fraction of those in the dredged 
material are likely  to be k illed . Many 
species of organisms inhabiting the bottom 
in the vicinity of the dredged area are 
like ly  to be k illed  or damaged by s ilta tion , 
which is especially d if f ic u lt  to control at 
underwater excavations. The time required 
for bottom habitats to return to pre-exca­
vation condition depends both on the e ffec ­
tiveness of post construction rehabilitation  
efforts and natural recovery processes. Re­
covery by natural processes tends to take 
much longer in low flow velocity waters such 
as lakes and coves where sediment and d r ift -  
organism transport is  normally more dynamic.

More motile organisms w ill  d iffe r  in 
their reactions to dredging operations. 
Some animals such as fish  and large crus­
taceans may leave the area during construc­
tion and would probably return later. 
Others might not react or might move into 
the construction area to feed on organisms 
exposed by the dredging. In general, these 
motile organisms should be able to avoid any 
adverse impact.

Planktonic species could experience a 
short term impact as a resu lt of shading e f­
fects from material suspended in the water 
column.

Impacts of excavation are generally  
transitory, but are one of the environmental 
trade-offs to be considered when choosing 
from among cooling system alternatives.

Hard under-water surfaces of installed  
structures provide many species with su it­
able habitats that are frequently in short 
supply. These structures also provide a 
haven for many species of fish  that prefer 
to live around submerged objects. Indeed, 
this tendency for fish to be attracted to 
submerged objects is one of the reasons why 
pre-construction b io log ical surveys are fre ­
quently of limited value for evaluating po­
tential fish impingement on intake screens, 
the next subject for discussion.

Impingement of Biota on Intake Screens

Aquatic organisms, mostly species of 
fish  and a few invertebrates, too large to 
pass through the mesh of cooling system in­
take screens are subject to being impinged 
on the screens. Many of these impinged or­
ganisms are severely injured or k illed .

Trash racks made of a series of v e rti­
ca l steel bars approximately 2 to 3 inches 
apart and vertica l traveling screens devel­
oped in the 1920's are s t i l l  the major 
equipment used for removing trash from the 
cooling water before i t  is  pumped through 
the condenser system. The traveling screens 
of most stations in the U.S. are made of 3/8 
inch square mesh. Figure 1 shows two basic 
types of intake structures used at steam 
electric  power stations. Many modifications 
of these are also in use.

Both designs illu strated  have traveling 
screens recessed some distance "downstream" 
of the opening into the intake structure,

a feature common to many existing cooling 
water intakes that is  conducive to trapping 
of fish and large invertebrates until they 
t ire  of swimming against the intake flow  
velocity and become impinged on the screens. 
Placement of the screens at the front of the 
intake canal opening precludes entrapment in 
the canal.

Because vigorous monitoring has been 
done at only a few plants during the past 
three or four years adequate records are 
scant, but fish impingement on cooling water 
intake screens of steam e lectric  stations 
has almost certainly grown in proportion to 
the increase in the number and size of the 
stations and intake structures.

Twenty years ago when most units were 
smaller than 200 MW,„j fish  losses probably 
were re lative ly  small. Until very recently 
the station operator's major concern was 
that, occasionally, impingement of large 
numbers of fish  might block passage of water 
into the cooling system or crush the intake 
screens and require shutting down the plant. 
Now u t il ity  management and regulatory 
agencies must give considerable attention 
to environmental implications of fish im­
pingement on intake screens.

Fish impingement is  becoming a pivotal 
environmental issue in the licensing hear­
ings fo r many new units. Unfortunately, in­
formation on the host of factors that appear 
to influence the rate of fish  impingement on 
intake screens is  grossly inadequate for 
making re liab le  predictions of the kinds and 
quantities of fish  likely  to be impinged at 
proposed intake structures.

The abundance, temporal and spatial 
distribution, and behavior of fish  relative  
to the location and design of intake struc­
tures are likely to be important factors. 
The species composition, abundance and spa­
t ia l distribution of fish  populations at any 
given location are known to vary at d if fe r ­
ent times of the day, seasonally and annual­
ly because of species specific differences 
in habitat preference, reproductive cycles 
migratory patterns and response to a host of 
physical, chemical, hydrological and bio­
logica l variables.

Indian Point Unit 1 on the Hudson River 
estuary has been intensively monitored for 
fish impingement data during the past 4 
years. Fish impingement is one of the v ita l 
issues in the controversy as to whether the 
present once-through cooling system should 
be replaced with closed cycle cooling tow­
ers .

The numbers of fish  impinged is  ex­
tremely erratic , an observation that pro­
bably applies to most other power station  
intakes. The rate of impingement is very 
low for extended periods of time, then sud­
denly, large numbers of fish  are collected 
on a single day. It  is not uncommon for 
over 90% of the annual fish  impingement to 
occur in less than 10% of the time. Ad­
jacent intake structures only a couple of 
feet apart frequently co llect dramatically 
different numbers of fish . There appears to
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be some correlation  between sporadic high 
impingement rates and intrusion of saline  
water into the area of the Indian Point 
p lan t.

An apparent substantial reduction in 
the number of fish  impinged at Indian Point 
by reducing the average flow velocity ap­
proaching the screens to 0.5 feet per second 
or less has often been cited as an intake 
structure design criterion  that w i l l  prevent 
fish  impingement. In fact, many fish  con­
tinue to be impinged on the Indian Point 
station intake screens at that calculated  
approach ve loc ity . In any case the observed 
reduction in fish  impingement might w ell 
have been caused by the reduction in flow  
volume rather than the reduced approach 
veloc ity  that was accomplished by reducing 
the cooling water flow volume.

A re la t iv e ly  small number of species 
constitute the bulk of the fish  collected  
at the Indian Point intake screens. White 
perch, striped bass, tomcod, blue-back her­
ring and the bay anchovy are the princip le  
species involved. The re la tive  abundance 
of fish  species collected on the screen is  
d iffe ren t than the species composition taken 
in gear in the immediate v ic in ity  of the 
plant. This indicates either that some 
species are much more prone to impingement 
than others, or that species composition in 
the estuary is  not accurately measured by 
the gear employed. Definite seasonal v a ria ­
tions have occurred in the species collected  
on the screens.

Based on the assumption that new Indian 
Point units (2 and 3) w i l l  impinge fish  at 
the same annual rate per unit volume of flow  
as the ex isting Unit No. 1 and the addition­
a l l ib e ra l assumption that three units would 
run at fu l l  capacity every day of the year, 
Consolidated Edison (2) projected annual 
fish  impingement for Indian Point as f o l ­
lows :

Number Weight (lb s )
Unit 1 372,863 4,089

Unit 2 1,118,584 12,263

Unit 3 1,118,584
TOTAL 2,610,031

12.615
28.615

Published accounts of the large numbers 
of fish  impinged on the Indian Point intake 
screens have frequently prompted the sugges­
tion that a commercial processing operation 
ought to be established to make use of the 
fish . However, most of the fish  impinged 
by the Indian Point plant are 2 to 4 inches 
long, so that the tota l annual weight of 
fish  (28,615 lbs) projected to be impinged 
is  fa r  less than needed to support a com­
mercial processing operation.

Sound, e lec tr ica l f ie ld s ,  bubble 
screens, ligh t  and velocity have been tried  
at various locations in the United States in 
attempts to repe l1  or guide fish  away from 
water intake structures. With few excep­
tions these t r ia ls  have been unsuccessful. 
Frequently, in it ia l  success has soon been 
followed by fa ilu re  as fish  rapidly adapted 
to the stimulus. In other cases the stimu­

lus has been e ffective  fo r some species but 
not others. Reduction of intake flow v o l­
ume and velocity  would appear to be e ffe c ­
tive measures fo r reducing the numbers of 
fish  impinged on intake screens. Indeed, 
considerable attention has been focused on 
the swim-speed capability  of fishes in re­
lation  to intake flow ve loc ity , the theory 
being that i f  fish  can swim faster than the 
intake velocity  they w i l l  do so to avoid im­
pingement. There are dramatic examples to 
the contrary, such as the large numbers of 
white perch that are impinged at Indian 
Point despite the fact that they can swim 
faster than the intake ve loc ity . These ex­
amples i llu s tra te  the importance of fish  
behavior as a factor.

Screens s t i l l  appear to be the most 
e ffective  and re lia b le  means of keeping 
fish  out of water intakes. Considerable 
research and development e ffo rt  on new 
screens and intake structure designs i s  in 
progress (1) (3 ). Much additional in fo r ­
mation is  needed on the many factors in­
volved with fish  impingement, including the 
extent to which fish  populations can com­
pensate fo r losses by impingement.

Pumped and Plume Entrainment Impacts;

Organisms small enough to pass through 
intake trash screen are pumped through the 
cooling water systems of power plants. 
These pump-entrained organisms are exposed 
to abrupt changes in temperature, hydro­
static  pressure, mechanical bu ffeting, v e l­
ocity shear forces, and chemicals in tro ­
duced to the cooling systems by the plants.

Organisms contained in receiving water 
entrained into discharge plumes (plume en­
trainment) are exposed to elevated tempera­
ture, discharged chemical residuals and 
velocity  shear forces, but these potential 
stresses are reduced as d ilu tion  and d is s i ­
pation progress.

Organism groups subject to entrainment 
include planktonic bacteria, phytoplankton, 
zooplankton, and the planktonic eggs and 
larvae of invertebrates and fish . These 
groups d i f fe r  greatly  with respect to abun­
dance, reproductive stra teg ies , generation 
time, trophic or food-chain function, and 
other l i f e  processes.

The spatia l d istribution  of these po­
ten tia lly  entrainable organisms is  notably 
uneven. Distributions are clumped and are 
subject to change on d ie l ,  seasonal, and 
yearly cycles. L ife  stages c r i t ic a l  to 
population maintenance may be subject to en­
trainment only for short periods of the 
year— periods that may or may not coincide 
with operating conditions that would cause 
substantial damage to that l i f e  stage. This 
is  true fo r striped bass eggs and various 
l i f e  stages of other species that move with 
the s a lt  front in estuaries. The probabil­
ity  of being entrained may vary considerably 
from one l i f e  stage to another, at d i f f e r ­
ent ages within a l i f e  stage, or among 
species, depending on where they are in the 
river and in the water column re la t iv e  to 
the location of the cooling water intake and
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the discharge plume.

Temperature Stress

Water temperature, in conjunction with 
ligh t, flow velocity and many other inter­
acting biotic and abiotic factors, has a 
pervasive influence on the composition, be­
havior and function of b io logical communi­
ties . Aquatic organisms with the exception 
of mammals have body temperatures almost 
identical to the temperature of the water 
they inhabit. The natural temperautres of 
surface waters in the United States vary 
from about 32°F to over 104°F depending on 
the season, latitude, altitude, time of day 
depth and circulation of water, etc. Sur­
face water temperatures vary with a ir tem­
perature, and tend to be much more variable  
in the temperate zone than in either the 
tropical or arctic zones.

For a given set of physical and chemi­
cal conditions, organisms have upper and 
lower thermal tolerance lim its and an op­
timum temperature range for growth and re­
production. Over time, species have evolv­
ed with different ranges of optimal temper­
ature. Some are restricted to cold water 
conditions such as found in the Arctic and 
Antarctic zones; and in the deep,cold water 
of thermally stra tified  lakes and reservoirs 
of the temperate zone. Other species prefer 
warm water habitats such as hot springs. 
Most species, however, thrive in an inter­
mediate range.

The optimum temperature range is typi­
cally  closer to the upper range of tolerance 
for species in surface waters that experi­
ence re lative ly  small variation in tempera­
ture such as in the sub-tropical and tropi­
cal zones, than in temperate zone waters 
that experience more variable temperature. 
The assemblages of species in aquatic com­
munities usually contain some species that 
sure re lative ly  prominent throughout the 
year, and considerable numbers of species 
that become prominent only during the spring 
summer or f a l l  in response to seasonal 
changes in temperature and other prime re­
quisites for growth and reproduction. As a 
result there is a seasonal succession of 
species that carry on each of the basic 
trophic (food-energy flow) functions such as 
primary production, herbivore consumption, 
carnivore consumption and decomposition of 
wastes and detritus.

For this and other reasons, the u lt i ­
mate consideration of temperature effects  
on biota must be evaluated at the community 
or ecosystem level in conjunction with the 
structure and functioning of the ecosystem. 
In short, adverse effects on individual or­
ganisms or even a species may be in s ign ifi­
cant i f  other species move in to f i l l  the 
same trophic function in the community, un­
less the adversely affected species have 
some special value to humans other than its  
trophic function in the ecosystem.

Natural temperature variations create 
conditions in the aquatic medium that are 
optimum at some times, but in general are 
above or below the optimum for physiological

behavioral and interspecific competitive 
functions of the biota present. It  follows 
that, "to label any thermal increase in a 
water body as pollution, regardless of sea­
son or other consideration, is  to strike a 
misleading oversimplification. Rather, 
temperature exerts e ffects , which alone or 
in concert with most other environmental 
factors (including tim e), may yield results 
that are favorable or unfavorable to par­
ticu lar human interests. Only when they are 
clearly unfavorable are we ju stified  in as­
serting pollution" (4 ). The mean design AT 
among existing units in the United States is  
15°F, with most units being included in the 
range from 10 to 20°F (5 ). The calculated
transit time (exposure time) from the con­
densers to discharge back to the receiving 
water is less than 5 minutes for most ex ist­
ing units, but may extend to 30 minutes or 
even several hours in the case of a few 
units (Figure 2).

One of the more notable aspects of the 
temperature response of aquatic species is 
the very small difference (about 2 to 3°C) 
between their upper safe temperature and 100 
percent lethal temperature for a given ex­
posure time (Figure 3). The importance of 
exposure time is illustrated  by the fact 
that a temperature that k ills  100 percent of 
the test organisms in 60 minutes is a safe 
temperature i f  the exposure time is 5 min­
utes or less (Figure 3 ).

Predicted levels of damage to entrained 
organisms have usually been much higher than 
actually found by direct observation. Most 
of the estimates in the literature have been 
derived from test exposure times in excess 
of 24 hours, whereas the transport times 
(exposure time) from the condensers to the 
receiving waters for most power plants is 
less than 30 minutes, and exposure times to 
temperature elevations more than a few de­
grees above ambient for organisms entrained 
into the discharge plume is usually less 
than an hour.

The time-dose aspect of organisms' to l­
erance to temperature has long been recog­
nized, but biologists got "locked in" to 
the procedure of running temperature to l­
erance experiments for 24, 48 and 96-hours 
because those times were adopted for stan­
dard methods.

Studies conducted in our laboratory 
during the last 2 years reveal that aquatic 
organisms can generally tolerate consider­
ably higher temperatures for short periods 
of time than would be predicted from stan­
dard bioassay exposures. For example, the 
48-hour TL50* for Gammarus sp. was approxi­
mately 5°C lower than the 60-minute TL5Q at 
an ambient temperature of about 25°C (Figure 
3) .

Ambient temperature has been shown to 
exert a profound effect on the thermal to l­
erance of an aquatic organism. This is  i l ­
lustrated by the temperature tolerance data 
* The 48-hour TL50 is  the temperature that 

causes 50 percent mortality of the test 
organisms by the end of a 48-hour expos­
ure time.



for Gammarus determined over most of the 
ambient temperature range of the Hudson R iv­
er estuary (Figure 4 ).  These data indicate  
that Gammarus sp.can to lerate approximately 
11°C higher temperature in the summer than 
during the winter but Gammarus sp. can t o l ­
erate a greater temperature change AT in the 
winter (approximately 22°C fo r  30 minutes) 
than in the summer (approximately 11°C fo r  
30 m inutes).

The "decay rate" o f elevated tempera­
tures in discharge plumes to within 3 to 
4°F of ambient temperature varies consider­
ably t depending on the rate and amount of 
d ilu tion  affected by natural and induced 
mixing (Figure 2 ) . Exposure times to the 
higher temperature elevations in the near­
f ie ld  portions of the plumes are usually  
momentary for plankton and larger inverte­
brates that d r i f t  through plumes,but may be 
prolonged for the more resident benthic o r ­
ganisms and fo r fish  that can maintain p o si­
tion at preferred elevated temperatures in  
the plumes. Exposure of plankton and d r i f t  
organisms to low temperature elevation (4°F  
or le ss ) in  the f a r - f i e ld  portions o f plumes 
tend to be more prolonged than in the near 
f ie ld .

Keeping in mind that there are often  
important exceptions to generalizations one 
might make about the e ffects  o f thermal d is ­
charges on aquatic l i f e ,  and that these ex­
ceptions must be dea lt with on a s ite  speci­
f ic  b a s is , attempts to generalize do never­
theless help to provide important perspec­
tive  .

With very few exceptions, existing in ­
formation indicates that species and popu­
lations o f plankton and d r i f t  organisms in  
temperate zone surface waters tolerate the 
time-temperature elevation conditions en­
countered in the cooling system and thermal 
plumes o f most power plants during the win­
ter , when ambient temperatures are below 
4-SOC. The usual e ffec t o f the elevated  
temperature exposure under these ambient 
conditions is  to stimulate metabolism and 
growth. However, the growth that resu lts  
from th is stimulation appears to be s ligh t  
because o f the shortness of exposure time to 
elevated temperature re la t iv e  to the genera­
tion times fo r  most species during these low 
ambient temperature conditions.

Benthos and periphyton subject to more 
prolonged exposure to elevated temperature 
exh ibit increased growth and species d iv ­
e rs ity  during the winter, spring and ea rly  
summer, u n til the elevated temperature ex­
ceeds about 30°C. Further increases in 
temperature above 30°C become inhibitory to 
increasing numbers of species subjected to 
prolonged exposures. However, maintenance 
of natural seasonal cycles o f temperature is  
important fo r some species that require a 
winter diapause to in it ia te  reproduction in 
the next season. A lso, fish  and possibly  
other organisms that remain in the elevated  
temperature long enough to become acclimated 
to i t  may be k i l le d  by cold shock in the 
winter i f  the supply of heated water is  
suddenly cut o f f  by a shutdown of a p lant, 
and the lower thermal tolerance o f the o r ­

ganisms are exceeded.

The re lationsh ip  of temperature t o le r ­
ance to ambient temperature is  lin ea r . 
These data are valuable as p red ictive too ls  
fo r estimating entrainment m orta lities when 
superimposed over ambient and discharge  
(projected ) temperatures. Figure 5 i l l u s ­
trates the e ffects  o f exposure time and am­
bient temperature on the temperature t o le r ­
ances (TLgc) of two Hudson River inverte­
brates. Analysis of these data reveals pro -  
jected m orta lities of Neomysis americana 
during an 8.33°C AT at ambient temperatures 
exceeding 22°C. Gammarus sp. should be able  
to to le ra te  the projected AT at a l l  ambient 
temperatures. Direct observations o f en­
trained organisms have generally  been in 
close agreement with our predicted le v e ls  of 
temperature induced m ortality based on lab ­
oratory temperature tolerance tests.

Many investigators have become d is ­
tru stfu l o f the pred ictive accuracy of tem­
perature tolerance data from laboratory as­
says. However, we have found that labora­
tory assay tests designed to c lose ly  simu­
la te  actual time-temperature conditions en­
countered by entrained organisms produce 
data which permit quite accurate predictions  
of m ortality by excessive temperature.

The transitory (le ss  than 5 to 30 min­
ute) exposure to AT's in the cooling system 
and the n ear-fie ld  portion o f plumes begin  
to cause damage and death o f more tempera­
ture sensitive  warm-water species of plank- 
tonic and d r i f t  organisms when the summer 
ambient (24-27°C fo r most source waters) 
plus the AT resu lts in a temperature of 
about 31°C. Another grouping of species can 
to lerate  short-term exposures of up to 340c, 
and s t i l l  another group up to 35-36°C or 
more before they incur m ortality.

The e ffect of the low (1-2°C) tem­
perature r ise  above ambient in the f a r - f i e ld  
portion o f the plumes is  to stimulate meta­
bolism and growth of aquatic l i f e  through­
out the year in temperate regions where sum­
mer ambient temperatures do not usually  ex­
ceed 26-27°C, and to exclude some cold water 
species from liv in g  space fo r a longer per­
iod of the year than would be the case i f  
there were no thermal discharge. However, 
in sub-tropic and tropic regions, where or­
ganism's optimal range for growth tends to 
be c loser to maximum summer ambient tempera- 
tures, such fa r - f ie ld  plume temperature 
elevations may cause some inh ib ition  of 
growth and changes in species composition of 
aquatic populations.

Chemical Stress

Various chemicals are discharged into  
the cooling water systems of steam e le c tr ic  
plants. Most o f the chemicals are not 
acutely toxic during the re la t iv e ly  short 
exposure times encountered during entrain­
ment.

Chlorine has long been used in power 
plants to control b io fou ling because i t  is  
toxic to most aquatic organisms at re la t iv e ­
ly  low concentrations, has been inexpensive.
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easy to apply/ and was thought to decompose 
rap id ly  to non-toxic by-products. I t  is  now 
recognized that some o f the ch lorine applied  
to condenser cooling water combines with 
ammonia and other nitrogenous m aterials to 
form chlorinated amines that are thought to 
p e rs ist  much longer than fre e  ch lorine. 
Pump entrianed organisms are exposed to free  
chlorine during app lications to the cooling  
system, and plume entrained organisms are 
exposed to any remaining free  ch lorine and 
chloramine re s id u a l.

Power plants located on fresh water 
bodies normally require ch lorine app lica ­
tions in frequently  so that ch lorine may be 
applied during a small percentage of the 
to ta l plant operating time. Much more f r e ­
quent and in some cases continuous c h lo r i­
nation is  often required at m arine-sited  
plants to control fou lin g , espec ia lly  by 
attached b iv a lv e s . Cpnsequently, the po­
ten tia l fo r damage to entrained organisms 
is  increased. B io -fou lin g  and frequency of 
chlorination required fo r control are nor­
mally greatest during maximum ambient tem­
perature and reduced during cooler periods.

Formulation and adoption of minimal 
chlorination schedules and dosage rates  
necessary to achieve contro l at each s ite  
w il l  elim inate unecessary damage to en­
trained organisms and reduce associated  
costs. The to x ic ity  of ch lorine to aquatic 
l i f e  is  a function of exposure time, dose, 
chemical form o f the ch lorine and species 
spec ific  d ifferen ces  in tolerance. Ex­
posure time, and dose are determined by the 
application protoco l, and by vo la tization , 
decomposition and d ilu tion  rates subsequent 
to app lication .

The decomposition rate  of free  ch lo ­
rine concentrations added to power plant 
cooling water can be expected to vary con­
siderably  depending on the "chlorine de­
mand" (ammonia and organic concentration ), 
temperature, pH, and chemical and photo­
chemical reaction rates in the receiving  
waters. Almost nothing is  known about the 
decomposition rates o f combined forms of 
chlorine (p r in c ip a lly  ch lorinated amines ) 
although they are thought t© be more 
persistent and pose g reater chronic toxic  
potentia l than the free  ch lorine molecule.

The currently  proposed EPA c r it e r ia  
fo r maximum acceptable residua l ch lorine  
concentrations are based on a conglomera­
tion  of data produced by a variety  o f ex­
perimental methods on waters of widely  
d iffe ren t  q u a lity , many o f which were trout 
waters with low ch lorine demands. Informa­
tion  on the decomposition rates and acute 
and chronic tox ic ity  o f free  and combined 
ch lorine in d e fin it iv e ly  characterized wat­
er qua lity  types most used by power plants  
is  urgently needed to provide bases fo r  
c r it e r ia  relevant to lo c a l water qua lity  
ch a rac te r is t ic s .

Mechanical Stress

Entrained organisms experience stress  
resu ltin g  from mechanical bu ffe tin g , ve lo ­

c ity  shear fo rces, and changes in hydro­
s ta t ic  pressure. Abrupt changes in pres­
sure occur at various points in the c i r ­
cu lating water system. As water approaches 
the im peller of the intake pump there is  a 
rapid drop in pressure which is  immediately 
followed by a pressure increase on the 
back side o f the im peller. The magnitude 
of the pressure d i f fe r e n t ia l  experienced by 
entrained organisms depends on the depth 
from which they are withdrawn and the design  
of the intake pump im peller. The p o s it iv e  
pressure* behind the intake pumps rap id ly  
drops to as low as 2 psia  in the condenser 
system. The reduction to negative pressure  
is  concurrent with the temperature r is e  and 
occurs within 5 to 10 seconds during conden­
ser passage. The maximum negative pressure  
is  expected to occur at the condenser water 
box. As the flow  enters the discharge sys­
tem, there is  a rap id  return to p o s it iv e  
pressure, the magnitude o f which is  depen­
dent on the depth o f the organism in the 
discharge system. Although re la t iv e ly  l i t ­
t le  work has been d irected  towards the e f ­
fects  of pressure changes encountered in  
power p lan ts , i t  appears that negative  
pressures have the greater po ten tia l fo r  
damaging entrained organisms, e sp ec ia lly  
f is h e s .

Mechanical bu ffe tin g  and ve loc ity  shear 
exposure may be important factors in  consid­
ering po ten tia l entrainment damage, e s ­
p ec ia lly  with la rge r  so ft-bod ied  organisms. 
The magnitude of these forces is  dependent 
on the physical ch a rac te ristic s  o f the coo l­
ing water system and the location o f the or­
ganism in  the flow . Both of these factors  
are d i f f i c u l t  to measure in an operating  
power p lant and even more d i f f i c u l t  to sim­
u late in laboratory s itu ation s . Therefore, 
l i t t l e  information is  a v a ila b le  concerning 
dose-response re la tion sh ip s .

Coal P i le  Drainage and Ash Pond Overflow ;

The ch arac te ristic s  o f these wastes 
from coal burning plants d i f f e r  greatly , be­
cause o f such facto rs  as d iffe ren ces  in the 
chemical composition o f coal, amount of 
r a in f a l l ,  the in i t i a l  qua lity  of water used 
fo r ash handling, and design o f s e tt lin g  
ponds. Dissolved s o lid s , suspended so lid s ,  
a variety  of trace metals, mineral acid  
(from coal p ile s ) and su lfa te  in the wastes 
are po ten tia lly  harmful to aquatic l i f e .  
Synergism among a number of the metals may 
increase the ir to x ic ity . Harmful e f fe c ts  of 
iron , copper and zinc so lutions can be 
greater in acid water produced by coal p i le  
drainage than in neutral or a lk a lin e  water. 
The e ffe c ts  o f these wastes on aquatic l i f e  
in receiving waters are usually  n e g lig ib le  
but can be substan tia l in cases where the 
volume of the wastes is  la rge  r e la t iv e  to 
flow in receiving waters.

* The terms positive  and negative pressure 
re fe r  to increases and decreases in pres­
sure, respective ly , re la t iv e  to the abso­
lute pressure experienced by the organisms 
before being entrained.
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S p illa g e  o f Coal and O il

S p illa g e  o f  coal and o i l  in to  surface  
waters during unloading operations is  a 
th reat to aquatic l i f e .  The o i l  and sub­
stances leached from co a l are u n s igh tly , 
can be toxic , and cause ta in tin g  o f f is h  and 
s h e l l f is h  that may render them u n fit  to e a t . 
O il i s  a lso  a hazard to w aterfow l. Exces­
sive  s p i l la g e  o f coal is  damaging to most 
bottom dw elling organisms because they can 
not to le ra te  the abrasiveness o f a s h ift in g  
layer o f co a l. The e f fe c ts  o f these fa c to rs  
on aquatic l i f e  i s  u sua lly  loca l, but may be 
severe in those lo ca lized  areas. In the 
cases o f severa l c o a l - f i r e d  p lants we have 
studied , the only damage to aquatic popu­
la t io n s  in  the receiv ing  waters that we 
could detect was to the benthos caused by 
s p i l le d  coal and scouring by the prop wash 
of tug boats used to maneuver coal barges  
in to  and away from unloading morrages.
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Figure 1. Schematic Diagrams of Typical Intake Structures(Point of Water Inlet to the Water Screening Facility)
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Figure 2. Generalized temperature exposure diagram for organisms 

entrained in a once-through, steam electric power plant 
cooling system. ATL and AT̂  represent the range and 
AT the average temperature increase experienced in the 
condenser. Inplant and post-discharge exposure times 
are represented by Tx and Ty, respectively. Curves A 
and B represent high and low rates of mixing, respectively.
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Test temperature, °C
F ig u r e  3 . T em p era tu re  t o le r a n c e  o f  Gammarus sp . a t  an am b ien t 

tem p e ra tu re  o f  24 .7  t o  25 .80C . (From Ginn e t  a l ,
P r e s s )

In
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Ambient Temperature, °C.

Figure 4. 30 minute temperature tolerance of Gammarus sp
(From Ginn et al, In Press). ---------
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Exposure 
Time (min.)

Figure 5. 95% to lerance lim its  fo r Gammarus s p . and Neomysis
americana. P rojected power plant AT’ s during f u l l  
flow  ( lin e  B) and reduced flow  (lin e  C) operations  
are superimposed over the ambient temperature range 
( lin e  A ) .
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