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FOREWORD 

Since the International Atomic Energy Agency published in 1974 Thermal 
Discharges at Nuclear Power Stations (Technical Reports Series No. 155), much 
progress has been made in the understanding of phenomena related to thermal 
discharges. 

Many studies have been performed in Member States and from 1973 to 1978 
the IAEA sponsored a co-ordinated research programme on 'Physical and Bio-
logical Effects on the Environment of Cooling Systems and Thermal Discharges 
from Nuclear Power Stations'. 

Seven laboratories from Canada, the Federal Republic of Germany, India 
and the United States of America were involved in this programme, and a lot of 
new information has been obtained during the five years' collaboration. 

The progress of the work was discussed at annual co-ordination meetings 
and the results are presented in the present report. It complements the previous 
report mentioned above as it deals with several questions that were not answered 
in 1974. 

With the conclusion of this co-ordinated programme, it is obvious that some 
problems have not yet been resolved and that more work is necessary to assess 
completely the impact of cooling systems on the environment. It is felt, however, 
that the data gathered here will bring a substantial contribution to the under-
standing of the subject. 

The IAEA is grateful to J.W. McMahon (Atomic Energy of Canada Ltd), 
W. Schikarski (Kernforschungszentrum Karlsruhe), P. Kamath (Bhabha Atomic 
Research Centre), W. Wrenn and C. Voigtlander (Tennessee Valley Authority), 
C. Coutant (Oak Ridge National Laboratory), M. Schneider (Battelle, Pacific 
Northwest Laboratories) and S. Spigarelli (Argonne National Laboratory) for their 
outstanding contributions to the programme. 
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Chapter 1 

INTRODUCTION 

All steam-powered electrical generating plants, whether fired by fossil or by 
nuclear fuel, have a common potential problem in their need for important 
quantities of water which is heated and released to the environment. Perhaps no 
other single environmental factor affects aquatic life as profoundly or in such a 
pervasive manner as temperature. Unfavourable temperature may affect reproduction, 
growth, survival of larval forms, juveniles and adults, and all the life processes 
necessary to maintain a healthy state. 

Thus, it is not surprising that such bodies as regulatory authorities, health 
ministries and environmental agencies support biological and ecological studies 
required for the understanding of the complex phenomena connected with 
pumping, heating and discharging large quantities of water. These studies are 
necessary for assessing the possible damage to aquatic life in waters receiving 
thermal discharges. 

The various aspects of this subject have been investigated in the work 
undertaken for the present publication, which complements and extends the 
work published by the IAEA in 1974 in Technical Reports Series No. 155. 

In particular, physical and chemical aspects of cooling systems have been 
studied through physical and mathematical models for heat dissipation, heat 
exchanges and cooling tower plumes. Work on gas dynamics reported here 
includes considerations on oxygen production by photosynthetic activity, 
oxygen consumption by bacteria and gas bubble disease in fish. Investigations 
on biological and ecological aspects deal with the effects of cooling water intakes 
on plankton and fish population, the influence of thermal discharges on benthos, 
migration behaviour, growth, predator prey and host/parasite relationships. It 
has been observed that new diseases appear with the proliferation of parasites. 
Combined and synergetic effects as well as adaptation capability of species have 
also been studied. As insufficient attention has been given in the past to the 
environmental effects of closed cycle cooling, a section briefly reviews recent 
reports on the effects such cooling systems may have. Differences in interpretation 
of the effects of chlorine on aquatic organisms lead to disputes between those 
responsible for utilities and environmentalists; a section deals with this important 
topic. 

It has been suggested that the destruction or alteration of marine com-
munities by heated effluents is greatest in tropical regions. A survey of field and 
laboratory studies conducted both in Florida and in India is presented in the 
present report. 
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2 INTRODUCTION 

Intensive investigations of certain projected impacts of power-plant cooling 
have provided answers useful for resolving some issues. In some cases, the 
predicted impact, although accepted as theoretically relevant, has been found 
to occur only insignificantly. In other cases, enough knowledge has been gained 
for practical guidelines to be formulated that ensure the adequate prevention of 
the impact through appropriate siting, design or operation of the power plant. 

Recognition that generic, problem-oriented guidelines must be applied on 
a site-by-site basis is a major improvement in cooling system management over 
the past few years. Whenever possible, this report indicates those issues for 
which there is a satisfactory general resolution and the existence of guidelines 
or conclusions that are useful for applying the knowledge to specific locations. 

As usual in IAEA programmes, experiments have been performed in 
different climatic conditions, and the applicability of the results must be referred 
to these particular conditions. 



Chapter 2 

PHYSICAL AND CHEMICAL CONSIDERATIONS 

2.1. MATHEMATICAL AND PHYSICAL MODELS OF HEAT DISSIPATION: 
AQUATIC SYSTEM MODELS 

The importance of models (either mathematical or physical) for predicting 
the temperature distribution induced by thermal discharges in water bodies has 
been discussed in Chapter 3 of the previous report [ 1 ] together with the basic 
problems involved and a summary on available modelling techniques. 

The main purpose of this section is to update this summary. Recently, 
interest has developed in models for predicting the flow field induced by power 
station intakes because of the disturbance to the aquatic life caused by the intake 
flow. Such models are also reviewed briefly. 

2.1.1. Mathematical models 

2.1.1.1. Introductory remarks 

The main progress achieved since 1972 lies in the development of more 
complex numerical models and of a more realistic representation of turbulence. 
A number of models are available now for time-dependent three-dimensional 
problems, and the near-field turbulence can now be simulated with turbulence 
models that describe the local structure of turbulence, and are applicable to a 
much wider range of situations with the same empirical input than the simple 
eddy viscosity/diffusivity relations used so far. Therefore, the five processes 
contributing to the dispersion of heat in a water body, as described in the previous 
report [ 1 ], can now all be simulated fairly successfully, at least in principle; in 
practice there are restrictions due to limited computer storage and time. The jet 
entrainment and turbulent diffusion processes are determined by the turbulence 
model, the buoyant spreading and the interaction of initial jet momentum and 
ambient cross current are automatically accounted for when the full three-
dimensional equations are solved, and sufficiently accurate empirical relations are 
available to simulate the heat transfer at the surface. In many cases, however, such 
general models are not needed and their use would be uneconomical; simpler 
(and thus cheaper) models suitable only for certain problems or areas of the water 
body are therefore still of great practical importance. 

3 



TABLE I. CHARACTERISTICS OF RECENTLY DEVELOPED MODELS 
NEAR-FIELD MODELS 

Model 
Direction of 
temp, variation 

Mathematical approach 

Transieni Turbulence 
simulation 

Buoyancy Cross 
flow 

Bottom 
effects 

Surface 
heat loss 

Treatment 
of flow 
establish-
ment 

Ambient 
stratification 
interaction 

Direct wind 
stress effects 

Recirculation 
of 
plume water 

Compared with 
Model 

Direction of 
temp, variation 

Numeri-
cal 

Integral 
Phe no me no-
logical 

Transieni Turbulence 
simulation 

Buoyancy Cross 
flow 

Bottom 
effects 

Surface 
heat loss 

Treatment 
of flow 
establish-
ment 

Ambient 
stratification 
interaction 

Direct wind 
stress effects 

Recirculation 
of 
plume water 

Field data Labora Model 

Lateral Vertical 
Numeri-
cal 

Integral 
Phe no me no-
logical 

Transieni Turbulence 
simulation 

Buoyancy Cross 
flow 

Bottom 
effects 

Surface 
heat loss 

Treatment 
of flow 
establish-
ment 

Ambient 
stratification 
interaction 

Direct wind 
stress effects 

Recirculation 
of 
plume water 

Field data Labora 

[41 yes yes no yes no no e 

1 . 1 

yes yes no yes integral 
technique 

no no no yes yes 

IS] yes yes no yes no no 

e 

1 . 1 
yes yes no yes empirical no ' no no yes yes 

|6] yes yes no yes no no 
5 1 

yes no yes no integral 
technique 

no no yes yes yes 

[ 7 . 8 ] yes yes yes no no no k-e model 
+ buoyancy 
extension 

yes no no yesc num erica J yes yes no no yes 

COMPLETE-HELD MODELS 

|9] yes yes no yes yes no — yesJ no no yes empirical no no yes yes yes 

[10] yes yes no no yes no — yes yes yes yes empirical no no yes yes yes 

[11] yes yes yes no no no empirical 
eddy diffu-
sivity dislr. 

yes yes yes yes subchanne 
balancing 
technique 

no no yes no 

[12] yes yes yes no no yes l-eq. 
turbulence 
mode) 

yes yes yes yes numerical yes yes yes yes no 

[ " I yes yes constant 
eddy ci iff u-
sivities + 
buoyancy 
correction 

yes yes yes yes numerical yes yes yes yes 

[14] yes yes yes no no yes constant 

diffusivity 

yes yes yes yes numerical yes yes yes yes no 

3D para-
c o l i c J15J 
o 
e 

yes yes yes no no no k-e-
2-eq. 
model 

[17] 

yes no 
(for co-
axial 
disch.) 

yes yes numerical yes yes0 no no yes 

•z2D elliptic 
u [16] yes no yes no no no depth-

aver, 
k-e-
model 

no yes yes yesc numerical no yesc yes yes 

2D para-
bolic [15 j yes no yes no 110 no depth-

aver. 
k-e-
mode) 

(for co-
axial 
disch.) 

yes yes numerical no yesc no no yes 

But nol directly. b Limited to 40%. c Not implemented, but it is trivial to do so. 
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2.1.1.2. Surface discharge models 

Table I summarizes the characteristics of recently developed near-field 
and complete-field models for surface discharge problems. The table is arranged 
in a similar fashion to the tables in the previous report [ 1 ], but several columns 
appearing there have been omitted since all models predict the longitudinal 
temperature variation, all near-field models exclude ambient turbulence, and all 
complete-field models include both initial mixing and ambient turbulence regions. 

A detailed review of surface discharge models developed up to 1975 has been 
given by Dunn and co-workers [2] who describe and assess 11 models at length: 
four integral near-field models as well as two phenomenological and five numerical 
complete-field models (eight of the models are included in the table, the others are 
older and have appeared already in the tables of the previous report). Dunn and 
co-workers carried out extensive verification exercises, using for comparison both 
laboratory experiments (3D jets in stagnant water and in cross flow) and field data 
(mainly the power-station discharges of Pilgrim near Cape Cod and Point Beach on 
Lake Michigan). They concluded that, when compared with prototype data, none 
of the models is adequate over a wide range of conditions. The models are useful 
only for generalized estimates and do not allow precise predictions. Integral 
near-field methods are generally disappointing because they often do not predict 
correctly the important trends in the field data. These models are too idealized, 
and cannot easily account for ambient influences like turbulence in the receiving 
water body, bottom and shoreline effects. Wind effects, ambient shear currents 
and transient effects are also beyond the capability of the integral approach. 
Phenomenological models give reasonable predictions only when applied to 
situations similar to those included in the limited data base. Numerical models 
have the potential of covering many more phenomena than integral or 
phenomenological models. The numerical models covered by Dunn and 
co-workers have been relatively little tested thus far so that no definite conclusions 
could be reached. The models reviewed use a rather coarse turbulence repre-
sentation which is certainly inadequate in many situations and needs to be replaced 
by one of the more refined turbulence models available now. Also, more efficient 
numerical schemes are needed so that less computer time and storage is required; 
the Point Beach predictions, for example, took more than three hours on an 
IBM 360, and covered only a relatively small area around the discharge. 

Fink [3] has given a more up-to-date review of surface discharge models for 
rivers, including models using a more refined turbulence simulation. His review 
also covers some of the 3D numerical models already discussed by Dunn and 
co-workers, but Fink states that such general models are necessary only for 
relatively small areas near the discharge, and even then only when stratification is 
significant. Fink discusses the use of model chains under development at the 
University, of Karlsruhe. The philosophy behind the development of such chains 
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/ / 

/ / 

/ / 

/ 

without strat i f icat ion:/ 

2D e l l ipt ic / 
(depth-averaged) 

FIG. 1. Flow regimes for discharge into a river. 

is the idea that the field of interest can be divided into various regimes in which 
the governing equations can be simplified to a larger or lesser extent, and that the 
simplest possible (and thus most economical) model is used in each regime. The 
division is illustrated in Fig. 1. 

In general, the governing equations are three-dimensional and elliptic. When 
a predominant flow direction prevails, as is the case in most parts of the river, 
upstream influences are insignificant and the equations can be reduced to parabolic 
form which can be solved by marching downstream. As a result numerical proce-
dures may be used which are much more economical than the iterative procedures 
necessary to solve elliptic equations. Because of vertical turbulent mixing, any 
stratification induced by the heated water discharge will disappear at some 
distance downstream and the vertical temperature distribution will become nearly 
uniform. In this case, 2D-depth-averaged models are sufficient to describe the 
temperature distributions, and such models are again much more economical than 
3D models. In the case of rapid rivers with rough beds the vertical mixing may be 
everywhere so strong that no significant stratification develops and 2D-depth-
averaged models can be used for the whole area of interest. So far the 3D-parabolic, 
2D-elliptic and 2D-parabolic members of the chain have been developed at the 
University of Karlsruhe (see Table I), but up to now they have been tested only 
for rather idealized laboratory conditions, where they have been found to perform 
well. These models employ refined simulation of the turbulent momentum and 
heat exchange processes; the local state of turbulence is characterized by two 
parameters, namely the intensity and the length scale of the turbulent fluctuations, 
and the distribution of these two parameters is determined from differential transport 
equations; the effect of buoyancy, for example the reduction of jet entrainment 
under stably stratified conditions, can also be simulated realistically with 
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this model. Rodi [18] has recently reviewed the existing turbulence models and 
has found that this model offers the best promise for universality at the present 
state of development; among the more refined turbulence models this is also the 
most widely tested model. 

2.1.1.3. Submerged discharge models 

In addition to the surface discharge models covered already by Dunn and 
co-workers [2], Jirka and co-workers [19] have also reviewed the models available 
for submerged discharges. They distinguish between models for deep receiving 
water and shallow receiving water. When the receiving water is deep so that there 
is no interaction between discharge jet and bottom or surface, integral methods 
were found to work satisfactorily. The recently developed integral model for 
circular discharges of Schatzmann [20] should be added to these reviewed by 
Jirka and co-workers because it has a sounder theoretical foundation than previous 
models, and has been tested for 80 different situations with various kinds of 
ambient cross flow and stratification. Jirka and co-workers report also that 
multiport diffusers can be handled successfully by use of the equivalent slot 
concept. The effect of individual ports in the diffuser is important in the very 
near-field with the equivalent slot becoming more appropriate farther from the 
diffuser. 

In the case of shallow receiving water, the flow situation is rather more com-
plex. For an inclined slot jet on a single round port discharge directed vertically, 
there are four distinctive regions of flow: a vertical or inclined free jet region, a 
surface jet impingement region, an internal hydraulic jump region, and a stratified 
counterflow region. For the various regions, different types of integral-type models 
were patched together for vertical round discharges by Lee and co-workers [21] and 
for multiport diffusers (represented by equivalent slot) by Jirka and Harleman [22]. 
The models of Lee and co-workers and Jirka and Harleman assume 3D axisymetric 
flow and 2D flow respectively, i.e. they effectively represent two-dimensional 
situations. These models can be used only for estimation purposes and under 
strongly schematized conditions. They are not applicable to horizontal single-port 
discharges and when there is a cross flow. According to Jirka and co-workers [19], 
there are no satisfactory numerical models available as yet which can cope with 
the complex problems of a submerged buoyant discharge into shallow water. 

2.1.1.4. Intake models 

In the past, the flow induced by intakes was not of particular interest (except 
in cases of possible thermal recirculation) so that no special models were developed 
for this problem. However, in many cases, a simple potential flow solution 
(inviscid sink flow) will be sufficient because turbulence has little influence on 
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the intake flow. In more complicated cases, where the details of the water body 
geometry or an interaction with the discharge are important, models suitable for 
calculating the flow field induced by discharges can, with the same degree of 
accuracy, be used also for calculating the intake flow. The numerical models 
discussed in Section 2.1.1.2 are suitable for this, and have already been tested to 
some extent for the intake/discharge interaction problem [18]. 

2.1.1.5. Far-field models 

Sufficiently far from the discharge, the temperature distribution is governed 
solely by the conditions of the receiving water and not by the details of the dis-
charge. In particular the momentum of the discharge and the turbulence produced 
by it exert no direct influence in the far field; here, on the other hand, the heat 
transfer at the surface is of great importance. 

Jirka and co-workers [19] have also reviewed far-field models and found that 
for rivers and estuaries under laterally and vertically well-mixed conditions the 
available one-dimensional models give satisfactory results, even for complex 
unsteady situations with flow reversals. The so-called diffusion models, which 
assume the velocity field to be known, are used mainly in a 2D-depth- averaged 
mode to calculate the horizontal temperature distribution. These models work 
well when the mixing coefficient representing the combined effects of turbulence 
and dispersion can be prescribed realistically. In general, some field measurements 
are necessary to determine this coefficient, for example a diffusion test with dye. 
Realistic initial conditions, which depend on the near-field development, must 
also be specified. From their laboratory experiments, Schatzmann and 
co-workers [23] have obtained useful empirical correlations which, for several 
typical river surface discharge configurations, provide the far-field initial conditions 
as a function of the densimetric Froude number, the discharge to river velocity, 
the discharge angle, and the mixing coefficient of the river. Fink [3] considers the 
diffusion models of Holly [24] and Yotsukura and Sayre [25] to be the most 
advanced ones. 

Jirka and co-workers [19] included in their review numerical far-field models 
which contain a hydrodynamic model for determining the velocity field and are 
usually also of the depth-average type. The available models of this type appear 
reasonable for actual applications in temperature prediction provided the water 
body is vertically well-mixed, and the horizontal mixing coefficient as well as 
surface heat transfer is correctly specified. Little verification is, however, available 
for large-scale far-field motions, such as in reversing coastal (tidal or wind-driven) 
currents, and one point of uncertainty are the conditions at open boundaries 
with flow reversal. Jirka and co-workers recommend detailed sensitivity studies 
for any far-field model; the effects of changing the size of the solution domain, 
the nature of the boundary conditions, the mixing and heat loss coefficients 
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should be studied. Since only relatively coarse numerical grids can be used in 
large-scale calculations, the occurrence of numerical 'diffusion' (numerical inaccu-
racies) may entirely swamp the physical mixing and lead to unrealistic predictions. 
One possible remedy is the use of a Lagrangian reference system for the temperature 
calculations. 

When the water body is not well mixed but stratified, multilayer models are 
promising, but these are still at a rather early stage of development. 

A further review on far-field models for estuaries was given by Hinwood and 
Wallis [26], to which Abbott [27] added some important comments. 

2.1.1.6. Cooling pond models 

Jirka and co-workers [19] have given a classification of various cooling pond 
types and also criteria for the distinction between these types; they distinguish 
between deep ponds with a relatively thin warm water surface layer and shallow 
ponds with and without stratification. They state that simple steady-state 
pond models are useful for a preliminary estimation of pond design and average 
performance, e.g. on a monthly basis. According to their pond classification 
scheme, Jirka and co-workers divide the transient models into two categories: 
models for deep stratified ponds and models for shallow fully mixed (unstratified) 
ponds; at present no models are available for shallow stratified ponds. For deep 
stratified ponds the model of Ryan and Harleman [28] was found to give 
sufficient accuracy. This model consists of integral-type elements and assumes 
quasi-steady conditions for certain components such as entrance mixing; because 
of the assumption of quasi-steadiness it requires long time steps (of the order of 
one day). 

Fully mixed shallow ponds are of very limited practical significance only. 
They can be calculated with any good depth-average numerical model (see 
Section 2.1.1.4) that accounts in some way for entrance mixing. 

Two 1D models have been used successfully for special cases of shallow 
fully mixed ponds. The first model by Jirka and Cerco [29] is for 'shallow 
recirculative' ponds in which regions of recirculation exist as the pond is weakly 
channelled or has a strong entrance jet region. The second model by Watanabe 
and Jirka [30] is applicable for 'longitudinally dispersive' shallow ponds in which 
the pond is well-channelled by dikes and consequently follows a nearly 1D flow 
path. 

2.1.2. Physical models 

Jirka and co-workers [19] have discussed the requirements for and the 
abilities of physical models for predicting the temperature distribution induced 
by thermal discharges in water bodies. The most important requirements are the 
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equality of Froude number and densimetric Froude number in model and proto-
type; the equality of Reynolds number is not essential and it is sufficient that the 
model Reynolds number lies above a certain critical value. Unfortunately the scale 
requirements are different in different flow regimes so that different models are 
necessary. The near field of discharges requires an undistorted model, and 
sufficiently reliable results can usually be obtained with such models. Models of 
submerged discharges into deep water also have to be undistorted, whereas 
shallow water discharges may be distorted provided the plume is nearly fully 
mixed from surface to bottom. Physical modelling of plumes in the near field is 
generally acknowledged to be more accurate than mathetical modelling but is 
considerably more expensive. In the far field bottom-generated turbulence and 
surface heat loss are important and need to be properly represented by the model; 
the similarity of these two processes requires a model distortion, but unfortunately 
their distortion requirements are different. Because there are further difficulties 
with far-field models, such as the inability properly to simulate wind effects and 
changes in meteorological conditions, Jirka and co-workers conclude that physical 
modelling of far-field heat dispersion is impractical and does not justify the con-
siderable expense. 

Physical cooling-pond models face the same problems as far-field models. 
Jet entrance mixing requires an undistorted model whereas heat loss and stratified 
flow similarity have various distortion requirements. The application of physical 
cooling-pond models therefore seems inadequate, and the use of mathematical 
models seems the only reliable method for cooling-pond prediction [28]. A more 
recent review [31 ] on physical modelling arrives at similar conclusions as expressed 
in Ref.[19]. 
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2.2. CHLORINE MODELS1 

2.2.1. Introduction 

Chlorination has long been used to maintain the efficiency of electrical 
generation, but concern has been shown regarding the coincident environmental 
and public health costs. Fouling organisms in the intake water can settle within 
the cooling system of the power plant, decreasing heat exchange across the 
condenser. If not controlled, this will result in a penalty in terms of decreased 
electrical energy production. Injection of chlorine into the water stream 
effectively controls this fouling. However, biocidal activity has been found in 
some instances to continue into the discharge water body, resulting in mortality 
to non-target organisms [1 ]. Other potential problems result from production of 
chlorinated organic compounds, such as haloforms, which are known to occur in 
power plant discharges [2]. Some of these compounds have been found to be 
carcinogenic (USEPA 1975). The environmental and health effects caused by 
chlorination at power plants are not well known. However, the potential impacts 
have stimulated concern for minimizing chlorine use and for determining optimum 
application practices, so that maximum benefit may be achieved at minimum cost. 

Determination of optimum chlorination practices at power plants (Fig. 2) 
involves obtaining answers to two questions. First, what is the minimum 
application that will control fouling and maintain efficient electrical generation? 
Lesser applications result in increased generation costs. Yet significantly higher 
applications are also economically wasteful, even if there are no environmental 
effects. Second, do environmental effects result from release of chlorine in the 
discharge waters? If these effects are evident at the minimum applications regime, 
changes in plant design or operation would seem prudent. 

Answers to these questions depend, in part, upon development of the 
capability to predict the identity and quantity of biologically active chlorine 

1 Based on a manuscript submitted for publication in Environment International. 
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FIG.2. Criteria for optimum chlorination. 

species in the cooling water stream. Mathematical models with a strong theo-
retical and empirical base appear to be of real practical potential in predicting 
both fouling potency and effective doses to organisms in the vicinity of the 
discharge. 

2.2.2. Chlorine chemistry2 

The complexity of chlorine chemistry in natural waters has limited develop-
ment of 'chlorine models'. Cooling waters contain a broad spectrum of organic 
and inorganic compounds, and chlorine is a strong oxidant. Product formation 
is thus almost unlimited (Fig.3). Most of the potential reactions are affected by 
pH, temperature, concentration of reactants, time, and the presence of other 
halogens, and some are affected by light. 

An example of the importance of these parameters is indicated by compari-
son of the potential chlorine products in freshwater and seawater, the latter of 
which contains about 65 ppm bromide. Hypochlorous acid will oxidize bromide, 
resulting in formation of hypobromous acid and chloride ion. The rate constant 
for this reaction is dependent upon pH and amino nitrogen and bromide content 
of the water. As a result of further hypobromous acid reaction, most of the 
resultant materials are expected to be brominated compounds. Thus, addition of 
chlorine to seawater will generally result in products indicated on the right side 
of Fig.3. In fresh waters containing low bromide concentrations, products shown 
on the left side of the same figure will predominate. In addition, the reactions 
not leading to the 'Halogen Demand' category have fairly rapid reverse reactions. 
Prediction of the identity and quantity of reaction products is thus dependent 
upon the relative rates of forward and hydrolysis reactions as well as comparative 
rates of alternative competing pathways. 

2 It is outside the scope o f this report to include a comprehensive review o f chlorine 
chemistry. Numerous authors have reviewed various aspects o f chlorine chemistry [3 - 8], 
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C H L O R I N A T I O N P R O D U C T S 

FIG.3. Schematic summary of the chemistry of chlorine in fresh and salt water. Actual 
products and relative concentrations are dependent on a variety of factors, but freshwater 
chlorination will generally result in products shown to the left of line A, whereas saltwater 
chlorination will generally result in products shown to the right of line A. C-CO and B-CO 
refer to chlorine-containing and bromine-containing organics respectively (modified from 
Ref•[!])• 

As might be expected, data relevant to speciation in freshwater substantially 
exceed those for marine or estuarine waters. Partly because of interests in 
disinfection, much more laboratory research has been carried out in freshwater 
than seawater to determine reaction rates and their dependence on environmental 
parameters. Thus, models for freshwater systems are somewhat more common 
than for marine systems. However, a prodigious amount of work will be required 
to make reasonable predictions even in freshwater. 

The remainder of this section is devoted to outlining such models as at 
present exist to indicate their utility and, by presenting their limitations, to suggest 
directions for future work towards determining optimum chlorination procedures 
at power plants. 
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TABLE II. GENERAL CLASSES OF CHLORINEa REACTION PRODUCTS 

Free residual chlorine (FRC): The portion of the chlorine injected into water 
that remains as molecular chlorine, hypochlorous 
acid (HOC1) or hypochlorite ion (OC1) after the 
chlorine demand has been satisfied. 

Combined residual chlorine (CRC): The portion of the chlorine injected into water 
that remains combined with ammonia or 
nitrogenous compounds after the chlorine 
demand has been satisfied (chloramines; 
chloro-organics). 

Total residual chlorine (TRC): Free residual chlorine plus combined residual 
chlorine. 

Chlorine demand (CD): The difference between the amount of chlorine 
injected into water and the total residual 
chlorine remaining at the end of a specified 
period. The actual products involved are mostly 
chlorides. 

a For marine environments 'oxidant' should be substituted for 'chlorine'. 

2.2.3. Model descriptions 

Existing models may be generally described as generic or specific depending 
on the types of chlorinated products for which they provide predictions. The 
generic models are couched in terms of free residual chlorine (FRC), combined 
residual chlorine (CRC), total residual chlorine (TRC), and chlorine demand (CD) 
(Table II, Fig.3). In seawater systems, v/here chlorine and chlorinated products 
will probably not predominate, 'oxidants' (probably mostly bromine) or chlorine 
equivalents should more correctly be substituted for 'chlorine'. These generic 
categories have evolved from differentiations possible using standard analytical 
techniques. Specific models have attempted to separate the above categories into 
their component species, e.g. combined residual chlorine is the sum of the 
mono- and dichloramines formed by reaction of chlorine with ammonia and/or 
organic amines. The models in this latter category fall short of being truly 
specific, but are admirable first steps towards that goal. Research efforts should 
be concentrated on their further development. 

2.2.3.1. Generic models 

Draley [9, 10] constructed simple calculational models for buildup and 
decay of total residual chlorine (TRC) concentration in the cooling tower basin 
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(and therefore in the blowdown) of a power plant at a freshwater site. He assumed 
that three processes were involved in reducing the initial concentration added as 
free chlorine: (1) reactions with chlorine-demand chemicals in the water to yield 
chlorides; (2) reactions with organic deposits on the piping to yield chlorides; 
and (3) reaction with ammonia or amines to yield chloramines. The model for 
the buildup period assumed that the first and third of these processes occurred 
at constant rates and that the rate (A) of the second process constantly declined 
as chlorination continued. The mathematical expression he used for calculation 
of TRC at any time (t) during the buildup period was: 

TRCt = ( T R C 0 - C D - F R C t ) ( l - e ~ A ( t - t < ' b + FRCt (1) 

where 

A = the decay rate of the reaction of chlorine with organic deposits 
on the piping 

TRC0 = concentration of chlorine at the injection point (mg/ltr) 
t0 = time for water to pass from point of injection to the point of 

measurement, e.g. condenser outlet 

Other terms are given in Table II. Actual data were collected at the John E. Amos 
plant and used to estimate A. A was 0.067/min for two separate chlorination 
periods 10 days apart. The model fitted the data over the entire buildup period. 

The decay model for TRC was based on mass balance relationships. The 
model was designed to apply to the period beginning about 50 min after chlorina-
tion was initiated, when assumption of complete system mixing appeared to 
become realistic. No attempt was made to fit the early rapid decline in measured 
concentrations. The mathematical expression for the later part of the decay 
period was 

( B + F X R ) ( t - t 0 ) 

TRCt = TRC0 e v (2) 

where 

TRC0 = TRC at the end of the chlorination period (mg/ltr) 
B = rate of blowdown (gal(US)/min)3 

R = recirculation rate (gal(US)/min) 
F = fraction of chlorine lost during a single recirculation 
V = volume of the cooling tower system (gal (US)) 
t0 = time at the end of the chlorination period (min) 
t = any subsequent time in the decay period (min) 
3 1 gal(US) = 3.785 X 10"3 m 3 . 
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Solution for F yielded values of about 0.4 for the two chlorination periods. The 
model appeared to yield a good fit to the data. 

Final conclusions regarding the validity of these models require extensive 
testing. Two factors provide evidence supporting acceptance. First, for the 
periods for which data are available, model and data fits are excellent. Second, 
the two estimated values of A and of F are very close for the two chlorination 
periods even though chlorine applications varied by over 20%. However, a very 
rapid decay of residual chlorine was observed immediately following the end of 
the chlorination period. The decay model did not adequately predict this early 
phase of chlorine loss. Also, the models are based on data from one power plant. 
Statements regarding the generality of the models are, therefore, not possible 
at present. 

Two types of estimates from these generic models have practical application, 
indicating that further attempts to validate the model are warranted. First, they 
yield estimates of blowdown TRC concentrations over time and could be used 
to modify operational procedures (e.g. restriction of blowdown) to protect the 
environment. Second, they yield estimates of the length of the chlorination 
period required for cleaning of the condensers (the asymptotic level for total 
residua] chlorine concentration in the condenser discharge). Both types of 
estimates represent steps toward satisfaction of the two criteria for optimum 
chlorination. 

In the model developed by Nelson [11], mass balance equations for the 
cooling tower system were used to predict blowdown chlorine (TRC) concentra-
tions. Assumptions required for model validity included (1) complete system 
mixing, (2) lack of dependence of chlorine demand on time, and (3) equilibrium 
conditions with respect to chlorine demand. TRC was expressed as chlorine 
demand, i.e. a negative value for chlorine demand indicated the presence of 
residual chlorine. One of the products of the general model expression was a 
ratio, R = CB /CB 0 , where CB and CB 0 are chlorine demand concentrations at t0 

(initial chlorine injection) and at some later time t respectively. Values of R < 0 
indicated the presence of total residual chlorine in the blowdown. The actual 
concentration of residual chlorine could be found from R X CBQ. 

The model has not been field validated, but preliminary evaluation suggests 
that it may require modification. The general forms of the buildup and decay of 
total residual chlorine appear to fit those found by Draley [9]. However, the very 
rapid initial decline following cessation of chlorination found by Draley is not 
evident in the output of Nelson's model. Finally, questions concerning the 
assumption (2) above suggest the advisability of field tests. 

Pereira and co-workers [12] developed a model to predict free residual 
chlorine concentrations in a flowing stream receiving continuous input of 
chlorinated wastewater. Complete mixing throughout the stream cross-section is 
assumed so that a one-dimensional model is applicable, taking the form: 
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a c F a 2 c F a c F 

— = e — - - u — 
at a x 2 a x 

(3) 

where 

Cp = concentration of free residual chlorine (mg/ltr) 
t = time at a stationary point in the stream (s) 
U = flow velocity in the x direction (m/s) 
E = stream diffusion coefficient in the longitudinal direction (m2/s) 
x = distance downstream (m) 
rc = rate of free residual chlorine consumption due to chlorine demand 

(mg/ltr per second) 
re = rate of free residual chlorine depletion as a result of chlorine gas 

escape (mg/ltr per second) 

In practice, two other simplifying assumptions are made to facilitate 
application: (1) input chlorine concentrations do not change over time; and 
(2) longitudinal mixing is insignificant. These assumptions set the left side of 
Eq.(3) equal to zero and eliminate the first term on the right hand side of the 
equation. With rearrangement, Eq.(3) reduces to 

where terms are as given above. 
This model has not been field validated. Pereira and co-workers [12] 

outlined a series of laboratory experiments which would provide the information 
required to estimate the parameters in Eq.(4). The free residual chlorine concen-
tration computed from Eq.(4) could then be compared with concentrations 
measured in the field. This was not attempted. 

This model is of limited value for prediction of chlorine concentrations in 
power plant discharges. Chloramines, which may be the most common forms 
of residual chlorine in power plant effluents, are not included in the model. 
In addition, lack of a dilution term in the model precludes applicability at power 
plants at any point beyond discharge into the receiving water body. However, 
under limited circumstances, the model may be of some utility. Therefore, 
validation studies should be conducted. 

The last two generic chlorine models [13 — 15] to be discussed deal with 
prediction of chlorine behaviour in power plant effluents. In both models, 
TRC decay is treated as a resultant of two processes: (1) dilution and (2) reactions 
with chlorine demand substances in the water. Temperature decline with distance 

UdCp 

dx (4) 
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from the discharge is assumed to be proportional to dilution, and reaction with 
chlorine demand substances was estimated empirically. The value of these 
models derives from their pertinence to the environmental criterion for optimum 
chlorination. 

The first model which attempted to include both chlorine reaction losses 
and dilution in predicting chlorine decay in power plant discharges was presented 
by Grieve and co-workers [13, 14]. Total residual chlorine at a given point in 
the discharge plume at time t, TRCt, was calculated from the relationship 

TRCt = f X T R C 0 ( ^ — p j (5) 

where 

TRC0 = TRC concentration at the discharge (assumed constant over time) 
Ta = ambient water temperature (assumed constant over time) 
T0 = discharge water temperature (assumed constant over time) 
Tt = water temperature at the selected point at time t 
f = reaction factor (dimensionless) 

The bracketed term in Eq.(5) estimates losses due to dilution, and f estimates 
the losses due to reaction with chlorine demand substances. The parameter f was 
determined empirically. In laboratory studies the relationship between chlorine 
added to water sampled near a power plant and chlorine remaining after 30 min 
was found to be linear over a range of added concentrations. This slope was taken 
as f. Validation studies yielded mixed results. The model tended to under-
estimate TRCt near the plant and to overestimate TRCt as the dilution process 
continued. This is undoubtedly due to inclusion of f as a linear term in the model, 
which effectively applied reductions of TRC caused by chlorine demand reactions 
at the discharge. Further decay resulted entirely from dilution. However, 
measured and predicted TRC concentrations in the discharges of two power plants 
did agree within a reasonable first approximation. Such agreement was not true 
for predictions based solely on dilution, indicating the need for inclusion of a 
reaction factor in any model formulation. 

H^stgaard-Jensen and co-workers [15] also included chlorine-demand 
reactions in the model that they used to predict decay of total residual chlorine 
concentration (TRC) in a power plant discharge plume. The general dilution 
model used to relate TRC at the discharge (TRC0) to TRC at some point in the 
plume (TRCt) was: 

TRCt 

TRC^ 
= F"a (6) 
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where 

Vd 
F = (7) 

vd + ve 

where 

F = the dilution factor (dimensionless) 
a = a decay constant (time"1) such that a > 1 
Ve = the volume of effluent water 
Vd = the volume of effluent water at time t 

The decay constant is a function of both dilution and chlorine demand. If TRCt 

is solely a function of dilution, a = 1. 
Prediction of TRCt from TRC0 requires estimation of TRC0, F and a. TRC0 

can be measured and F can be approximated from plume temperature measure-
ments (see Eq.(5)) by assuming that incidental heat loss to the atmosphere is 
insignificant. Laboratory studies provided an empirical estimate for a. Time-
series studies of chlorine demand indicated an initial, almost instantaneous, phase 
in which TRC decline was relatively fast and a second phase in which TRC decline 
was relatively slow. H^stgaard-Jensen and co-workers [15] assumed that the 
second phase was inconsequential with regard to TRC decay in the discharge 
plume. Samples of intake water from three power plants were chlorinated at a 
level which would yield a concentration of 1 mg/ltr after 3 min. TRC again was 
measured after 7 min (TRC0) and several samples diluted with different known 
volumes of water. TRC was measured for a third time 2 min later (TRCt). These 
times were chosen to mimic conditions at the power plants: 3 min for condenser 
passage to yield a residual of 1 ppm TRC; 7 min for passage from injection to 
discharge into the receiving water body; and 9 min for passage from injection to 
the discharge, plus the time required for analysis. For these conditions, TRC0, 
TRCt and F were known, and the rate constant, a, could be estimated from a least-
squares fit of the relationship between TRCt/TRC0 and F. The value found for 
a was 1.9. 

The validity of the model was examined by comparing laboratory and field 
derived values of a. Relative temperatures at the discharge and at several other 
points in the discharge plume were used to estimate F; TRCt and TRC0 were 
measured; and the equation was used to calculate a. Field values indicated a more 
rapid loss (a = — 2.5 at night and — 3.7 during the day) than in the laboratory ; 
i.e. the model led to somewhat conservative estimates of chlorine decay. As stated 
by the authors, differences in temperature and time for chlorine demand reactions 
may have affected the comparisons. Differences in chlorine demand substances 
in the water could also have caused the differences, because laboratory and field 
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studies were not carried out concurrently. More definitive studies should be 
conducted to draw conclusions regarding the predictive capability of the model. 

Inherent in all the generic models outlined above is a major disadvantage: 
they do not evaluate interactions at the chemical species level. As noted above, 
specific reaction rates are highly dependent upon a multitude of factors. Sub-
stantial predictive capability is thus lost where species o f a single generic group 
of compounds (e.g. HOC1 and OC1") differ in fouling control capability or 
toxicity to indigenous organisms in the ecosystem near the discharge. At present, 
toxicological data are insufficient to distinguish between species within the 
generic chemical groups,but time and research effort should remedy this situation. 
Specific models, despite their requirement for extensive data input, maximize 
future predictive capability. 

2.2.3.2. Specific models 

Ultimately, determination of optimum chlorination depends on the ability 
to predict doses of all toxic chlorinated compounds to both target and non-target 
organisms. However, attainment of this goal is unlikely and, perhaps, not required, 
since utilization of model compounds for predictions of similar species may permit 
sufficient accuracy for decision making. Examples of closely related compounds, 
e.g. monochloramine and dichloramine, which differ in toxicity, suggest the 
desirability of specific models. The two models outlined below are each limited 
in specificity, but indicate progress toward the ability to predict accurately the 
identity and quantity of products resulting from chlorination. 

Lietzke [7] has developed a kinetic model for predicting the composition 
of chlorinated water discharged from power plants at freshwater sites. It is 
applicable to both once-through and closed-cycle cooling systems. The model 
includes consideration of forward and reverse reactions resulting in formation 
of chloramines: 

ki 
NH3 + HOC1 t NH2C1 + H20 (8) 

k ! 

k2 
NH2C1 + HOC1 . > NHC12 + H 2 0 (9) 

k.2 

k3 
RNH2 + HOCl , RNHC1 + H 2 0 (10) 

k-3 
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TABLE III. DEFINITION OF THE VARIABLES WHICH MUST BE 
MEASURED FOR INPUT TO LIETZKE'S PROGRAMME 

TMP Temperature of the water in the cooling system in degrees Celsius. 

PH pH of the water. 

CL Amount of chlorine added to the cooling water (ppm). It is assumed 
that the chlorine is well mixed and instantaneously dispersed throughout 
the cooling water system. 

NH3 Amount of inorganic nitrogen as NH3 in the makeup water (ppm). 

RNH2 Amount of organic amines in the makeup water (ppm) — modelled by 
CH3NH2 in the programme 

CDO Total chlorine demand of the makeup water (ppm). 

RF Rate at which makeup water is added to the cooling system (gallons (US) 
per second)3. 

RF1 Blowdown rate (gallons per second) RF/RF1, the makeup to blowdown 
ratio, is referred to as MU/BD in the output. 

VCS Total volume of the cooling system to which chlorine is added (gallons). 

DLF Dilution factor after blowdown. If no dilution, DLF = 1.0. 

TO Time at start of chlorination (TO = 0). 

a 1 gal(US) = 3.785 X 10"3 m3 . 

Theoretical rate constants kj , k_! and k2 are known and are converted in the 
computer program from the theoretical rate constants into values corresponding 
to the existing conditions of temperature and pH. The value of k3 is derived 
using methylamine to represent all organic amines. The unknowns, k_2 and k_3, 
are assumed equal to l/2k_j and k_! respectively. In addition, the model 
includes a fourth equation describing the unidirectional reaction of chlorine with 
fast- and slow-acting chlorine-demand substances in the water. In lieu of the 
existence of a true rate constant for this reaction, a rate is chosen by trial and 
error so that about 90% of the injected chlorine reacts with chlorine-demand 
substances under the prevailing conditions. Finally, the model includes'an 
equation for calculation of the concentration of hypochlorous acid (HOC1) based 
on losses from the other four forward reactions and blowdown and gains from 
reverse reactions. Simultaneous solution of the five resultant differential equations 
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TABLE IV. OBSERVED AND CALCULATED VALUES OF TOTAL 
RESIDUAL CHLORINE AT QUAD CITIES NUCLEAR STATION* 

Date Total chlorine residual 
A Date 

Predicted mg/ltr Measured mg/ltr 

9 - 1 8 0.90 0.98 + 0.08 

9 - 1 8 0.98 1.04 + 0.06 

9 - 1 9 0.57 0.79 +0 .22 

9 - 2 0 0.76 0.87 + 0.11 

9 - 2 0 1.08 0.99 - 0 . 0 9 

9 - 2 1 1.10 0.83 - 0 . 2 7 

9 - 2 4 0.71 1.07 + 0.36 

9 - 2 5 1.30 1.03 - 0 . 2 7 

9 - 2 8 1.22 1.16 - 0 . 0 6 

10 -1 1.04 0.89 - 0 . 1 5 

10 -26 1.04 0.87 - 0 . 1 7 

1 0 - 2 7 0.94 1.08 + 0.14 

a Modified from Ref.[ 16]. 

yields the concentrations of each of the chlorinated products in the system after 
each time step. Complete mixing within the cooling system is assumed so that 
these concentrations also are predicted for the blowdown. The input variables 
for Lietzke's model are defined in Table III. 

An in-depth chlorination study at the Quad Cities Nuclear Station has 
provided support for this model [16]. Data for model input were collected during 
chlorination periods while the plant was operated in a once-through mode. 
Samples for measurement of total residual chlorine were collected at the outlet 
water-box of the condenser which was split-chlorinated. Although some variation 
between predicted and measured TRC values was observed (Table IV), an 
F-ratio test indicated that these differences were not significant. 

Additional testing of model output with field measurements over a range of 
plant operational modes and water quality conditions at the intake would be 
extremely valuable. Feedback from such comparisons would test the validity of 
model assumptions and/or indicate the possible need for modification of input 
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parameters. For example, this model assumes that chlorine losses by reaction 
with materials attached to the walls of the cooling system are small, yet these 
losses are an important component in the model developed by Draley [9]. 
Comprehensive field studies might resolve this apparent conflict. 

Verification of Lietzke's model could also increase the capacity for environ-
mental assessment. The model is designed for interface with a unified transport 
model which simulates dispersion of the effluent from power plants. Dose to 
organisms in the vicinity of the discharge could thus be predicted. 

The final model [8] is of less immediate practical value than that of Lietzke 
[7, 16], but the potential for future application to power plants using marine 
and estuarine waters for cooling argues for brief consideration. The model is a 
thermodynamic equilibrium model which includes consideration of all species 
(19) in which bromine or chlorine are in the apparent +1 oxidation state. 
Reactions with chlorine-demand substances and organic nitrogen compounds are 
not included. Free energies and activity coefficients required for solution of the 
model were obtained from the literature. The activity coefficients are dependent 
upon temperature. Four conservation equations (for m c l , mBr, mN and m o x i d a n t ) 
are derived by substituting, for all species other than chloride, bromide, ammonia 
and oxidant, the activity coefficients and equilibrium constants for reactions to 
form these other species from the chosen four. Solution of these four equations 
involves an iterative procedure: first using an estimated value of l/(e~)2 (where (e") is 
the electron activity) to estimate the concentration of the four species; then using 
the derived concentrations to estimate a new value of 1 /(e~)2. This procedure is 
halted when successive values for the four concentrations agree within 1 part per 
thousand (ppt). Estimates for each of the species are then obtained from these 
values and from the equilibrium constant and activity coefficient for the reaction 
leading to formation of the species. 

Further model development and validation will be required to make it 
applicable to power plant conditions. This model has been used to predict reaction 
products of chlorine addition to seawater under limited conditions, but the 
validity of the predictions has not been tested. In addition, chlorine demand and 
organic nitrogen reactions and secondary reactions, all of which are important 
for prediction of dose to target organisms within the power plant and to non-
target organisms in the receiving water body, are not factored into the present 
model. Inclusion of these reactions and assessment of the assumption of equi-
librium conditions are critical for the future utility of the model. 

2.2.4. Summary 

We are not yet able to provide the chemical information required to deter-
mine optimum chlorination practices. The models outlined above are important 
in initiating progress toward this goal, but they also are indicative of the limited 
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predictive capabilities which have been achieved. Perhaps the most glaring 
deficiency in these models derives from our inability to fractionate chlorine 
demand into more than a few of its components. One fraction includes the 
chlorinated organics, some of which are potential public health problems and 
most of which are of unknown toxicity. However, even rate constants for some 
of the simple residual chlorine reactions have not been determined. Future 
progress will depend upon the substantial effort and close co-operation of 
engineers, modelers and chemists. The effort required seems justified by the 
benefits to be derived from employment of optimum chlorination practices. 
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2.3. HEAT EXCHANGE BETWEEN WATER AND ATMOSPHERE 

2.3.1. General description 

In the past most industrial countries have used their river waters directly 
for cooling purposes. With the increasing amount of waste heat (mainly from 
power plants) limits for thermal discharges into surface waters are envisaged. 
These limits depend on a number of parameters of which the cooling capacity 
of the surface water is the most important one. 

It is fortunate that a number of studies of heat exchange between open water 
surfaces and the air have been made and form an invaluable body of background 
literature. Oceanographic studies, for example, have usually aimed to para-
meterize the convective (sensible) heat loss and the evaporation rate by bulk 
transfer coefficients suitable for use in global-scale meteorological models. 
Studies of natural lakes have usually been hydrological in nature, with correspond-
ing emphasis on accurate determination of the evaporation rate. Cooling pond 
experiments have aimed to modify the formulations derived elsewhere in order 
to take into account the limited size and substantial surface temperatures that 
are characteristic of such installations. Extensive surveys of exchange from 
thermal plumes in large water bodies (usually lakes or estuaries) have also been 
conducted, but for the present it is appropriate to concentrate on the use of 
rivers. The case of the Federal Republic of Germany will be used as an example. 
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TABLE V. ESTIMATED COOLING CAPACITY OF RIVERS AND ESTUARIES 
IN THE FEDERAL REPUBLIC OF GERMANY3 

Flow-off Frequency Waste heat 
transport 
over state 
boundaries 
into sea 

Waste heat 
release from 
river to 
to 
atmosphere 

Estuaries Sum 

2 MNQ = 2200 m3/s 1 - 3 MNQ: 
2 0 0 - 2 5 0 days/year 

28 GW 35 GW 47 GW 110 GW 

1 MNQ = 1100 m3/s 30 days/year 
average, can be 
lower up to 
150 days/year 

14 GW 35 GW 47 GW 96 GW 

0.7 MNQ 10—60 days/year 10 GW 35 GW 47 GW 92 GW 

NQ = 640 m3/s One 20-day period 
in 20 years 

8 GW 35 GW 47 GW 90 GW 

a NQ = Low-water flow-off. 
MNQ = Average low-water flow-off. 

2.3.2. The River Rhine: A case study 

In Table V the estimated cooling capacity of the rivers and estuaries of the 
Federal Republic of Germany is given. The cooling capacity depends on the 
maximum temperature (Tmax) and the maximum temperature increase (ATm a x) 
of the surface waters under consideration. Typical values for the River Rhine 
and other rivers in west Germany are Tm a x = 28°C and ATraax = 3 K. Comparison 
of columns 3 and 4 (Table I) shows that waste heat release supports a substantial 
part of total cooling capacity. In calculating the cooling capacity a heat exchange 
of 25 W/m2 • K for the rivers, 35 W/m2 • K for the estuaries, and 40 W/m2 • K for 
the salt-water coastal areas was used. However, these values are taken from 
experimental results obtained for laboratory or small lake conditions only. 
Although the theory of heat exchange between water and atmosphere is rather 
well developed, the experimental findings led to a large number of empirical 
equations for the evaporation as a function of wind velocity [1 — 11]. Up to now 
it has not been decided which equation has to be applied in which case. In particu-
lar the verification of these values for the conditions of a flowing river as a usual 
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site of power plants is necessary. The main task of the measuring station at 
Rheinhausen of KfK is the direct measurement of the heat exchange between 
the River Rhine and the atmosphere. A detailed description of the station is 
given in Ref. [12]. About 30 different parameters are measured at intervals 
from 0.05 s to 1 min and at four levels above the water surface (0.8 m, 2 m, 8 m, 
40 m) and at one level below the water surface (0.3 m). Heat exchange takes 
place from three processes: radiation, evaporation and convection. The latter 
two are measured by means of a supersonic-anemometer-thermometer and a 
small psychrometer. 

The station has been in operation since 1975 and has collected a large amount 
of data. First evaluations reported in Ref.[6] show that heat exchange between a 
flowing river and the atmosphere depends on a number of meteorological and 
topographical parameters which are not at all or not sufficiently represented in 
the above-mentioned empirical equations. Theoretical considerations [ 13—16 ] 
suggest that the heat exchange from evaporation and convection is determined 
by the water surface boundary layer which in turn depends strongly on the wind 
profile. But a close connection between the 2-m measuring level and the surface 
boundary layer may only be expected after a sufficient wind fetch above the 
water (at least some hundred metres [17]). The wind fetch varies with the direc-
tion between 60 m and 2 km at the measuring station. Therefore stable and 
transient profiles may occur rendering a variety of conditions which is reflected 
in the results. 

The best way to isolate and consider the topographical influences is to 
separate the observations into at least four different sectors of wind direction 
thereby generating four different formulae for heat exchange. 

Another parameter of influence are winds falling from the wooded banks 
down to the water surface [12]. There are no references among those quoted 
above which take into account topographical effects. This may account for the 
differences between the formulae. 

Comparison of the evaporation formula most used by Trabert [10] with the 
respective Rheinhausen formula shows a reasonable agreement for low wind 
speeds (0 ... 0.7 m/s). Trabert's formula yields about 40% higher rates for wind 
speeds between 0 and 3 m/s. 

If Rheinhausen data and formulae are extrapolated to other sites in the upper 
Rhine valley a total error results which consists of three components: 

The overall measuring error which amounts to 8%. 
The spatial variability of the heat flux which has been found to be within 
10% in a homogeneous field [18]. 
The variation of topography along the Rhine valley, the influence of which 
is hard to estimate. But comparison of Rheinhausen data associated with 
different wind directions suggests that heat exchange caused by topographical 
changes may be of the order of 10%. 
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The total uncertainty in extrapolating the Rheinhausen formulae may there-
fore amount to 25%. 

2.3.3. Summary 

Heat transfer from surface waters to atmosphere is an important waste heat 
transport mechanism in water bodies used for cooling power plants. Theoretical 
investigation of the heat exchange between the water and the atmosphere is well 
developed by understanding the important parameters of influence. Experimental 
proof of theory, however, is still insufficient for real river conditions and coastal 
sites. Research is under way to solve the remaining problems in the near future. 
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2.4. COOLING TOWER PLUME MODELLING 

2.4.1. General description 

The modelling of cooling tower plumes, knowledge of their dependence 
on technical and meteorological parameters and their possible effects on the 
environment is well advanced. A number of field studies to measure plume 
behaviour have been carried out in recent years to provide a data basis for testing 
existing models. 

Considerable effort on cooling tower plume modelling has been spent in the 
United States of America. In particular, in the 'Meteorological Effects of Thermal 
Energy Releases' (METER) programme field studies and mathematical modelling 
are carried out [ 1 ]. A plume and cloud growth model has been developed and 
compared with extensive sets of experimental data [2], The average plume rise 
is well predicted. Model predictions of visible plume length agree reasonably 
with observations of short and moderate lengths (less than about 1 km), but 
agreement for longer plume length is limited. 

A major cause for concern in the United States of America relates to the 
possible generation of convective clouds or the enhancement of existing clouds 
by cooling tower temperature and humidity plumes. Under the METER pro-
gramme, considerable emphasis has been placed on the need to test by experi-
ment the hypothesis that large cooling towers might give rise to locally increased 
precipitation downwind [ 1 ]. Satellite observations have already been used to 
demonstrate the occurrence of bands of increased winter snowfall originating 
at locations where cooling towers (and other types of industrial enterprise) are 
known to exist. Weather modification effects such as those of interest in this 
context are not likely to be evident in the immediate vicinity of the originating 
source. Thus it is not surprising that most studies continue to focus on the 
behaviour and parameterization of visible plumes, which are by far the most 
readily perceived atmospheric consequences of the use of cooling towers. 
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2.4.2. Experience in the Federal Republic of Germany 

An experimental programme carried out in the Federal Republic of Germany 
in 1973 aimed to measure the inside and outside parameters of a 100-m high 
natural draught cooling tower [3]. Many data have been obtained on plume size, 
water content of the plume, content of condensed water in the plume (droplets), 
droplet-size and other data. The dependence of these parameters on meteorological 
conditions has been studied. For plumes of 50 m to a few kilometres length the 
one-dimensional models TOWER [4] and SAUNA-S [5] have been applied. The 
agreement between the models and the experimental results was good except for 
short plumes, where an underestimation of plume size by TOWER was observed. 

Recent development of the cooling tower plume model WALKURE showed 
considerable improvement [6,7], This model is a stationary three-dimensional 
model describing the vortex-pair structure of rising cooling tower plumes. Seven 
partial differential equations are solved numerically for the calculation of the 
distributions of velocities perpendicular to the direction of transport, temperature, 
humidity, cloud and rainwater content, and the induced turbulent diffusion 
coefficient. 

WALKURE is especially suitable for calculating the cooling tower plume 
behaviour under the influence of temperature and humidity stratifications in the 
ambient atmosphere. Moreover, the non-linear superposition of several cooling 
tower plumes is possible. 

2.4.3. Experience in the United Kingdom 

In determining the properties of large cooling towers the United Kingdom 
Central Electricity Generating Board organized a symposium in 1973 to review 
and discuss work being done in the United Kingdom [8] on natural draught 
cooling towers. Many aspects of a technical nature were discussed. Concerning 
the environmental impact the following conclusions were reached. Provided 
natural draught towers are properly designed and maintained the impact of 
their operation will have a negligible effect on the local climate. A persistent 
elevated plume, which occurs under conditions of high ambient relative humidity 
and aggravates the adverse visual impact of the large bulk of the cooling tower 
itself, appears to be the most objectionable atmospheric feature [9]. 

A similar statement has been made in a recent publication of the 'Abwarme-
kommission' (Waste Heat Commission of the Federal Republic of Germany) [10]. 

2.4.4. Summary 

Cooling tower plume modelling is very well advanced. Although certain 
models do not apply in general, the verification can be carried out by proper 
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choice of experimental data. For many cases 1 D-models are sufficient. In the 
case of two and three large towers at one site 3 D-models should be applied. The 
remaining questions concerning the cooling tower plume modelling are related 
to minor effects of plume structure, droplet spectrum and other parameters, 
which will be answered by the provision of experimental data from programmes 
currently under way. 
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Chapter 3 

BIOLOGICAL AND ECOLOGICAL CONSIDERATIONS 

3.1. GAS DYNAMICS 

3.1.1. Oxygen production by photosynthetic activity of algae and macrophytes 

The influence of temperature upon the gas budget in surface waters is both 
direct and indirect. Temperature acts directly upon physical exchange processes 
and the solubility of gases in water [ 1 ]. By influencing chemical and biochemical 
processes, it affects the gas balance indirectly. 

Photosynthetic activity of aquatic plants (algae, macrophytes) introduces 
a great amount of oxygen into surface waters. 

The most important conditions for photosynthesis are a sufficient amount 
of light and the supply of essential mineral salts. The influence of temperature 
ranks third. Figure 4 shows the course of oxygen production under different 
light and temperature conditions. At a constant temperature, maximum activity 
is associated with a definite amount of light [2], Higher radiation levels will not 
increase photosynthetic activity; on the contrary, there may even be an inhibition 
effect [3], If temperature rises in the range below the temperature optima of 
plants, an increase in photosynthetic activity can be observed. Above the specific 1 

optimum temperature of a species, the net production of oxygen decreases. This 
is because the respiration of plants will increase until a maximum temperature 
has been reached (Fig.5). Most higher plants and many algae have an optimum 
temperature of photosynthesis of about 25°C. The maximum temperatures are 
usually 10 degC higher. As exceptions to this rule, many green algae and bluegreen 
algae can still exist at temperatures of 40°C (see Section 3.3). 

Warming-up of natural water below the optimum temperature level favours 
plants growth. If there is a sufficient supply of light and salts, higher temperatures 
will accelerate the build-up of algae bloom [4]. With mass growth of algae, a 
clear day/night variation in oxygen concentration can be observed. High oxygen 
concentrations (up to or exceeding supersaturation) are encountered during the 
early afternoon hours, whereas extremely low values are often observed in the 
early morning hours at sunrise. 

At times of algae bloom, supersaturation values of over 200% are observed. 
This kind of supersaturation development is fatal for surface water, if a period 
of bright sunshine is followed by a period of cloudy weather. Photosynthesis is 
then strongly reduced, whereas the respiration processes of algae and bacteria 

33 
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t e m p e r a t u r e 

FIG.4. Dependence of photosynthesis on light intensity and temperature. 

temperature 

FIG.5. Net photosynthesis as a function of gross photosynthesis and respiration and their 
temperature dependence. 

are still favoured by the high temperatures. The result is a rapid decrease in oxygen 
content. 

Well-developed algae masses can be damaged by artificial heating to the extent 
that they will be unable for some time to sustain photosynthetic activity or will 
even die. In the latter case, secondary pollution can affect the oxygen balance 
so strongly that oxygen is no longer measurable and fishkills occur. Following 
thermal damage to diatoms in the Wabash river, high oxygen deficits were recorded 
and fishkills occurred [5], Fish problems arising in connection with oxygen 
supersaturation will be described in Section 3.1.3. 
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FIG. 6. The part of oxygen consumption due to psychrophilic and mesophilic bacteria in 
natural waters. 

3.1.2. Oxygen consumption by bacteria 

3.1.2.1. Temperature dependence of bacterial oxidation processes 

It is a well-known fact that heating normally is positively correlated with 
acceleration of metabolic processes [6, 7]. Often Q10 values of 2 are encountered 
but there are some exceptions to the rule. Thus, aquatic bacteria have different 
temperature demands. Depending on the temperature ranges in which these 
micro-organisms are active, we differentiate between psychrophilic, mesophilic, 
thermotolerant and thermophilic bacteria. Normally, only the first two groups 
are of importance to metabolism in surface waters. Figure 6 shows relative 
oxygen consumption as a function of temperature. For example, calculations 
for the River Rhine at Koblenz have shown that the annual metabolic rate of 
psychrophilics is six times higher than that of mesophilics. 

For the biochemical oxidation of carbon and nitrogen compounds dissolved 
oxygen is used. The temperature coefficient of these processes depends mainly 
on water temperature, on the presence of toxic substances, and (in the case of 
rivers) on the length of the self-purification reach (equivalent to the duration of 
the self-purification process); for further details see Refs [8—11 ]. In addition, 
the ratio of active to inactive bacteria (dormancy stages) and the warm-up range 
(ATp and AT K ) play a certain role. 

Figure 7 shows the temperature coefficient of oxygen consumption in the 
Rhine in 1972 and 1973. The values fluctuate greatly over the entire reach. 
The negative values indicate an inhibition of the oxidation processes by toxic 
substances [12]. Table VI shows the Q10 values of oxygen consumption for three 
rivers as a function of water temperature. 
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FIG. 7. The rate of increase of 0 2 consumption in the Rhine. 

TABLE VI. Qjo VALUES OF THREE RIVERS 

River Water temperature (°C) 
0 - 1 0 1 0 - 2 0 2 0 - 3 0 

Rhine 1.9 1.8 1.7 

Main 2.1 1.6 1.4 

Weser 2.6 1.6 1.5 

3.1.2.2. Nitrification 

The oxidation of ammonium nitrogen to nitrate (nitrification) is highly 
dependent on temperature [13]. Below 15°C, nitrification is of little importance 
to surface waters because these processes are too slow. With ammonium nitrogen 
present in sufficient quantities and water temperatures between 25°C and 35°C, 
nitrification may severely affect the oxygen budget. Thus, in 1976, with water 
temperatures around 27°C, a widespread fishkill occurred in the Moselle river. 

Investigations in the River Elbe showed that nitrification may account for 
85% of the BOD (Biochemical Oxygen Demand) [ 14], 

A 'by-product' of nitrification, which should be briefly mentioned here, 
is the reduction in hydrogen ion concentration. With closed cooling cycles, 
nitrification can lead to acidification in the cooling water. Asbestos cement and 
related material often used in cooling towers may then be severely affected [15], 
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3.1.2.3. Thermal activation of bacterial dormancy stages 

Continuous warming-up and cooling-down of water, as in closed cycle 
cooling, may activate bacterial dormancy stages [16]. Thermal activation may 
lead to an increase in the number of bacteria (as colony count) and raise oxygen 
consumption. Frequently, this is not even noticed, because thermal stress damages 
many active bacteria at the same time (e.g. psychrophilic bacteria). 

3.1.2.4. Respiration of mud 

In many natural waters, wide areas of the bottom are covered with mud. 
The consistency and structure of mud, which depend on its origin, differ greatly. 
Even in aerobic surface waters, mud is fully anaerobic several millimetres below 
the mud surface. The uptake of oxygen from the overlying water body depends 
on temperature, flow, oxygen content and the percentage of decomposable organic 
matter [8], The influence of a mud-covered area on the oxygen concentration of 
a surface water is inversely proportional to the water volume or flow. 

The uplifting of mud material has been observed several times in the River 
Main when water temperatures were high and gas production of anaerobic bacteria 
in the mud was favoured. This phenomenon is not only an aesthetic problem, but 
also a heavier strain on the oxygen budget than a closed mud surface on the 
bottom itself. 

3.1.2.5. Summary 

One of the most important prerequisites for the existence of aquatic life 
(with exception of anaerobic bacteria) is a sufficient supply of dissolved oxygen. 
Temperature intervenes strongly in the oxygen budget of surface waters by 
accelerating or delaying physical, chemical or biochemical processes (e.g. gas 
exchange or oxidation processes). 

The production of oxygen by algae and macrophytes depends mainly on the 
supply of light and essential mineral salts. Warming-up of water to about 27°C 
favours photosynthesis but even at lower temperatures the net oxygen production 
decreases because of growing plant respiration. Thermal stress is indicated by 
decreasing values of specific oxygen production and by degradation products of 
chlorophyll. 

On the other hand, it is the oxygen consumption that influences the oxygen 
budget. The oxygen-demanding processes and their temperature dependence are 
separately mentioned. 
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3.1.3. Gas bubble disease in fish 

Fish and other aquatic organisms that depend on dissolved oxygen to support 
aerobic metabolism exist in a state of dynamic equilibrium with water-dissolved 
gases. This implies that if dissolved gas levels differ from air saturation, the 
organism may be in a similar state. Thus, if the water is supersaturated with 
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atmospheric gases, the organism may similarly be supersaturated. If this should 
occur, fish and aquatic invertebrates can develop a debilitating and potentially 
lethal condition known as gas bubble disease. 

Specific signs of gas bubble disease may be detected in fish, many of which 
are visible and can be used to judge the severity of the disease. Appearance of 
these signs often follows a predictable time sequence. In general the signs consist 
of gaseous phases, bubbles, which occur in the tissues and are readily observable. 
In the aetiology of gas bubble disease, one of the first locations where bubbles can 
be observed is along the lateral line [ 1 ]. These bubbles are usually small and can be 
difficult to observe. Chronologically, the next location where bubbles are likely 
to develop is in the caudal fin appearing between the fin rays [2]. If a fish is 
observed to display only this level of involvement, the condition is generally 
considered 'slight' [3], Usually appearing later than the fin bubbles but probably 
the most commonly known sign of gas bubble disease is exopthalmia or 'popeye'. 
Bubbles on the head occur after fin involvement and can be observed on the 
opercles, jaws, around the eyes and inside the mouth. Fish with bubbles in several 
fins, and/or on the head and with mild exopthalmia would be considered typical 
of'moderate' involvement [3]. The cause of death from gas bubble disease is not 
the visible bubbles and lesions just described. Gas supersaturation, as was stated 
earlier, is an unstable condition, and the gases, tend to pass from the dissolved to 
the gas phase. When this occurs in blood, gas emboli quickly cause haemostasis 
resulting in anoxia and death [4]. The only means of determining embolism as the 
cause of death is by careful necropsy. Gas emboli will usually be found in the 
heart, its major vessels and the gills. 

3.1.3.1. Sources of atmospheric gas supersaturation 

There are several sources of gas supersaturation in aquatic systems. One of 
the earliest described is caused by photosynthesis. Several incidences have been 
reported in the United States of America and involved major blooms of algae which 
under the influence of warm water temperatures and sunlight produced oxygen 
supersaturation [5]. Air supersaturation of water can also occur from pumping 
or siphoning of water [6] . Usually observed in an aquarium or water pumping 
system, the situation is generated when small amounts of air enter the system 
through small leaks or other points. Under the pressure and turbulence of the 
pumping action, the gas is driven into solution resulting in supersaturation. 

A third source of supersaturation occurs when water falls from one elevation 
to another, e.g. a dam or natural waterfall [7], In this instance the falling water 
entrains large volumes of air which are carried by the momentum of the falling 
water into the pool below the falls or dam. Under the influence of the increased 
pressure resulting from depth, the air is driven into solution. Although air-
supersaturated water is physically an unstable solution, re-equilibration of a river 
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TABLE VII. SUMMARY OF FISH SPECIES AND GAS SUPERSATURATION 
EXPOSURE LEVELS RESULTING IN GAS BUBBLE DISEASE 
(adapted from Ref. [12]) 

Species Supersaturation3 Effects observed 

Mountain whitefish 1 3 1 - 1 3 9 % TCP 100% mortality, 1.5 days 
Prosopium williamsoni 1 1 6 - 1 2 7 % TGP 50% mortality, 1 2 days 

1 1 3 - 1 2 2 % TGP 40% mortality, 17 days 
1 0 7 - 1 2 8 % TGP 1 mortality, 17 days 

75% signs of GBD 

Chinook salmon 122% TGP 3 2 - 1 0 0 % mortality, 3 - 8 days 
(juveniles) 114% TGP 8 - 1 0 0 % mortality, 8 days 
Oncorhynchus tshawytscha 112% TGP 8 - 7 5 % mortality, 1 8 - 6 7 days 

106% TGP 0 - 8 % mortality, 1 8 - 6 7 days 

Coho salmon 112% TGP 6 0 - 1 0 0 % mortality, 6 - 3 5 days 
(juveniles) 106% TGP 0 - 4 % mortality, 2 8 - 3 6 days 
Oncorhynchus kisutch No signs o f GBD 

Rainbow (steelhead) 122% TGP 100% mortality, 3 days 
trout (juveniles) 112% TGP 6 - 3 0 % mortality, 6 - 3 0 days 

Salmo gairdneri 106% TGP no effect 

Chinook salmon fry ; 128% TGP 83% mortality 
exposure from hatching 124% TGP 75% mortality 
to 50-days-old 120% TGP 68% mortality 

116% TGP 16% mortality 
112% TGP 12% mortality 

Cutthroat trout 1 3 1 - 1 3 9 % TGP 50% mortality, 17 days 
Salmo clarki 55% mortality, 24 days 

Northern squawfish 1 1 7 - 1 2 0 % TGP mortality, percentage unstated 
Ptychocheilus oregonensis 

Atlantic menhaden 110% TGP (120% N 2 ) 100% mortality, 24 hours 
Brevoorlia tyrannus 

Herring 122% TGP (120% N ^ Signs o f gas bubble disease obser 
Clupea hargenus hargenus 

Black bullhead 1 2 4 - 1 2 7 % TGP 50% mortality 
Ictalurus melas 

Scup 1 3 5 - 1 4 5 % TGP 100% mortality 
Stenotomus chrysops 

Goldfish 125% N 2 50% mortality, 2 weeks 
Carassius auratus 

Eel 125% N2 50% mortality, 2 weeks 
Anguilla japonica 

Killifish 130% N 2 50% mortality, 2 weeks 
Oryzias latiles 

Bitterling 130% N2 50% mortality, 2 weeks 
Rhodeus acellatus 

a N2 : Nitrogen. 
TCP: Total gas pressure. 
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is a slow process. Re-equilibration can only occur at the air-water interface. 
Usually the surface to volume relationship is unfavourable to degassing of natural 
waters. 

In the Pacific Northwest of the United States of America a significant portion 
of the electrical power is generated hydroelectrically. Spillage of water over these 
dams during spring runoff creates supersaturation. After winters with particularly 
heavy snowfalls essentially the entire river may be supersaturated from the first 
dam spilling to ocean. This has been cause for considerable concern for the river 
fisheries, particularly the populations of migratory salmon. As a result, state and 
federal agencies responsible for Pacific Northwest fisheries have supported intensive 
research, and the results represent a valuable information base for others studying 
supersaturation regardless of how the condition is generated. 

A final mechanism for production of supersaturated waters is through artificial 
heating. Steam electrical power stations, both nuclear and fossil fuelled, require 
volumes of cooling water. Dissolved gas supersaturation in the thermal effluent 
of a power plant occurs from the inverse relationship between water temperature 
and gas solubility. Natural waters at or near air saturation become supersaturated 
as they are passed across condenser systems unless opportunity is provided for 
equilibration at the elevated temperatures. Equilibration at the air-water interface 
is a slow process, and saturation levels are not reached until sufficient mixing 
occurs to return the water temperature to ambient conditions. It is thermal 
sources of supersaturation that primarily concern us here. 

3.1.3.2. Dissolved gas levels reponsible for gas bubble disease 

Three of the four sources of gas supersaturation discussed above all result in 
atmospheric gas supersaturation. That is, the gases found in air, principally 
oxygen, nitrogen and argon, are found in supersaturated water. Also the relative 
proportions of the constituents remain approximately the same. Thus the signs 
seen in afflicted aquatic organisms are due to the physical aspects of gas super-
saturation and not chemical or metabolic imbalances, although it is likely that 
tissues may utilize some of the oxygen derived from supersaturated conditions. 

As might be expected, the onset of gas bubble disease signs and their degree 
are dependent upon the dissolved gas level, usually stated in percentage of saturation 
at a given temperature and the length of exposure. Additionally, the vulnerability 
to gas bubble disease is species- and life-stage specific. Table VII provides a 
summary of fish species and the exposure levels that resulted in gas bubble disease. 

3.1.3.3. Evaluation of gas bubble disease potential at a power plant site 

Experience at power plant sites in the United States of America suggests that 
gas bubble disease may occur when local fish species are attracted into the thermal 
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TABLE VIII. EVALUATION OF POTENTIAL FOR GAS 
BUBBLE DISEASE IN STEAM ELECTRIC GENERATION 
STATION EFFLUENTS 

Physical Characterize cooling water source and system 

Seasonal water temperature 

Dissolved gas levels 

Intake design 

Temperature elevation across condenser 

Characterize effluent plume 

Temperature pattern 

Dissolved gas levels 

Plume configuration 

Discharge design 

Biological Determine fish presence in plume 

Species 

Behaviour 

Duration of plume occupancy 

Vertical and horizontal distribution 

Exposure to supersaturated conditions 

plume waters either in response to elevated water temperatures or the increase in 
food organisms present in the plume. When fish are in these plume waters, they 
enter into near equilibrium with the dissolved gases. If the cooling water source 
was air equilibrated and the temperature elevation sufficient to create super-
saturation, gas bubble disease may result with subsequent mortalities. In order to 
evaluate the potential for this occurrence, some basic physical and biological 
information is required (Table VIII). It is first essential to develop physical 
information on the average levels of dissolved gas in the cooling water source and 
the pattern of the discharge plume. The level of dissolved gas in the cooling water 
source will be a factor in determining the final saturation level upon discharge of 
the heated effluent. If the water is air equilibrated, the possibility of creating 
supersaturation is enhanced. The intake water dissolved gas state can vary 
seasonally and should be monitored. Intake and discharge designs can have a 
considerable effect on dissolved gas levels, e.g. siphon breaker-type discharges can 
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re-aerate supersaturated discharge waters resulting in release of heated but air-
equilibrated waters. Table VIII provides some of the key factors, both physical 
and biological, which can be used in evaluating the potential for gas supersaturation 
and resultant gas bubble disease at heated water discharge sites. 

The second category of required basic information is biological. It must be 
determined whether local fish occupy the plume waters and their behaviour while 
in the plume waters including their vertical and horizontal distribution, as well as 
residence time (Table VIII). The physical information on the dissolved gas state of 
the plume waters coupled with the biological data on fish attraction can be used to 
estimate the extent of exposure. 

If it is determined that the local species will be expected to occupy super-
saturated plume waters, the next step in the evaluation process is to determine 
their susceptibility to gas bubble disease. There are two relatively rapid means to 
make the determination: cage studies with samples of the local species held in the 
plume waters and laboratory-based acute toxicity studies. Figure 8 provides a 
suggested scheme for evaluating the existence and degree of a potential gas bubble 
disease problem. It is designed with efficiency in mind so that only necessary 
information is gathered. Essentially, Fig.8 is a 'decision tree' supplying questions 
and suggesting action to be taken depending on a yes or no answer. For example, 
are plume waters supersaturated? If the answer is no, it is obvious that gas bubble 
disease cannot exist. Therefore, no further study is required. If the answer is yes, 
then the next action should be implemented. Studies with live caged fish will 
provide a rapid indication of whether the plume gas levels comprise a hazardous 
condition. Simple field observations are usually not adequate, as fish killed by gas 
bubble disease often sink and the signs disappear rapidly after death. To conduct 
cage studies, samples of fish species which are known to occupy plume waters 
should be held in live cages at different locations in the plume, with appropriate 
controls beyond the plume influence. Appearance of gas bubble disease signs and 
mortality, as well as dissolved gas levels, should be recorded. Live cage studies will 
help to establish whether or not a problem exists and indicate in a qualitative 
manner the degree of a gas bubble problem. To obtain quantitative information, 
it is necessary to conduct controlled laboratory studies to determine species levels 
of gas supersaturation which cause gas bubble disease. 

Laboratory-based studies should follow standard bioassay or toxicity testing 
procedure methods [8], To conduct these tests, a source of air-supersaturated 
water is necessary. Designs for systems to accomplish this are discussed in several 
references. In general, the equipment necessary is a pressure vessel through which 
water can be circulated and aerated under pressure. High levels of supersaturation 
(150%) can be generated in this manner and then appropriately diluted with air-
equilibrated water to generate a series of supersaturation exposure levels. Several 
life stages of each species selected should be studied. When the tolerance of the 
local species of fish has been determined, an assessment of impact from gas bubble 
disease can be made. 
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FIG.8. 'Decision tree'approach for evaluating gas bubble disease potential in thermal effluent plumes. 
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A precautionary note is necessary at this point. The direct application of 
laboratory-derived data to a decision-making process should be pursued carefully. 
In the case of dissolved gas it must be recognized that laboratory-based bioassays 
provide constant exposure levels relative to the dissolved gas levels which might be 
found in discharge plumes. Thus, while the lethal dissolved gas levels may occur 
in plume water, the frequency and duration may obviate mitigative action. 

There are additional studies which may be made to refine the assessment 
process. The discussions thus far has specifically addressed fish; it should be 
noted, however, that other aquatic organisms, principally invertebrates, can also 
be affected by gas bubble disease. These organisms represent the food base for 
the fish stocks and are therefore very important in the evaluation process. Bio-
assay procedures can also be applied to the invertebrates of importance in order to 
develop data on the impact to the fish food base. This concern may be nullified, 
however, if the invertebrates are predominately benthic. Because of the thermal 
nature of discharged waters, the plume may be buoyant, thus eliminating bottom-
dwelling organisms for consideration. Again careful characterization of the plume 
is essential. 

Additional fish studies may be necessary to assist the refinement process. 
Although direct lethality from dissolved gas levels and other considerations may be 
demonstrated as unlikely, sublethal or intermittent exposures may have an effect 
on predator-prey relationship, fecundity, etc. Additionally the potential for a 
combined effect from other effluent conditions should be considered. Plume 
waters may contain biocides or other chemicals which potentially can act 
synergistically with a threshold supersaturation condition to bring about accumu-
lative problems. 

3.1.3.4. Gas bubble disease at a nuclear power station: A case study 

In April 1973, a kill of approximately 34 000 Atlantic menhaden (Brevoortia 
tyrannus) occurred at the Pilgrim Nuclear Power Station, Plymouth, Massachusetts 
[9]. A utility employee observed a large number of fish in the discharge channel 
swimming erratically and dying. Inspection of menhaden specimens revealed 
several recognized signs of gas bubble disease, e.g. haemorrhagic regions of the 
body surface as well as numerous gas bubbles in the skin, fins and lining of the 
oral cavity. 

Aerial surveys of the ocean waters in the vicinity of the discharge plume 
revealed a large school of menhaden estimated to number 75 000 — 100 000. It 
was speculated that the fish had been attracted to the plume by the warmer waters. 
Comparison of measurements of dissolved oxygen in both intake and discharge 
waters indicated that intake waters were air saturated but the discharge waters, 
because of the elevated water temperature (AT = 27.8 deg F (= 15.4 deg C)), were 
supersaturated with atmospheric gases. The dissolved oxygen levels in the discharge 
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canal and plume were found to range from 120—151% supersaturation. At the 
request of state agencies the power generation level was reduced resulting in a 
reduction of effluent temperature (AT = 15 deg F (= 8.3 deg C)). Subsequent 
dissolved oxygen measurements displayed a supersaturation level ranging from 
110 to 125% with a concomitant reduction in fish mortality. 

After the school of menhaden had left the discharge area the state agency 
agreed to allow the utility to resume power production subject to the following 
conditions: 

(1) Fish spotter aircraft be used to detect school of menhaden which 
might be in the power station vicinity. 

(2) A commercial menhaden fisherman be retained to remove menhaden 
schools that might be attracted to the plume. 

(3) Dissolved oxygen analyses be conducted on intake and discharge 
waters. 

(4) Bioassays be conducted to document the dissolved gas supersaturation 
levels lethal to menhaden. 

It should be noted that whereas dissolved oxygen levels can provide an indi-
cation of potential gas bubble problems, dissolved nitrogen supersaturation is the 
usual cause of gas bubble disease in fish. Dissolved oxygen levels can be influenced 
by photosynthesis and are therefore a less reliable indicator of potential problems. 
They are also metabolically active, and much higher levels of supersaturation can 
be tolerated by aquatic and marine organisms. Monitoring programmes designed 
to detect potential gas bubble problems should, therefore, sample and measure 
dissolved nitrogen levels. 

3.1.3.5. Dissolved gas analytical procedures 

An essential part of the ability to conduct the studies outlined above is 
development of the analytical procedures for dissolved gas analysis. There are 
currently three acceptable methods, each with unique features making the selection 
criteria those of cost, intended use of data and operator skill. Three methods will 
be discussed here: the Weiss saturometer or tensiometer, the VanSlyke manometric 
method and gas chromatography. 

The Weiss saturometer or tensiometer measures total dissolved gas tension 
directly. As far as can be determined, this apparatus has not been described in 
any publication. A brief description and a photograph are given in Ref. [10]. In 
this instrument, dissolved gases are permitted to diffuse across a semi-permeable 
membrane into a closed, gas-filled space connected to a pressure sensor or gauge. 
A common design consists of a coil of Silastic tubing inside a protective cage which 
is submerged in the water to be analysed. The tubing is connected to a pressure 
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gauge providing total dissolved gas pressure including water vapour relative to the 
surface atmospheric pressure. A positive pressure, therefore, represents a super-
saturated condition. 

The saturometer offers the advantage of low cost and the capability of easy 
field use. It is readily portable and provides data on site. A disadvantage is that 
the numerical data generated are for total gas, including oxygen, nitrogen, carbon 
dioxide, argon, etc. Thus to separate oxygen values from nitrogen, a separate 
Winkler analysis is required. A further disadvantage is that the Weiss saturometer 
requires a lengthy equilibration time, often up to 20 minutes, during which the 
instrument must be constantly shaken in the water being measured. This treatment 
can precipitate gauge problems and tubing leaks which the operator must be 
aware of. 

One of the established methods for dissolved gas analysis is the VanSlyke 
manometric method used in conjunction with a Winkler titration to report data on 
oxygen and nitrogen saturation. The major disadvantage of this technique is the 
requirement of a competent operator. Further, the VanSlyke is not readily portable. 
In addition, the instrument requires a large volume of mercury and thus represents 
a health safety problem. The method, however, is highly accurate and has become 
a reference point for the calibration of other methods. Beinigen in 1973 provided 
a complete description of the use of the VanSlyke apparatus. 

In the gas chromatographic method, a small sample of water may be injected 
into the sealed glass chamber where a carrier gas strips the dissolved gases from 
the water and carries them through the chromatograph [11]. Thus, the advantages 
of this method are rapid analysis and accuracy. This technique is obviously a 
laboratory-based procedure which means that the samples must be obtained in 
the field, transported correctly to the laboratory, and stored for a short time until 
analysed. 

Sampling procedure, transport and handling must be done with care or the 
results may be compromised. Further disadvantages are instrument cost and the 
need for extensive calibration. 

3.1.3.6. Summary 

Effluent from power plant cooling systems may become supersaturated with 
atmospheric gases. This is caused by the elevation of water temperature and its 
effect on gas solubilities. Aquatic organisms which enter plume waters and are 
exposed to gas-supersaturated water for sufficient lengths of time may develop a 
condition known as gas bubble disease. The first signs of gas bubble disease are 
found as small gas bubbles along the lateral line. This is usually followed by bubbles 
forming in the membranes between fin rays, beneath the skin of the head, opercles 
and lining of the mouth. Exopthalmia is perhaps the most obvious sign. Supersatu-
ration levels are usually reported in terms of percentage of saturation, and effluent 
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dissolved gas levels exceeding 105% may be cause for concern. Fry of juveniles 
are more susceptible and may display signs at this level whereas higher super-
saturation, 110-115%, may be the threshold levels for adults. Susceptibility is 
species dependent. 

If gas supersaturation is measured in the effluent waters it may be necessary 
to determine the potential for gas bubble disease problems. A hazard assessment 
approach can be useful in this process, investigating the degree of supersaturation, 
determining if fish occupy plume waters and are therefore exposed, employing 
laboratory bioassay procedures to investigate supersaturation levels causing gas 
bubbles disease, and finally determining the extent of the hazard to the local 
fishery. In order to conduct such laboratory studies dissolved gas analyses may be 
carried out by at least three recognized methods, the Weiss saturometer, the 
VanSlyke method and gas chromatography. 

Compared with other sources of impact, e.g. entrainment or impingement, 
gas bubble disease may be the lesser source of impact. Some experiences with gas 
bubble disease in effluent waters have occurred, however, and the problem should 
be taken into consideration in siting, design and operation of steam generating 
power stations that discharge heated water. 
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3.2. COOLING SYSTEM EFFECTS ON PLANKTON 

3.2.1. Introduction 

Sub-lethal effects of thermal discharges on the primary producers and 
consumers — plankton — in an aquatic environment are of considerable 
importance to the overall stability of the ecosystem receiving the heated waters. 
Any changes in physiological and behavioural processes of particular groups or 
individual species of algae or zooplankton, initiated by thermal enrichment, could 
alter the structure of associated communities within the receiving body of water. 

Temperature, a basic factor governing the development of the microscopic 
plankton community, influences various life processes such as growth, reproduction, 
migration and successional patterns. Individual species within the plankton 
community may exhibit a different thermal optimum, shifting the balance of 
interaction in favour of those organisms which are more tolerant of the new 
temperature. In a review of temperature effects on freshwater algae, Patrick [1 ] 
noted that the process of succession was largely the result of changes in water 
temperature and light intensity through the optimum limits for selected species. 
Diatoms are represented by the largest number of species with low temperature 
tolerances (<30°C). The green algae cover the widest temperature span whereas 
the blue-green forms have more species that are tolerant of very high temperatures. 

Most field studies on sub-lethal effects of heat enrichment on plankton at 
operating thermal electric stations have been carried out during the warmer summer 
months at stations located in more southerly latitudes. Research pertaining to 
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thermal discharges in Arctic waters, or northern temperate regions on a seasonal 
basis, has been largely neglected. 

This report attempts to summarize recent studies on thermal effects on 
plankton carried out at operating generating stations at different latitudes. Most 
of this research has been carried out at nuclear power plants in North America. 
Consideration is given to studies on seasonal effects, condenser entrainment damage, 
and the combined effects of temperature and chemical toxicity on the plankton 
community. 

For comparative purposes plankton sampling should follow procedures out-
lined in the IBP Handbook on Methods for Measuring Primary Production in 
Aquatic Environments [2]. Site specific variables such as turbulence, discharge 
velocities, location of intake and discharge pipes, etc., should also be noted when 
comparing plankton in thermal discharge plumes from different power stations. 

3.2.2. Temperature effects on phytoplankton 

The effect of thermal discharges on the production of algal biomass is of 
considerable importance since these microscopic plants form the basis of the 
aquatic food chain, providing essential organic materials for filter-feeding organisms 
such as zooplankton and shellfish. Alterations to the ambient temperature of 
geographically different waters through heated discharges could have an influence 
on the endemic species inhabiting these waters. Thermal enrichment might also 
act in conjunction with other man-induced materials such as phosphates, nitrates 
or sewage to accelerate the natural aging process, the rate of 'eutrophication', in 
a natural body of water. 

In an Arctic environment such as Alaska tundra ponds, Stanley and Daley [3] 
showed that plankton algae photosynthesize more efficiently at low water 
temperatures (<14°C). In another study [4], on Lake Geraldine, Baffin Island, 
Canada, the effects of heat enrichment were studied in a lake having an ambient 
temperature range during the ice-free period of 1.5° to 9°C. Primary productivity 
and chlorophyll-a values from a comparison between heated (20° to 29°C) and 
control stations during this period showed no significant differences. 

In northern temperate regions, field studies at operating thermal electric 
power plants (Refs [5—9] and others) reported increases in phytoplankton primary 
productivity in heated discharge waters only during the cooler spring and autumn 
seasons. Significant decreases in primary productivity were noted in heat-stressed 
areas during the warm summer months. Carpenter, Peck and Anderson [8], for 
example, reported 5 to 25% increases in productivity during the cooler months, 
but when intake water temperatures were above 15°C primary productivity 
decreased by as much as 95%. In Delaware, United States of America, Bropks [6] 
recorded increased carbon-14 uptake by algae at discharge temperatures 6.5 degC 
above ambient provided the lake water temperature was below 22°C. 
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FIG.9. The relationship between P/B quotients {primary productivity/biomass of phytoplankton) 
and increasing temperatures in Maskinonge Lake and heat-enriched lake waters. 

In a controlled field experiment, McMahon and Docherty [10] reported 
increased cell concentrations and increased primary productivity of phytoplankton 
in early spring in heat-enriched polyethylene enclosures. In the summer months 
productivity rates decreased in the heated enclosures when temperature reached 
25° to 27°C. The increase in cell numbers in the spring was due entirely to a 
single species of diatom — Synedra ulna. Smith, Brooks and Jensen [11 ], in a 
study of four power stations along the Atlantic coast of the United States of 
America, reported increased algal photosynthesis from heated discharge waters 
when ambient water temperatures were low. The rate of photosynthesis decreased 
as ambient water temperatures approached summer maxima. Briand [12], in a 
study on marine phytoplankton (southern California), reported no effect of 
thermal discharge on algal concentrations when intake waters were cooler than 
15°C. However, when intake waters of 17°to 20°C were subjected to temperature 
increases of 9deg to 11 degC, significant algal mortality was recorded. 

On the basis of the above field studies it is reasonable to consider the 
comment by Miller and co-workers [13] as a working guideline for evaluating the 
impact of heated discharge waters on the phytoplankton community. According 
to these workers, water temperatures above 34°C are inhibitory to the algal 
community. Any combination of AT and ambient water temperature not exceeding 
25°C is considered stimulatory for algal production. 

A further refinement to this generalized guideline is to be found in the studies 
of McMahon and Docherty [10], Using data collected over the period March to 
October they graphed the relationship between primary production as determined 
by 14C uptake and phytoplankton standing crop (total carbon values) (production/ 
biomass quotients) on one hand and water temperature on the other. Production/ 
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biomass quotients (assimilation numbers) are perhaps a more accurate indicator 
of temperature effects in the phytoplankton community, and may vary from zero 
(completely inactive population) to an upper limit determined by regulatory 
factors such as temperature, light or nutrient availability. Figure 9 shows the 
relationship between assimilation numbers and temperature for both the lake (at 
ambient temperatures) and the experimental area receiving low grade heat. In 
the lake the assimilation numbers increase as lake temperature increases from 
4°C in March to a maximum of 22°C in July—August. With the onset of autumn 
cooling the assimilation numbers decrease towards the spring minimum. In contrast 
the seasonal relationship between assimilation numbers and thermal enrichment 
in the experimental enclosure differs from that of the lake. Thermal input to cold 
spring lake water resulted in a very active algal population as shown by the high 
assimilation value. In June, when the AT plus ambient lake temperature reached 
24°C, the assimilation number was minimal. The cooling trend in August to 
October tended to increase productivity and standing crop of the algal community. 
In retrospect the AT plus lake temperature of 25°C given by Miller and co-
workers [13] is probably a few degrees too high. Whereas temperatures of 20° 
to 22°C give maximum assimilation numbers in the lake, temperatures between 
22° and 24°C depressed these values in the heated area. 

3.2.3. Macrophytes 

Although rooted aquatic plants and macro-algae are, in some areas, the main 
primary producers, little information is available on the effects of heated discharge 
waters on this important source of organic carbon. The most extensive recent 
study [14] was carried out at three sampling sites — a cool, warm and a hot station 
on a cooling reservoir in South Carolina. The standing crop of Myriophyllum at 
the warm station was double that at the non-heated site. However, the species 
composition shifted at the hot station, Najas guadalupensis becoming the dominant 
plant. In Biscayne Bay, Florida, dense beds of seagrass were reported in the 
warmed areas of the bay [15]. 

3.2.4. Condenser entrainment of phytoplankton: mechanical and chemical 
effects 

Passage through the condenser cooling system of a power plant has long 
been considered a probable source of damage to plankton. Two major factors 
involved are thermal shock and chemical toxicity. Chemical toxicity effects refer 
mainly to chlorination, a frequently used process for controlling organisms that 
foul the condenser tubes. In the USSR, Astrauskas and Rachyunas [16] reported 
decreases as great as 50% in numbers of algae and total biomass after passage 
through a power station cooling system. Similar changes have been observed in 
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the United States of America [12, 17, 18]. In Lake Michigan, Benda and 
Gulvas [17] reported a 50% decrease in primary productivity rates which was 
attributed to mechanical stress during condenser passage. A 42% reduction in 
marine phytoplankton concentration was observed by Briand [12] in California. 
He reported that condenser entrainment also altered the structure of the phyto-
plankton community and reduced species diversity. Diatoms were shown to be 
more sensitive to condenser effects (45% mortality) compared with 32.8% for 
the dinoflagellates, the second most dominant group. 

The synergistic effect of thermal and chlorine stress on both freshwater and 
marine organisms has been extensively reviewed by Jolley [19] and Davis and 
Middaugh [20]. The combined effect of these factors severely inhibits the algal 
community. Bongers and co-workers [21] report a 97% reduction in algal photo-
synthesis at a thermal electric station on the Potomac River. Similarly, Flemer [22] 
and Carpenter and co-workers [8] demonstrated a decrease in primary production 
rates as high as 80%. 

3.2.5. Consumers 

As noted in an earlier IAEA publication [23] on thermal discharges, det-
rimental effects to zooplankton are probably greater as a result of condenser 
entrainment than through contact with the heated discharge waters. Recent 
studies in both these areas have attempted to examine the zooplankton at the 
community and species level at different geographic locations on a seasonal basis. 

An extensive study of entrainment effects on zooplankton was carried out 
by Davies and Jensen [24] at power stations located in Delaware, Virginia and 
North Carolina, United States of America. Zooplankton mortality was found to 
be mutually dependent upon temperature rise through the power plant and intake 
temperature. The duration of exposure to maximum temperature (i.e. time of 
travel of water through the plant) and water quality were considered important. 
At the Lake Norman station, North Carolina, damage from entrainment was 
minimal at the highest summer intake temperature (22°C). However, zooplankton 
suffered a 40 to 50% decrease in numbers in the winter months when temperature 
rise increased from 11° to 20°C and travel time was lengthened from three to 
five minutes. At the Virginia site on the James River the interaction of temperature 
and chlorine (0.5 mg/ltr) in the condenser system resulted in an 85% loss of 
motility in the zooplankton. At maximum summer temperatures (above 27°C, 
North Carolina; 40°C, Virginia; 36°C, Delaware), zooplankton concentrations 
were less in samples from the discharge ports than in those from the mixing zones. 

In Lake Malaren, Sweden, zooplankton numbers and species diversity were 
greater in mid-winter in that area of the lake affected by heated discharge 
water [25]. Also reported was an increase in population density of the warm 
water, stenothermal rotifer, Polyarthra remata, when the discharge temperature 
was raised 9degC above winter ambient for the lake. 
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In a controlled field experiment on heat enrichment effects, McMahon and 
Docherty [26] also observed differences in numbers of rotifers between a heated 
enclosure and a non-heated control enclosure. In this case Polyarthra major was 
absent from the heated waters during the winter months and fewer in numbers 
throughout the period April to November when compared with the control station. 
However, another rotifer, Keratella cochlearis, dominated the heated enclosure 
early in the spring. Species composition and numbers of Copepoda and Cladocera 
were similar for both stations throughout the study. At the Novorossijsk Power 
Station, USSR, Goryajnova [27] reported Copepod nauplii as the dominant 
zooplankton in the discharge waters. In this case the warmed area was only 
0.7 deg to 4.0 degC above ambient. 

3.2.6. Summary 

Several reports reviewed here have attempted to evaluate long-term seasonal 
effects of cooling water discharge on the plankton community at the species level. 
Although each study is site specific, involving such variables as intake temperatures 
of cooling waters, AT and flow rate through the condensers, temperature at the 
point of discharge, mode of intake and discharge, dilution rates, etc., some basic 
conclusions can be drawn. Firstly, adverse effects of thermal discharge on phyto-
plankton numbers, species composition and primary productivity can be minimized 
by limiting the combined intake water temperature and thermal increase across 
the condensers to 22°C. Higher ambient water temperatures during the summer 
months result in decreased productivity and population density, and could give 
rise to a shift in species composition within the community. In temperate regions, 
thermal enrichment of lake waters during the spring or autumn might be beneficial 
for the development of unicellular algae as a source of food for higher organisms. 

Another conclusion from the available data is that algae generally appear to 
be adversely affected during entrainment through the condenser system. The 
combined effect of temperature rise and antifouling chemicals, such as chlorine, 
in the condenser tubes is also inhibitory to phytoplankton. 

In zooplankton communities thermal enrichment enhances the development 
of certain species of rotifer and Copepod nauplii. At present the significance of 
this increase is not well understood. Such factors are susceptibility to predation, 
long-term survival, reproduction and feeding behaviour require further study. 
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3.3. BIOLOGICAL EFFECTS OF THERMAL DISCHARGES ON BENTHOS 

3.3.1. Introduction 

Because of their close association with the substrate, benthic macro-
invertebrates (benthos) are either sessile (imbedded or attached) or only slightly 
mobile relative to plankton and fish. Owing to their limited mobility and 
ectothermic physiology, benthos may be highly susceptible to variations in 
temperature, nutrients, dissolved oxygen, substrate type, light, hydrography and, 
in the marine environment, salinity. 

3.3.2. Results of investigations 

With respect to temperature, effects have been postulated from incipient 
lethality to interference, through acceleration or retardation of rates or 
seasonal events, with such aspects of life history as (1) breaking of diapause (in 
aquatic insects), (2) spawning or mating, (3) hatching or emergence, (4) larval 
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development, (5) growth and (6) gonadal development [1—3]. Changes in 
temperature beyond ambient seasonal ranges may affect any or all of these aspects; 
changes in temperature which may 'flatten' the seasonal temperature curve have 
also been implicated in the reduction of benthic invertebrate populations. The 
reduction'of normal seasonal temperature fluctuation which results in the loss of 
necessary thermal stimuli has been suggested by Lehmkuhl [1,2] and Ward [3] 
as causing elimination or drastic depression of benthos populations below dams 
in reduced temperature areas; the argument could be expanded to include river-
based power plants that operate open-cycle in the winter and closed-cycle in 
the summer. 

Benthic organisms subjected to elevated temperatures may experience enhance-
ment in one phase of the life cycle and a negative response in another phase. 
Tinsman and co-workers [4] noted a lengthened reproductive season and lower 
mortalities of American oysters (Crassostrea virginica) placed in the effluent of 
a power plant. Mean temperatures were 5 - 7 degC above ambient and ranged 
from 30° to 35°C (max. 41°C) in the summer. In addition, gonadal development 
was advanced by about one month compared with oysters in ambient conditions. 
However, in the second year of the study, gonadal development of oysters in the 
effluent was reduced and mortalities were greater than in the control area. The 
probable cause of the reversal in trend is that increased temperatures, while 
accelerating gonadal development in the first year, also created increased metabolic 
demands throughout the year. Oysters in the effluent exhibited lower mean 
tissue weight and lower glycogen concentrations than those in the control area [5]. 
The energy cost of a long reproductive season thus could not be met before the 
next reproductive season started. 

Investigations of effects of thermal discharges on estuarine and marine 
benthos have been performed at several sites. Bay scallops (Argopecten irracdians) 
exhibited greater mortalities, resorption of oocytes, and delays in spawning in 
the thermal effluents of two Florida power plants [6]. A time-temperature dose 
response was suggested, in that a five-month exposure to temperatures 1 to 2 degC 
above ambient yielded effects (mortality, resorption of oocytes) similar to those 
noted after a one-month exposure to temperatures 4 to 5 degC above ambient. 
Studt and Blake [6] also noted an increased total suspended (filterable material) 
load in the effluent area of one of the plants and suggested that this increased load 
interacted with temperature to cause higher mortalities at the lower (1 —2 degC) 
effluent temperatures. An important point of the study was the necessity for long-
term observations; at 1 to 2 degC above ambient, short exposures (one month) 
yielded mortalities similar to control specimens, but five-month exposures showed 
significantly higher mortalities in the thermal plume. 

At a plant in Tampa Bay, significantly more polychaetes and crustaceans 
were found in the effluent zone (AT approximately 4 degC) than in the ambient 
areas; no differences in abundances of molluscs were noted [7]. At the Millstone 
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Point Nuclear Plant (Long Island Sound), trends in abundance of benthos reflected 
natural cycles rather than plant effects [8]; at two other plants, differences in 
abundance appeared to be associated with water quality differences other than 
temperature. Surveys of recent environmental impact investigations at power 
plants as reported by the U.S. Utilities Water Act Group [9, 10] concluded that 
both enhancement and depression of benthic communities occurred, but in both 
cases effects were primarily limited to the immediate area of the discharge (near-
field effects). A general trend of decreased abundance of molluscs in thermal 
plumes was noted although responses of different taxa varied; for example, at 
the San Onofre (California) plant, growth of mussels (Mytilus edulis) decreased in 
the thermally affected area, but the abundance of barnacles was 'several orders 
of magnitude greater'. In many cases, it appeared that effects on benthos were 
caused by changes in substrate or salinity rather than temperature; discharge 
structures may alter patterns of currents and thus may redistribute sediments. 

Similar results have been noted in freshwater habitats. At Connecticut 
Yankee Atomic Plant, decreases in abundance of benthic invertebrates were noted 
at the mouth of the discharge canal but increases were noted downstream [11]. 
The principal effects on the benthos appeared to result from mechanical rather 
than thermal factors, e.g. scouring of the substrate by high intake velocities, 
siltation at the mouth of the discharge canal, and general disturbance and 
redistribution of sediments by dredging [12]. 

Howell and Gentry [13] compared three South Carolina streams: one at 
present thermally affected, one formerly thermally affected ('post-thermal'), 
and one with no history of thermal influence ('natural stream'). Species diversity 
and species evenness were highest in the natural stream and lowest in the 
thermally affected stream; numbers of individuals exhibited the reverse trend. 
Benda and Proffitt [14] noted a depressed benthic community in a thermal plume 
ofthe White River, Indiana, at temperatures of 31° to 39.4°C; recovery was noted 
550 m downstream and the adverse effects appeared to be limited to an area of 
approximately 4 ha. Winter enhancement (abundance and number of species) 
of benthos was noted in the thermal plume of a James River, Virginia, plant [15]; 
apparently no summer observations were made. 

Surveys of recent investigations [16, 17] in freshwater lakes, rivers and 
reservoirs suggest that, except in the immediate area of the discharge, differences 
in abundance and diversity of benthos are more directly attributable to differences 
in substrate, vegetation or current than to temperature. In particular, the 
circulation ofthe discharge appears to exert a strong, albeit localized influence; 
among four plants investigated, the area of substrate scoured and effectively lost 
to benthic production ranged from 1 to 8 ha [17]. 

Investigations of naturally colonized, benthic populations in controlled-
temperature experimental channels [18] revealed that the primary effects of 
long-term elevated temperatures (2.4 and 6 degC above ambient for six months) 



BIOLOGICAL AND ECOLOGICAL CONSIDERATIONS 59 

were an acceleration of growth and metamorphosis, greater density and biomass 
in midsummer, and lower density and biomass in late summer and early autumn. 
Linear responses of benthic species to temperature treatments were rare; rather, 
responses were associated with groups of treatments, thereby suggesting threshold 
mechanisms. The results also indicated that neither diversity indices nor percentage 
abundance data were useful in defining effects of temperature. 

3.3.3. Summary 

Although the literature is replete with reports of physiological investigations 
on benthic invertebrates, the documentation of effects and impacts on benthic 
populations by power plants reveals effects largely limited to localized areas 
(near-field effects). Several of the latter are inconclusive with respect to tempera-
ture because of the diversity inherent in benthic communities, the problems 
associated with sampling, and the confounding influence of subststrate, depth, 
vegetation and possibly chemicals. 

The extent of effects is also limited by the behaviour of the thermal plume; 
modern discharge designs tend to force the plume towards the surface, thus 
minimizing contact of the warmest effluent with the substrate. 

In most cases, it appears that the benthic organisms of principal concern with 
respect to thermal impacts are the commercially important molluscs. Gibbons [19] 
presents a case for using thermal discharges to enhance populations of aquatic 
organisms. A careful combination of physiological research and power plant 
design could make his speculations a reality with respect to commercially important 
benthic invertebrates. 
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3.4. EFFECTS OF COOLING WATER INTAKES ON FISH POPULATIONS: 
ENTRAINMENT AND IMPINGEMENT 

3.4.1. Introduction 

This section attempts to review briefly the effects of nuclear power plant 
intakes on fisheries resources. Concern arose because of the large volumes of 
water used by nuclear power plants for condenser cooling and because of the 
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location of such plants in areas utilized by populations of fish (and especially 
by their pre-adult life stages) which have recreational or commercial importance 
to man. 

As a result of this concern and the development of legislative and regulatory 
actions directed at minimizing the effects of power plant intakes, the area of 
investigation of such effects, their impacts on fish populations, and their possible 
mitigation received considerable attention in the 1970s. 

After general comments and definitions, a review of laboratory investigations, 
investigations of effects at operating plants, and possible measures of reducing 
impacts will be presented. 

3.4.2. General considerations 

3.4.2.1. Definitions 

Effects of power plant intakes on fish populations have been divided into 
two groups, entrainment and impingement. Entrainment is the incorporation of 
eggs and small organisms (plankton, immature macro-invertebrates, fish larvae) 
into the intake water flow. Impingement refers to the physical blockage of larger 
fish and macro-invertebrates from entering the plant through the placement of 
barrier screens [ 1 ]. The differentiation of effects into these groups is thus a 
function of the size of the openings in the barrier screen. Since conventional 
intake screens have openings of about 9.5 mm, entrainable fish are generally in 
larval or early juvenile stages (i.e. less than 3 0 - 4 0 mm total length). 

3.4.2.2. Causes of biological damage 

Biological damage associated with entrainment results from: 

(a) Abrupt increases in temperature in the condenser cooling system. 
Coutant [2] noted an average temperature increase of 10.8 degC (range, 
6—19 degC) in 61 nuclear power plants in the United States of America. 
Schubel and co-workers [3] further elucidated the dose response, i.e. time-
temperature relationship, that was likely to occur during entrainment and 
passage through the cooling system. 
(b) Mechanical damage and pressure changes through pumps and condenser 
tubing [2, 4, 5], The effects may result from shear stresses created during 
water movement [6, 7], increases or decreases in pressure [8] and mechanical 
abrasion. 
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(c) Exposure to biocides and chemicals. Biocides (usually chlorine) are 
often added to the condenser coolant stream to remove slimes and attached 
organisms [9]; other chemicals discharged into the cooling stream for 
eventual discharge into the receiving water body may be present at toxic 
levels before dilution can occur [1 ]. 

Damage to biota (fish) resulting from entrainment can cause immediate 
mortality or can result in fish that survive, but which are ecologically stressed, 
i.e. more vulnerable to disease, predation and other adverse environmental 
factors. 

Effects associated with impingement result from mechanical damage caused 
by abrasion, exhaustion and prolonged exposure to pressure while the fish are 
held on the screen, and from trauma incurred during the removal of fish from 
the screens and the return of fish to the receiving water body (abrasion, exposure 
to high-pressure water jets) [10]. As with entrainment, damage may result in 
immediate mortality or in weakened fish that are more vulnerable to disease, 
predators, scavengers and other adverse environmental factors. 

3.4.3. Entrainment 

3.4.3.1. Effects and impacts of entrainment 

Effects and impacts of entrainment are measured (effects) and deduced 
(impacts) by comparing collections of eggs and larvae in the plant intake with 
collections obtained in the receiving water body outside the zone of influence of 
the plant. Typically, eggs and larvae are collected in the vicinity of the intake 
screens by means of pumps or nets utilizing mesh of 300—600 /im. These 
collections, expressed as number per unit volume of water filtered, are expanded 
by the water demand of the plant during the period of egg/larval availability to 
obtain estimates of total entrainment losses. These estimates, corrected by 
within-plant mortality data if available, are compared with (1) estimates of total 
population size of eggs or larvae, or (by utilizing fecundity and survival models) 
with (2) estimates of resulting adult populations to obtain an estimate of impact. 

(a) Entrainment in freshwater environments: Freshwater environments utilized 
for power plant cooling water include larger rivers, reservoirs and large lakes. 
The problems of measuring effects and assessing impacts differ among these, 
primarily because of hydraulic conditions. Rivers characteristically have uni-
directional flow; hence, ichthyoplankton are transported downstream and are 
vulnerable only once and for a relatively short time to each plant intake. In 
contrast, lakes have complex circulation patterns, with the movement of water 
masses being influenced by thermal stratification, upwelling, seiches, and internal 
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and wind-generated currents. The ichthyoplankton transported in these systems 
will be vulnerable for a longer period of time and may become vulnerable to each 
intake more than once, even where heated water is not recycled. Reservoirs may 
be largely riverine or lacustrine, depending on their primary function (e.g. navi-
gation versus flood control or water supply). 

Entrainment of ichthyoplankton in freshwater environments has been found 
to be largely parallel to the abundances of the various taxa. In most investi-
gations reported by the Utility Water Act Group [11], the taxa entrained in 
appreciable quantities were generally those which dominated the larval and adult 
piscine fauna; these were generally members of the families Clupeidae, Osmeridae, 
Cyprinidae, Catostomidae, Percidae and Sciaenidae. Those taxa which are not 
pelagic, i.e. those which remain near the substrate or in nests until attaining more 
advanced stages, seldom are noted in appreciable numbers in intake samples. 

At the Cumberland Steam Plant (Cumberland River), total entrainment of 
larvae was estimated to be 57 X 106, or approximately 3.6% of the population 
of 1.6 X 109 larvae transported past the plant. Total entrainment of eggs was 
estimated to be 29.5% of the transported population; this estimate was thought 
to be biased by the use of the intake basin as a spawning area [11], At the Hanford 
Generating Project (Columbia River), 142 X 103 chinook fry (Oncorhyncus 
tshawytscha) were entrained from an estimated population of 1.6 X 106, yielding 
an entrainment percentage of 8.8 [11 ]. Several other investigations of entrain-
ment at river-based plants reveal entrainment percentages of generally less than 7%. 

The North American Great Lakes have received considerable attention with 
respect to entrainment. Two plants on the western shore of Lake Michigan [12] 
were estimated to have entrained 1.25 and 1.36 X 109 eggs of alewife, Alosa 
pseudoharengus; the percentage entrained was estimated at 0.9% based on a 
population estimate of 280 X 109 eggs in the vicinity of the plants. At the 
Dunkirk Steam Plant (Lake Erie), entrainment was largely limited to eggs and 
larvae of rainbow smelt, Osmerus mordax; 172 X 106 eggs and 411 X 106 larvae 
were entrained [12]. A model incorporating fecundity and survival data yielded 
an estimate of resulting adult losses to be approximately 52 metric tons or about 
0.8% of the Lake Erie commercial harvest for the species. At another Lake Erie 
site (Monroe Power Plant), entrainment of a commercially important species, 
the yellow perch (Perca flavescens), was estimated to be approximately 1.9% of 
the western basin population and would result in losses amounting to 0.02% of 
the adult population [12]. In Lake Ontario, two adjacent plants entrained an 
estimated 0.8% of smelt eggs and 0.06% of alewife eggs available in the immediate 
area. Combined losses of smelt and alewife larvae amounted to 0.26% of the 
total lake population. 

A survey of the combined data from 17 Lake Michigan plants, utilizing a 
total of 56 X 106 m3' day -1 of cooling water, provided an estimate of the entrain-
ment loss of alewife larvae of 0.01% of the total species population [13]. Losses 
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to the population of smelt larvae were estimated to be 1%, based on population 
estimates for two months. 

(b) Entrainment in estuarine and marine environments: Entrainment has 
received relatively more scrutiny in estuarine and marine environments than in 
freshwater systems, primarily because of the greater commercial importance of 
estuarine and marine fish species. The problems of determining effects and 
assessing impacts in these environments are more complex than for freshwater 
environments, owing to the complex nature of the physical system [14] and to 
the complex nature of the piscine fauna. Estuaries in particular are difficult areas 
in which to investigate effects and impacts because of the dynamic nature of 
water movements and tidal mixing, their use by numerous species as spawning 
and nursery grounds, and the difficulties inherent in sampling and data 
interpretation. Consequently, the conclusions reached so far regarding effects 
are sparse and often the object of scientific and regulatory controversy [15-17] , 

At the Connecticut Yankee Atomic Plant, entrainment of larvae, primarily 
alewife and blueback herring (Alosa aestivalis), was estimated to be 4% (range, 
1.7—5.8%) of the transported population. These represent minimum estimates, 
since all investigations were made under conditions of unidirectional downstream 
tidal flow [18], At the Brunswick plant, one-unit operation was estimated to 
result in approximately 1% entrainment losses which would be translated into 
a 1 —5% loss of fish in the next (non-entrainable) life stage. Extrapolation of the 
data to two-unit operation would reduce the number of larvae surviving to the 
next life stage by 5-14%. These losses were estimated to result in a loss of 
approximately 29 metric tons of commercial and sport species, a value equivalent 
to the annual harvest of one commercial vessel in the Cape Fear area [19]. At 
the Pilgrim Nuclear Station, estimates of one- and two-unit operation resulted 
in losses of 1.75 and 6.14%, respectively, of winter flounder (Pseudopleuronectes 
americanus) larvae. A subsequent population model predicted a resulting 
population reduction of 0.65%; a similar modelling exercise involving Atlantic 
menhaden (Brevoortia tyrannus) predicted a resulting population reduction of 
0.003% [20]. Entrainment impacts on winter flounder populations were also 
investigated at the Millstone Nuclear Plant. An entrainment loss estimate of 1% 
was applied to a combination of tidal dynamics and population dynamics models. 
Results of the study suggest that a 1% entrainment mortality would result in 
a reduction in the adult population of 6% (compensation included) or 9% (no 
compensation) at the end of the 35-year life of the plant. Substitution of higher 
entrainment mortalities results in predictions of 17% reduction for 3% entrain-
ment and 28% reduction for 5% entrainment [21 ]. For these three entrainment 
values, the model predicted an eventual return (after plant decommissioning) 
to levels within 1-9% of the original conditions. 
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A series of power plants on the Hudson River (within the zone of tidal 
influence) has created considerable interest [15-17, 19] with respect to combined 
impacts on the population of striped bass (Morone saxatilis), as well as other 
species that use the river as a spawning and nursery area. One series of models 
predicts long-term (40 years) population reductions for: striped bass, 8—11%; 
American shad, 4%; white perch (Morone americana), 14%; and Atlantic 
tomcod (Microgadus tomcod), less than 4% [19]. Another modelling effort [16] 
predicts reduction in the striped bass population of 18 or 33%, depending on the 
degree of compensatory survival assumed. It should be noted that the Hudson 
River models are combined-effect models in two ways; i.e. the models combine 
effects of several plants, and also combine entrainment, impingement and thermal-
discharge effects. 

3.4.3.2. Discussion 

The results obtained by field investigation are informative but not conclusive 
with respect to impacts. The absence of standardized methodologies of sampling 
and data analysis (a function of both the relative infancy of the field and the 
great variety of intake designs, site locations and operating regimes) renders 
definitive statements impossible and controversy inevitable. In such an environ-
ment, a certain degree of conservatism in making judgements or recommendations 
is advisable. 

The estimation of effects, especially in terms of predicting the effects of a 
proposed nuclear power station, depends strongly on an understanding of the 
biological and physical characteristics of the proposed site and the design and 
operating characteristics of the proposed plant. Of special importance is the 
design and implementation of an adequate sampling programme [22]. 

The definitive assessment of impacts, in terms of projecting effects to 
ultimate, long-term results on adult stocks, may be impossible in the relatively 
short time between initial plant design and operation unless background data on 
population dynamics (e.g. numbers, fecundity, mortality rates) are available. 
With respect to both proposed and existing installations, the principal problems 
appear to be associated with estimates of within-plant mortality and with the 
degree to which compensation occurs. In plants using once-through cooling, 
entrainment mortalities apparently seldom are 100%, except in the cases where 
long discharge canals are employed [6, 8, 18]. Several of the field studies, 
however, are somewhat inconclusive [11], partly because of the difficulties of 
distinguishing between plant-induced and sampling mortality. With respect to 
compensatory survival, there is considerable debate as to how much compensation 
can and does occur [16, 17]. The estimation of impacts via modelling has generally 
followed the stock-recruitment relationship; that is, the impact is seen exclusively 
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FIG. 10. Comparison of cooling-system water demand and entrainment of fish larvae at six 
TVA steam-electric plants. Solid lines are hydraulic entrainment defined as the percentage of 
river flow taken into the plant for a 24-h period. Broken lines are entrainment of fish larvae, 
calculated as the percentage ofthe transported population entrained over the same period. 
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as one which interferes with the life-stage progression from egg or larvae to 
reproducing adult. It is in this area that the controversy over the degree of 
compensatory survival which may occur has risen, largely because of our inability 
to perceive a strong relationship between the size of the egg or larval population 
and that of the resulting adult cohort. 

The impact of entrainment may be viewed in another way, i.e. in terms of 
an impact on the production of the system. Natural mortalities through the 
progression from egg to adult are very high, especially in the first year of life [23], 
Mortality rates during the first few days after hatching may approach 50% day-1 

for those species exhibiting no parental care or nest-building and maintaining 
behaviour. These mortalities are caused by several factors, one of which is 
predation; it has been facetiously stated that 'the function of a larval fish is to 
be eaten' [24]. An approach to the problem has recently been suggested as a 
means of assessing the potential impact of entrainment in a lacustrine reservoir 
embayment [25], Utilizing data on size at hatching, length-frequency, and 
weight-at-length information, a 5-18% entrainment mortality was converted to 
an estimate of 13 kg of biomass entrained and 43 kg of production foregone; 
this loss amounts to approximately 2.5% of larval production for the species 
considered. 

It appears that entrainment rates in the range of 1—5% of the available 
population present no serious hazard to fisheries resources, provided power plants 
are adequately spaced on a body of water. However, site (plant)-specific investi-
gations and simulations give only limited guidance in determining the total 
'entrainment mortality load' placed upon the fish populations of a water body 
by the operation of several intakes. To obtain such an estimate of system-wide 
impacts it is necessary to (1) develop a better understanding of the impact and 
zone of influence of an individual plant, and (2) develop the theoretical and 
analytical methods to assess the impacts of all intakes in the system. Recently, 
the assumptions regarding the planktonic nature of fish larvae and the relationship 
between water withdrawal and entrainment have been questioned [26]; limited 
supporting evidence has been obtained that some species of fish larvae may not 
drift with water masses in rivers [27], and that the relationship between water 
demand and entrainment is not simple [25] (Fig. 10). It therefore appears that the 
impact of an individual plant may be concentrated in a more limited area in 
riverine situations than was previously believed. On the other hand, most water 
bodies have several intakes which serve industrial and public water-supply needs. 
Although power plants tend to withdraw the greatest volumes of water, all such 
intakes must be considered, since water demand is only one of several factors 
(e.g. location of intake, type of screening) which contribute to entrainment 
impact. The total entrainment mortality that an aquatic system can absorb 
without long-term damage will depend upon the biology of the species involved 
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(e.g. species with short generation times and high fecundity can withstand greater 
losses), the cumulative and interactive nature of all intakes in the system and 
the interaction of entrainment mortalities with other sources of mortality. 

3.4.4. Impingement 

3.4.4.1. Effects and impacts of impingement 

The results of impingement have typically been more recognizable to the 
genera] public than have those of entrainment; the appearance, in the vicinity 
of the power plant, of (sometimes) large numbers of dead or injured fish elicits 
public and regulatory concern. Effects of impingement are obtained by periodic 
counts of fish impinged on intake screens; impacts are estimated by comparing 
numbers or biomass lost through impingement with estimates of standing stock 
numbers or biomass or with some equivalent measure of harvest (e.g. commercial 
landings). 

Taxa impinged generally follow the same trend as for entrainment, i.e. the 
greatest numbers are those of the most abundant taxa. However, because 
impinged fish are juveniles or older life stages, behaviour, especially seasonal 
and daily patterns of movement and reaction to submerged structures, is an 
additional factor in determining impingement. 

(a) Impingement in freshwater environments: Results of impingement investi-
gation in freshwater systems have largely revealed a common trend; large absolute 
numbers are recorded, but when losses are compared with estimates of standing 
stock or commercial or sport harvest, the resulting percentages are low. For 
example, for 17 Lake Michigan plants [13], total annual impingement was 
estimated to be 30 X 106 fish weighing 971 metric tons. Of these, alewife 
accounted for 93% of numbers and 97% of biomass whereas rainbow smelt com-
prised 5% of numbers and 1% of biomass; for both species, biomass losses owing 
to impingement amounted to 0.06% of their respective standing stock biomasses. 
Annual impingement losses at four Tennessee Valley Authority plants (Tennessee 
and Clinch Rivers) ranged from 22 X 103 to 3.6 X 106 fish; biomass losses ranged 
from 0.4 to 44 metric tons. Clupeids and sciaenids dominated the catch on the 
intake screens; estimates of percentage of total standing stock biomass impinged 
ranged from 0.03 to 0.52% and losses of any of the eight major piscine families 
never exceeded 3% [28]. 

Of plants which impinged on highly desirable sport or commercial species, 
Monroe Power Plant (Lake Erie) impinged on 122 X 103 yellow perch in one 
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year; this amounted to 2.7% of the commercial catch for the entire lake and 
0.7% of the estimated perch population for the western basin. Waukegan Plant 
(Lake Michigan) impinged on brown trout (Salmo trutta), rainbow trout (Salmo 
gairdneri) and chinook salmon; annual impingement of each of these was less 
than 2000 fish and in each case amounted to approximately 0.1% of numbers 
stocked [12]. At the Hanford Generating Project (Columbia River), annual 
impingement of outmigrating chinook salmon fry during 1973 through 1976 
ranged from 0.03 to 9%. The high value was obtained in 1975, when the mesh 
size on the intake screens was reduced from 6.4 to 3.2 mm; essentially, the 
reduction in screen size reduced entrainment, but increased impingement. Further, 
improvements in the design and operating regime of the intake screening system 
reduced impingement to 0.03% of the migrants in 1976 [11], 

(b) Impingement in estuarine and marine environments: Impingement at 
estuarine and marine power plants often involves commercially important macro-
invertebrates as well as fish. In most cases, impingement losses in these areas are 
compared with commercial harvests. At the Brunswick Steam Electric Plant, 
one-unit operation resulted in approximately 2.5 X 106 organisms weighing 
21 metric tons being impinged [19], A continous rescue operation has resulted 
in 90% of the crabs, 80% of the shrimp, and 40% of the fish being returned to 
the estuary in live condition. Losses were estimated to be equivalent to one day's 
commercial catch by one vessel; annual losses of noncommercial fish amounted 
to from 1 to 5% of similar losses incurred by shrimp-fishing activities. At the 
Joslin Plant, annual impingement was estimated at 1.5 X 106 organisms weighing 
17 metric tons. Based on calculations of organisms impinged per unit volume 
of water and corresponding concentrations in the Matagorda Shipping Channel 
(obtained by trawling surveys), the impingement losses represented 1.3% of the 
fish.available in the channel [19], Annual total impingement of striped bass by 
seven Hudson River plants has been estimated to range between 68 and 309 X 103 

[16]. These estimates were based on actual counts, estimates of efficiency of 
counting, and assumptions of the type of plant operation, i.e. open or closed-cycle 
cooling. 

At the Pilgrim Nuclear Station, the maximum annual impingement estimated 
over four years of observations for one-unit operation was 58 X 103 fish, of which 
93% were Atlantic herring (Qupea harengus) and alewife. Fifteen species of 
macro-invertebrates were also impinged; of these, the lobster (Homarus americana) 
accounted for 0.48% of the macro-invertebrate catch (approximately 3000 
annually) [20], Estimated losses at the San Onofre Generating Station ranged 
from 12 to 16 metric tons over four years of observations at Unit 1; dominant 
commercial and sport species were not a significant component of total impinge-
ment [20]. At the St. Lucie Plant (Florida) annual impingement losses amounted 
to approximately 0.03% of local commercial landings. Simulation of impingement 
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impacts by the Millstone Nuclear Power Station on winter flounder populations 
predicted a maximum population reduction of 12% over the 35-year life of the 
plants, followed by recovery to within 2% of original population size [20]. 

3.4.4.2. Discussion 

Impingement of fishes results from the interaction of several factors, including 
the size, abundance and behaviour of fish species, the location and configuration 
of the intake, intake water velocities and environmental factors (e.g. temperature). 
More discussion of intake location and configuration is presented in Section 3.4.6. 
Species impinged on in large numbers appear generally to be those which are 
annually or seasonally abundant and which are pelagic or very active in terms of 
daily movements; for example, impingement totals for plants located on the 
Great Lakes or in the southeastern United States of America are largely determined 
by the Clupeidae (shad, alewife), coastal plants impinge on largest numbers of 
clupeids (menhaden, alewife, herring), and estuarine plants tend to impinge on 
large numbers of clupeids as well as anadromous species (e.g. striped bass). Most 
impinged fish are generally young-of-year or juveniles [29, 30], although exceptions 
to this occur [31]. 

In several freshwater environments, impingement follows a seasonal pattern, 
with peak numbers occurring in late autumn and winter [29, 31]. In cases where 
this peak impingement involves large numbers of threadfin shad, a strong association 
between numbers impinged on and water temperatures below 15°C has been noted; 
similar but less strong relationships have been noted for other species [30], At 
temperatures below 13°C, threadfin shad exhibit sluggish behaviour and reduced 
swimming ability, and thus are less able to withstand moderate intake water 
velocities (e.g. around 25 cm - s"1) for long periods [32]. Relationships between 
impingement rates and levels of dissolved oxygen and turbidity have also been 
noted. Although intake water velocity is undoubtedly a factor in determining 
impingement rates, the relationship is unclear and perhaps less important than 
environmental and physiological factors [30]. Other examples of peak impinge-
ment have been associated with annual or seasonal migrations [13, 19, 20] or 
large-scale die-offs [12]. 

The elucidation of factors contributing to impingement, as well as the 
assessment of the resulting impacts, has often been limited by the lack of 
associated physical and biological data and by uncertainties regarding the accuracy 
of impingement data; for example, investigations at the Hudson River plants [16] 
revealed an average 17% efficiency of recovery of impinged fish from the screens. 
Marked diurnal differences in impingement rates [29, 30, 32], differences in 
impingement rates among screens in the same intake [29, 32], and the absence of 
associated data (e.g. temperature, water velocity, plant operating data) have been 
noted for several studies [30]. 
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3.4.5. Combined-effects studies 

Because of the extensive data requirements associated with population impact 
models, few combined-effects investigations have been performed. In addition, 
several imponderables exist in the design of such models. Because both entrain-
ment and impingement affect the same cohort, i.e. fish in their first year of life, 
it would appear a priori that effects (mortality rates) would be additive; however, 
examination of natural mortality curves during this period makes it clear that 
mortality of juveniles has different implications than mortality of larvae. The 
debate over compensation becomes one of deciding not only to what extent, 
but when, it occurs. 

Results of the combined-effects model for winter flounder at the Pilgrim 
Nuclear Station suggest that of the total population reduction of 5.9%, impinge-
ment of juveniles and age class II fish contributed 5.8%; similarly, results of the 
Millstone model (on the same species) showed that of a maximum predicted 
reduction of 18%, impingement accounted for 12% and entrainment for 6%, 
despite the fact that entrainment mortalities were measured in millions and 
impingement mortalities were measured in thousands [20]. The other form of 
combined-effects models, i.e. the effects of several plants on the same fish 
population, has been attempted in only one case — the Hudson River system 
[16, 19]. Such efforts require such extensive allocations of scientific and financial 
resources that the number of such efforts is likely to be as severely limited as they 
are needed. Single-factor analyses and even the combined-effects studies conducted 
thus far have failed to consider all the impacts associated with power plants. For 
example, an analysis of impacts on the Lake Michigan smelt population [33] 
suggests that the most important component of the total impact is neither entrain-
ment nor impingement, but rather the predation on smelt which concentrate in the 
thermal plume. 

3.4.6. Methods of reducing impacts 

In the absence of conclusive data, a conservative approach to the design 
and operation of intakes has been adopted by scientists and regulatory agencies. 
The conservative approach dictates that, where a potential adverse impact exists, 
fish should be kept from approaching the intake screens and thus becoming 
entrained or impinged on; failing that, fish should be collected on or at the 
screens and should be returned to the receiving water body with minimal damage. 

3.4.6.1. Plant siting and intake location 

The location of the plant is an important factor in determining the level of 
effect; attention to the potential impacts of entrainment and impingement can 
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SAMPLE PERIOD 

FIG.11. Concentrations offish larvae in Guntersville Reservoir, Alabama, and in two intakes 
of Widows Creek steam-electric plant. The intake for Units 1—6 (closed circles) is located at 
the end of a shallow canal; the intake for Units 7-8 is located flush with the reservoir shoreline. 

result in greatly reduced effort and expenditure associated with intake design and 
construction. Existing plants exhibiting the greatest effects, i.e. highest rates of 
entrainment and impingement, are generally those located in areas of high biological 
activity (e.g. spawning areas, nursery areas, migratory pathways). 

Existing intake designs are so variable (as are the biological data associated 
with them) that the definition of an 'ideal' intake design or location is impossible. 
However, some generalizations are possible: 
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(a) Intakes located flush with shorelines (or offshore) tend to have lower 
entrainment and impingement than intakes located at the end of canals or 
embayments (Figs 11 and 12). Canals and embayments tend to be attractive 
to young fish; additionally, water velocities in canals may be such that the 
younger life stages are unable to traverse the canal without becoming 
exhausted, thus becoming trapped and highly vulnerable to the intake. 
(b) In many environmental settings, shallow-water intakes entrain and 
impinge on more fish than do deep-water intakes because larval and juvenile 
fish tend to be concentrated in shallow water or near the surface. 

3.4.6.2. Applications of technology 

Other than plant siting and intake location, methods of reducing intake 
effects are divided into three groups: (1) behavioural barriers, (2) physical 
barriers, and (3) fish removal systems [34], 

(a) Behavioural barriers: These barriers attempt to take advantage of the 
behaviour of fish, e.g. schooling, reaction to normal or unusual stimuli, response 
to currents, swimming ability. Such methods have been used in attempts to 
reduce impingement; their value in reducing entrainment is untested but probably 
negligible. 

Several types of barriers have been tested; electrical, sound, light, air-bubbles, 
spaced chains or cables, and louvers [34]. The success of any of these methods has 
been variable. Electrical, sound, light, and air-bubble barriers in particular have 
yielded variable and often highly species-specific results, e.g. some species are 
repelled whereas others are attracted or unaffected [30, 34], In some cases, the 
effectiveness of such barriers with respect to a given species is dependent on 
environmental factors such as temperature [30]. Louver systems, in which a 
portion of the water flow is diverted by means of vanes or slats placed at an angle 
to normal flow, depend on the ability of fish to detect and avoid abrupt changes 
in velocity and flow direction. Louver systems have been successful when employed 
in fish diversion schemes in irrigation canals and have been incorporated in some 
recent power plant intake designs [20, 34], 

A form of screening has been developed which creates conditions similar to 
those of the louver system. Screening of wire, wedge-shaped in cross-section, is 
constructed in panels or cylinders to that slots are formed with the apices of the 
wedges being oriented to the inside; oriented parallel to normal flow, these screens 
allow water to be diverted to intake piping while allowing fish to remain oriented 
to the normal flow-and thus avoid entrainment and impingement. Initial tests 
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FIG. 12. Selectivity of entrainment of fish eggs and larvae for four intake configurations. 
Selectivity is calculated following Ivlev: S = (E^-E^/fEjj+E^) where S is selectivity, E^ is 
egg or larval entrainment and Ef, is hydraulic entrainment. Note that the intake with a shallow 
canal (C) positively selected for larvae, whereas the deep intake with a skimmer wall (A) 
negatively selected for larvae. Positive selection for eggs at intakes (A) and (Dj is thought to 
be due to fish spawning within the intake basin. 
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indicate that the degree of avoidance is dependent on the orientation of the screen 
to the flow, configuration of the screen, width of the slots and intake velocity [35], 

Because reactions of fish to behavioural barriers are highly species-and-size-
specific, extensive experimentation is often required to establish a correct design. 

(b) Physical barriers: Physical barriers are either modifications to conventional 
vertical travelling screens or additional structures or devices employed to prevent 
fish from reaching the intake screens or intake pumps. In the first case, the 
modification is intended to reduce the duration of impingement or to reduce 
injuries to fish during their removal from the screens and their return to the 
receiving water body. Also included here are those designs which prevent entrain-
ment by retaining larvae on fish-mesh screens. 

While several designs have been proposed, the following represent the most 
promising approaches to the reduction of intake effects. At the Surrey Power 
Station, conventional 9.5-mm mesh travelling screens were modified by attaching 
metal troughs to the bottom of each screen panel. These troughs retain approxi-
mately 5 cm of water during rotation and cleaning of screens, and combined with 
continuous screen rotation and low-pressure screen washing, have resulted in 
from 82 to 100% survival of impinged-on fishes [36]. Fine-mesh screening, in 
combination with a modification from flat screen panels to semicircular baskets 
in a centre-flow screen configuration, has been employed at one plant [34], 
Similar designs using flat panels have been used in Europe for about 30 years to 
protect water intakes from heavy trash loads. Laboratory testing to determine 
the necessary characteristics for screening and survival of larvae has shown that 
Nitex mesh of 0.5-mm opening under conditions of 15 cm-s"1 velocity and duration 
of impingement of four minutes or less is effective in screening essentially 100% of 
larvae 6 mm or longer. Survival (48 h) varied among species, but under the above 
conditions ranged from 20 to 100% [37], 

Horizontal travelling screens, in which a continuously rotating screen is 
oriented at an angle to normal flow and travels in a downstream direction, have 
been used with success in fish bypass operations in irrigation systems [38]. The 
design has promise for screening larvae and juveniles at power plant intakes if 
engineering problems can be solved. 

Devices intended to prevent physically fish from reaching the intake include 
infiltration beds and porous dikes. Infiltration beds or sand bed filters have been 
used extensively in municipal water supply systems. Their use in power plant 
intakes would prevent all fish from entering the intake, but problems of cost and 
maintenance have been prohibitive. Porous dikes have been used with success at 
several power plants [28], While not achieving total elimination of impingement, 
reductions in the number of fish approaching the intake have been noted. A 
potential problem may exist where high abundance of commercially or recreation-
ally important species occur, in that these may congregate outside the dike structure 
and become more vulnerable to predation and exploitation. 
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(c) Fish removal systems: These systems employ arrangements of pumps and 
collecting devices or vertically travelling, scoop-shaped devices to remove fish 
which become entrapped in the screen wall. Tests at three plants have indicated 
that reductions in impingement mortality of from 27 to 98% are possible [34], 

(d) Reduction of water demand: Recent investigations [4 -7 ] have strongly 
suggested that most of the mortality occurring during entrainment is due to 
mechanical stresses (shear, abrasion, pressure changes) rather than thermal shock. 
It has been suggested that in view of these findings, a first step in reducing impacts 
might be to design plants with minimal water demand and higher thermal rises 
(AT) across the condensers. 

3.4.6.3. Discussion 

A combination of careful siting of the plant, location of the intake, and, 
if necessary, employment of a barrier system can achieve substantial savings in 
entrainment and impingement losses. In some areas of the world, closed-cycle 
cooling systems, incorporated to meet thermal discharge criteria, have shown 
reduced intake effects through the reduction in water demand. Costs of such 
systems, especially cooling towers, are such that their use as a primary means of 
reducing intake effects is not justified. 

Whereas in many areas the thrust of intake effects and intake design research 
has been to reduce the harvest of fish by the plant, there may be instances in 
which, in the interests of increasing the protein harvest, such designs could be 
inverted to maximize harvest of food fishes. 

3.4.7. Summary 

The differentiation of cooling-system intake effects into entrainment or 
impingement is largely a function of the mesh size of the intake screens. 
Generally, with conventional intake screens of 9.5-mm mesh opening, entrained 
fish are in the larval or early juvenile stages (less than 30-40-mm total length) 
and impinged-on fish are, depending on the configuration and operating 
characteristics of the intake, in the size range of 40 -200 mm. 

Whereas the estimation of numbers of fish or other organisms lost owing 
to entrainment or impingement is relatively easy, the estimation or assessment 
of the resulting impacts on adult populations and on the ecosystem is difficult. 
Results of single-plant, site-specific investigations have generally led to conclusions 
of little or no adverse impact. However, such investigations do not allow for a 
consideration of the combined effects of several intakes upon the populations 
inhabiting a water body and thus the results must be viewed with caution. Basic 
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knowledge of the life-history and dynamics of aquatic populations is lacking for 
most species; similarly, knowledge of the mechanics of such processes as compen-
sation is lacking. Therefore, estimation of long-term trends of impacts is difficult 
and the results of such efforts often are inconclusive, contradictory or in 
controversy. 

Several methods of minimizing the effects of intakes have been explored 
and developed. Those with the most promise include (1) screens with fine mesh 
and adequate fish-removal and -return systems, (2) barrier systems which take 
advantage of fish behaviour (e.g. rheotactic responses) or hydraulic conditions 
and (3) reduction in the volume of intake water. The employment of any of 
these approaches, together with careful consideration of the physical and biological 
characteristics of the plant site, can result in an optimal intake design. 
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3.5. INFLUENCE OF TEMPERATURE AND OTHER COOLING-SYSTEM 
FACTORS ON FISH BEHAVIOUR 

3.5.1. Introduction 

Water temperature exerts three levels of influence on aquatic organisms: 
(1) a lethal effect when temperature exceeds the bounds of tolerance; (2) a 
controlling effect on metabolism and activity; and (3) a directive effect on 
spontaneous movements and orientation [1], Motile fishes typically have species-
specific temperature preferences (statistically determined measures of central 
tendency) that are acclimation-dependent (Fig. 13) [2,3] and characteristic 'final 
preferenda' or temperatures where preferred and acclimation are equal [4], An 
acute temperature sense allows fish to discriminate between increasing and 
decreasing temperature changes [5] of about 0.03-0.1 degC [6]. Peripheral 
temperature-sensing neutrons transmit thermal information to the central nervous 
system [7] evoking behavioural responses to external temperature before internal 
body temperature is affected. This mechanism apparently results in the well-
documented temperature avoidance responses that are also acclimation-dependent. 
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FIG.13. Examples of relationships between preferred temperatures in laboratory gradients 
and acclimation temperatures (a) for several actual species (species are labelled A-H in top 
figure), and (b) for hypothetical species showing the types of responses (labelled 1-8 in the 
lower figure j above and below the final preferendum (intercept with diagonal line). In the 
lower figure, the types of responses can be characterized by the angles aand (I [2 ,3] , 

Current information from laboratory and field studies of temperatures 
selected and avoided by fishes is summarized by Coutant [8]. Intraspecific 
variability in thermal responses has been attributed to differences in study metho-
dologies (e.g. experimental temperature gradient type), but a recent evaluation 
suggests that variability in biotic and abiotic factors between studies has caused 
the variability in results [9]. 
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The orientation responses of fish to temperature have been classified as 
kineses (random or undirected reactions dependent on strength of stimuli) or as 
taxes (forced directional locomotory responses to stimuli), but neither concept 
seems to explain the variable responses observed in laboratory and field studies [10]. 
Although temperature acclimation-selection relationships have been applied as 
predictors of the distribution of fish in nature, many workers have cautioned that 
laboratory-defined temperature preferenda represent the unadulterated response 
that is unaffected by the many other directive and controlling forces on wild 
fish [11,12], There is substantial evidence to show that other cues and stimuli 
affect fish distribution over the short and long term, and that these other factors 
modify the pure thermal responses. For example, studies indicate alterations in 
temperature orientation as a function of food supply [13], season [14], diel cycles 
and social interactions [15]. In general, the literature suggests that, in the absence 
of other biotic and abiotic limitations or directive factors, most fish tend to select 
characteristic preferred temperatures. 

Behavioural thermoregulation is the term used to encompass various possible 
responses by poikilothermic animals in an apparent attempt to maximize time 
spent at temperatures that favour their life processes. By definition, behavioural 
thermoregulation implies a set of dynamic conditions and responses rather than 
a static condition such as short-term gravitation to a (final) preferred temperature. 
Unfortunately, many of the recent reports on temperature selection/avoidance 
by fish have been short-term studies in various types of laboratory gradients (i.e. 
horizontal, vertical or temporal), and provide very limited information regarding 
long-term thermoregulatory strategies employed by fish under variable natural 
conditions. Neil [16] discusses two possible mechanisms of behavioural thermo-
regulation ('predictive' and 'reactive') and strongly suggests that fish distribution 
in nature cannot be predicted solely on the basis of temperature preference/ 
avoidance information, particularly that derived from short-term studies in 
artificial gradients. 

3.5.2. Temperature influence on fish migrations 

3.5.2.1Natural temperature changes 

A review of the literature on natural factors affecting fish migrations, 
movements and activity revealed considerable variability with regard to the specific 
effects of water temperature. Most studies of salmonids have concluded that 
temperature plays a primary or secondary role in the timing and magnitude of 
their migrations [17]. Examples of a strong influence of ambient temperature are 
available for the downstream migrations of salmonid fry [18]; approximate timing 
and patterns of upstream migration of alewife (Alosa pseudoharengus) in Rhode 
Island [19] and in North Carolina [20]; the upstream migrations of American 
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shad (Alosa sapidissima) in the Connecticut River [21 ]; and the ascent of 
anadromous cutthroat trout (Salmo clarki) into Oregon streams [22] and of sockeye 
salmon (Oncorhynchus nerka) into tributaries of the Columbia River [23]. 

A large number of studies have concluded that temperature is only one of 
many factors influencing the movements of fish in nature. Other factors that go 
along with temperature are dissolved oxygen content, nutrients, forage fishes, 
etc., which make it difficult to isolate the temperature influence separately for 
assessment. Saila and co-workers [24] concluded that alewife spawning migrations 
were harmonic with diurnal cycles and that incident solar radiation affected 
migratory activity on a daily basis whereas water temperature effects were long-
term and occurred as a lagged response. The upstream migration of salmonids in 
the River Frome, Dorset, England, were inversely related to stream flow and less 
affected by temperature and diel periodicities [25]. Downstream migrations of 
juvenile alewives in Rhode Island were related to outflow, precipitation and 
temperature [26], Bjornn [27] found that downstream migration of salmonid 
smolts was not consistently related to temperature or flow, but that changes in 
migratory activity often were coincidental with fluctuations in these factors. 
Diurnal and nocturnal movements and activity patterns of largemouth bass 
(.Micropterus salmoides) are similar and increase up to 20°C, but between 20°— 27°C 
diel activity patterns are established [28]. 

The influence of temperature on the onset of smolting in steelhead trout 
(Salmo gairdneri) has been related to photoperiod, whereas the percentage of fish 
that smolt and the duration of the smolting-migratory period are related to the 
variance of temperature exposure and the synchrony of temperature and light 
cycles [29]. Zaugg and co-workers [30] suggested that temperatures in excess of 
13°C could prevent parr-to-smolt transformations in juvenile steelhead (via 
disruption of ATP activity) thus preventing seaward migration. 

3.5.2.2. Attraction to thermal effluents 

Normal migration patterns of aquatic organisms could be affected by their 
attraction to thermal effluents. In general, attraction occurs under effluent 
temperature conditions that favour a positive response, i.e. do not elicit avoidance 
responses. If high temperatures or nonthermal stimuli do not severely limit fish 
attraction to thermal effluents, thermoregulatory behaviour could allow fish to 
reside in effluent areas indefinitely, despite large-scale temperature fluctuations. 

The duration of fish residence in thermal effluent areas has been studied in 
various ecosystems and the extant evidence suggests short-term residence by 
migratory species, but occasional long-term residence by sedentary species. 
Kelso [31] suggested potential disruption of brown bullhead (Ictalurus nebulosus) 
'migrations' resulting from altered directionality of movements in thermal effluent 
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FIG.14. Densities offish in the Zion (Zj and Waukegan (W) Power Plant thermal plume and 
ambient reference areas in Lake Michigan (Rj. Data obtained by accoustic fish location 
method [36], 

areas, but the estimated residence times were only one to two days for individual 
fish. Effer and Bryce [32] summarized studies at Canadian power plants on the 
Great Lakes and concluded that fish residence is short-term and does not affect 
normal migration patterns. During cool periods of the year, fish tend to be 
attracted to thermal effluents into the Seine River, France, but studies indicate 
limited residence by migratory species [33]. Gizzard shad (Dorosoma cepedianum) 
are attracted to the Bull Run Steam Plant discharge into the Clinch River, Tennessee, 
but studies of fish body temperatures and movements indicate short-term residence 
and continuous exchange of plume residents [34]. Largemouth bass frequently 
reside in a thermal effluent in the Par Pond Reservoir at the Savannah River Plant, 
but these fish are thought to undergo extensive movements between warm and 
cool areas, resulting in frequent exchange of residents [35]. Studies of fish attraction 
to thermal discharges into Lake Michigan show that large numbers of forage fishes 
and salmonid predators concentrate in effluent areas during cool seasons (Fig. 14) 
but that residence times for individual fish are short-term [37]. Figure 15 shows 
the movements of salmonid fishes after being tagged at a power plant discharge 
to Lake Michigan. Sequential residence in numerous thermal effluents by Lake 
Michigan salmonids apparently does not alter migratory schedules since tagged fish 
migrate to natal tributaries in accordance with normal population movements [38]. 
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FIG.15. Symbolic fish mark the locations where tagged salmonids were recaptured by sport 
fishermen. Fish were collected, tagged and released at the Point Beach Nuclear Plant [38], 
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FIG. 16. Frequency distribution of body temperatures of rainbow trout captured from the 
Point Beach thermal discharge area. Temperature selection in this thermal plume area is a 
function offish weight (small < 1 kg; medium = 1-2.5 kg; large >2.5 kg) and season [49]. 

A few indications of long-term residence by fish in thermal effluents can be 
found in the literature, but in most cases such a conclusion was based on indirect 
evidence. For instance, decreases in growth rates and/or condition factors of 
thermal plume-dwelling centrarchids [39, 40] and ictalurids [41—43] were linked 
to extensive exposures to elevated temperatures and indicated the potential for 
fish to be held in a 'temperature trap' [44]. The formation of a discrete local 
population of bream (Abramis brama) [45] was identified through altered morpho-
logical characteristics (e.g. number of vertebrae and pharygeal teeth) and physio-
logical functions (e.g. growth rates, maturation time). Extended residence in 
heated areas by bluegill (Lepomis macrochirus) [46] and gambusia (Gambusia 
afflnis) [47] was indicated by increased thermal tolerance over conspecifics from 
unheated environments. 
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Numerous studies have observed intraspecific, size-related differences in 
temperature selection and thermal plume residence by fish [ 48 ]. An example of 
a size effect on temperature selection is given in Fig. 16 for Lake Michigan rainbow 
trout [49]. Higher selected temperatures [50,51] and an undeveloped migratory 
instinct in immature individuals of a species may contribute to the apparent size-
related difference in plume orientation. Thus, the extant evidence suggests that 
migratory species tend to be attracted to heated discharges, particularly during cool 
seasons and spawning periods, but that migration of adults is not seriously affected, 
i.e. the migratory response supercedes the temperature selection response. In 
addition, the residence times of adult migratory fish in individual discharge areas 
tend to be short (days to weeks), although sequential attractions to numerous 
discharges are likely. Immature fishes, thermophilic species and non-migratory or 
sedentary species tend to reside near heated discharges for longer periods of time 
and probably select/acclimate to higher temperatures. Although temperature ranges 
in thermal plumes present the opportunity for fish to select their final preferred 
temperature during much of the year, seasonal differences in selection are 
apparent from field studies (e.g. Fig.16). 

American alligators (Alligator mississippiensis) in Par Pond, South Carolina, 
also are attracted to thermal effluents, as a function of seasonal thermoregulatory 
responses. Normal hibernation patterns are disrupted when some individuals 
remain active in heated areas throughout the winter season [52,35]. 

3.5.2.3. A voidance of thermal effluen ts 

There are competing theories to explain the thermal responses of ectothermic 
animals. A 'positive' model relies on active preference responses to explain the 
statistical distribution of fish in gradients [4], A 'negative' model relies on 
avoidance responses or upper and lower setpoints to explain animal behaviour in 
gradients [53]. Although it is not yet possible to validate one of these or other 
models, the avoidance response certainly is important in directing fish movements 
and determining their distribution in nature. Most studies of fish orientation to 
thermal effluents either have measured the upper avoidance response directly or 
have inferred high temperature avoidance indirectly from observed changes in the 
species composition of effluent areas. Avoidance of elevated temperatures could 
result in a delay or blockage of fish migration through confined areas of passage 
such as small rivers, estuaries or bays. An example of delayed migration due to 
apparent avoidance of natural stream temperatures is given by Major and 
Mighell [23] for sockeye salmon in the Columbia River system. In the event that 
unique spawning or nursery habitat is affected by thermal loading, temperature-
induced avoidance by fish could impact migratory populations. 

Many studies of fish responses to thermal effluents have yielded similar 
conclusions: (1) short-term changes in species composition and diversity in 
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effluent areas are related to water temperature fluctuations; and (2) species-specific 
avoidance responses usually correspond to known avoidance temperatures. A 
reduction in fish species diversity of effluent areas (temporary elimination of less 
tolerant species) was observed during maximum temperature periods in: the 
Crystal River, Florida [54]; the Wabash River, Indiana [55,56]; the Pickwick 
Reservoir, Tennessee River, Alabama [57]; the James River, Virginia [58]; the 
streams draining Par Pond, South Carolina [59]; and in Galveston Bay, Texas [60]. 
Typically, these apparent temperature effects are reversed under lower temperature 
conditions as fish reinvade the effluent areas, and biomass and diversity in heated 
waters often exceed those in ambient areas. 

Brown (Salmo trutta) and rainbow trout (Salmo gairdneri) avoid geothermally 
induced high temperatures in the Firehole River, Wyoming, by migrating to cooler 
tributaries [61 ]. Both species are known to be long-term residents of naturally 
heated waters but each species experiences different effects because of extended 
exposure to elevated temperature. Brown trout experience reproductive failure in 
the heated zones, whereas rainbow trout apparently have 'adapted' by switching 
their spawning season from warmer spring periods to cooler fall periods [62], 

Extensive studies of salmonid migrations past the Hanford reactors on the 
Columbia River indicated no thermal barriers to fish migration and no apparent 
effects on local spawning populations [63,64]. The importance of ambient 
temperature areas in the river channel and limited dispersion of heated water was 
cited as a probable reason for unobstructed passage by migrating fish. Benda and 
Proffitt [65] found no evidence of a thermal barrier to fish migration in the White 
River, Indiana, despite the fact that local movements and distribution of fish were 
highly affected by temperature fluctuations. American shad ascending the 
Connecticut River tend to migrate past the Connecticut Yankee Atomic Power 
Plant discharge with very few individuals being attracted or delayed in moving 
upstream [21 ]. This apparent avoidance was related to the location of the discharge 
on the opposite side of the river from the main channel which is used by migrating 
shad. 

A possible example of long-term impact due to fish avoidance of heated 
waters can be found in the Patuxent Estuary, Maryland. Although no cause and 
effect relationship was demonstrated, McErlean and co-workers [66] suggested 
that the long-term decreases in fish species number and diversity were a result of 
a thermal discharge that altered spawning migration behaviour. Further, they 
hypothesized that the nursery functions of the estuary were affected by the power 
plant. 

A reverse condition, the avoidance of low temperatures, may have resulted in 
the permanent reduction of species diversity in an 11-km stretch of the Guadalupe 
River, below a hypolimnetic discharge from the Canyon Reservoir, Texas [67]. 
Seven thermophilic species have been reduced in number or eliminated from the 
cooled area (apparently because of temperature avoidance responses) while four 
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stenothermal species increased in number. Total biomass of fishes in the cooled 
areas was reduced to 50% of that in ambient temperature areas. 

Avoidance of high temperatures and potential alterations of normal migratory 
behaviour have been postulated for juvenile fish and zooplankton. Marcy and 
co-workers [68] concluded that downstream migrant American shad young will 
actively avoid water temperatures in excess of tolerance limits by sounding to 
cooler depths. In addition to the avoidance response, caged shad showed increased 
spontaneous activity at elevated temperatures, a response that could aid their 
escape from high surface temperatures near thermal outfalls. Diaptomid and 
daphnid zooplankton responded by sinking or swimming downward when 
encountering a 2 degC or greater temperature increase, indicating a strong thermal 
influence on normal diel distribution patterns [69]. 

3.5.3. Influence of temperature on other behavioural phenomena 

3.5.3.1. Activity 

The literature is replete with reports of the effects of temperature on the 
activity of ectotherms. The following brief discussion is not intended to be a 
review of that literature, but provides limited information that relates temperature 
to normal behavioural responses. Friedlander and co-workers [70] found that 
moderate heating or cooling of water resulted in spontaneous hyperactivity and 
hyperexcitability by goldfish (Carassius auratus). This response to changing 
temperature has been equated with an adaptive mechanism of protection. Olla and 
co-workers [71 ] hypothesized that temperature-induced changes in swim speeds of 
pelagic marine fishes are manifestations of behavioural avoidance and escape to 
suitable temperatures. Although some workers have proposed kinetic explanations 
for fish orientation to temperature [72,73], many studies have shown that activity 
levels are not strictly a function of temperature and that temperature-induced 
changes in locomotion do not explain temperature selection [10]. 

Circadian activity rhythms are common for many species of fish and are 
thought to be endogenously controlled as well as being responses to specific 
stimuli. Activity rhythms of centrarchids tend to persist for days, despite elimi-
nation or disruption of natural photoperiods [74,75]. Circadian activity cannot be 
explained by diel thermoregulatory responses since most fish that have been tested 
show no difference in temperatures selected between night and day [76,77]; 
exceptions are the bowfin (Amia calva) [78] and the goldfish [79]. Most studies 
of light and temperature interaction suggest that light is the major stimulus mediating 
diel activity, but that an endogenous component results from an internal timing 
mechanism. However, Girsa [80] found that increases or decreases in temperature 
resulted in changes in the reactions of some fishes to light (from positive to 
negative taxes). 
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3.5.3.2. Social behaviour 

Intraspecific social behaviour has been linked to temperature selection by fish. 
Randolph and Clemens [81] observed segregation of channel catfish (Ictalurus 
punctatus) into size-related groups that fed at discreet times in culture ponds and 
noted subsequent reduction in intraspecific competition. The causal mechanisms 
for these responses were not known, but a size-related difference in thermal 
acclimation also was observed. 

Beitinger and Magnuson [15] found a shift in the selected temperature of 
small subordinate bluegill when larger dominant individuals were present; in the 
absence of social hierarchies all size groups selected the same temperature. However, 
a growing body of literature has documented differences in temperature selection 
between large and small individuals of a species [48,49, 51,82]. The apparent 
size effect on temperature selection may be a manifestation of intraspecific 
hierarchal segregation as indicated above, or it may be related to size/age differences 
in thermal tolerances and requirements. 

Studies of intraspecific behaviour in social fishes have shown that territoriality 
and aggression by the yellow bullhead (Ictalurus natalis) are highly affected by 
increasing water temperatures [83]. Moderately social fishes, such as the 
pumpkinseed, show increased activity and a breakdown of territorial respect as 
symptoms of temperature stress [84], Conversely, Olla and co-workers [85] 
observed decreases in activity, feeding, aggression and social spacing in adult tautog 
(Tautoga onitis) subjected to sublethal increases in water temperature. Smith [86] 
observed a reversal in social behaviour of sunfish as water temperatures increased 
in the spring of the year. At temperatures above 13°C sunfish dispersed from deep 
water schools, moved into shallow water and became quite territorial as nesting 
and spawning ensued. 

3.5.4. Influence of other cooling-system factors 

In addition to the obvious effects of elevated temperature, other factors 
associated with cooling systems are known to elicit behavioural responses by fish 
and probably interact with many ecosystem factors to determine fish distribution 
near thermal discharges. Unfortunately, the emphasis in past research on thermal 
responses/effects has precluded adequate study of chemical and physical factors. 

Various biocides are commonly used in cooling systems to control bacterial 
slime growth on heat-exchange surfaces (Sections 2.2, 3.12). The toxic nature of 
these chemicals undoubtedly results in fish avoidance of sublethal concentrations, 
but adequate information is available only for chlorine compounds. Brungs [87] 
summarizes various studies of fish responses to chlorination and shows that response 
levels are: (1) species-specific; (2) a function of water temperature and chemical 
form; and (3) at least one order of magnitude lower than toxic concentrations. 
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Avoidance of chlorinated thermal discharges and movements to cold water has 
been suggested to be a cause of thermal shock to plume-resident fishes. 

Most fishes respond to water currents (rheotaxis) and all fishes have size-
related swimming capacities. In addition, many of the migratory species that tend 
to be attracted to thermal discharges into lakes and oceans are anadromous (spawn 
in streams) and may confuse cooling-system discharges with natural streams. A 
few studies have attempted to separate the influence of temperature and current on 
fish distribution near thermal discharges, and occasionally current seems to be a 
major factor [88], Discharge current also can act as a controlling factor since a 
fish's capacity to remain in the near-field plume is a complex function of tempera-
ture, swim speed and energetics. 

The presence of cooling-system structures (e.g. intakes, discharges) and 
changes in substrate type (e.g. shoreline stabilization with rock) can influence 
fish distribution and habitat utilization. Occasionally cases of fish attraction to 
power plant areas have been traced to the inadvertent creation of unique protective 
cover or spawning habitat as a result of the construction of a power plant. 

3.5.5. Summary 

There is evidence from natural and thermal effluent areas to document fish 
avoidance of very high and low temperatures and to suggest delayed or blocked 
migrations in confined areas that are subject to heated or cooled water. Since 
water temperature normally fluctuates on seasonal (temperate zones) and/or diel 
(tropical zones) bases, fish have the capability of adjusting to or seeking refuge 
from altered water temperatures. The scope for adaptability tends to be a function 
of species-specific lethal temperatures and the proximity of these tolerance limits 
to natural and effluent temperatures. 

Although most laboratory studies have demonstrated reproducible species-
specific temperature preferences, the specific patterns of fish attraction to thermal 
discharges are seldom predictable and must be determined empirically. Thus in 
situ measurements are required to estimate numbers and biomass of fishes attracted 
to thermal effluents and the species-specific patterns of exposure. To date, the 
evidence suggests that many fish species are attracted to heated waters when 
ambient temperatures are lower than the species-specific final preferred temperatures, 
but temperatures selected by fish within heated waters often are lower than the 
final preferred temperature. Migratory species tend to be attracted to and reside in 
heated effluents during periods of population movements and spawning seasons 
but these fishes also tend to maintain normal migratory patterns. Residence in 
heated plume waters by migratory species seems to be intermittent rather than 
permanent or long-term. However, some sedentary species are thought to be more 
susceptible to long-term attraction/residence in thermal effluents. 
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Changes in fish biomass and species diversity are common in heated areas, but 
these changes appear to be reversible since the 'normal' species composition occurs 
again when water temperature no longer elicits the avoidance response. 

The interactions of temperature and non-thermal factors that control fish 
orientation and habitat selection are poorly understood, but a few tentative 
conclusions are presented. Diel periodicities or circadian rhythms in activity are 
primarily controlled by photoperiod and endogenous factors (e.g. internal biological 
clocks), but temperature has a strong influence on activity. Intraspecific social 
behaviour is greatly affected by temperature in highly social fishes, but moderately 
social fishes are less affected. Normal temperature selection behaviour can be 
altered by social interactions. Interspecific relationships are affected by tempera-
ture, and the most important impacts of thermal discharges may be a function of 
altered material/energy transfer rates resulting from temperature-induced changes 
in predator/prey relationships and metabolic rates in ectotherms. 
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3.6. GROWTH AND ENERGETICS 

The growth rate of aquatic organisms has been suggested as a suitable 
parameter for establishing species-specific water temperature criteria and limits in 
efforts to regulate thermal additions to natural water bodies [1—3], The growth 
rate of an organism is a quantitative expression of the energy which remains after 
the temperature-dependent functions such as activity, feeding, respiration and 
reproduction have taken place. Thus, in general, the growth rate is the physiological 
integration that expresses whether the organism is 'doing well' (able to grow) or 
'doing poorly' (unable to grow), at the environmental temperatures and food 
supplies available. Research on growth rates and production of aquatic species 
was recommended by the IAEA [4], 

Analytical, pragmatic and ecological views have been taken of growth as an 
expression of temperature effects. The discipline of physiological bioenergetics 
has arisen as an analytical focus for quantifying experimentally the detailed energy 
budgets of aquatic organisms (principally fish), and organizing what is known of 
the growth-controlling processes conceptually and mathematically as sets of 
equations. The pragmatic view, stimulated by the need to limit power station 
releases, involves acceptance of the bioenergetic rationale but concentrates on the 
search for experimental data on growth rates as a function of temperature for a 
wide variety of species from which the regulator can select maximum allowable 
temperatures for a water body. The ecologist attempts to relate physiological 
bioenergetics, including the pragmatic temperature-growth curves, to the field 
conditions where such influences as non-uniform thermal regimes, temperature 
selection by the organisms, variable food availability and susceptibility, seasonal 
changes in dissolved oxygen content and impacts of pollutants all modify the 
predicted energetic responses of populations and alter the assessments of risk from 
thermal modifications. 

There has been considerable advancement of knowledge and practical appli-
cation to thermal problems in each of these three interdependent areas in the 
past decade. The principal improvements have been in conceptualization, with 
key studies on certain species showing the forms of important responses and 
outlining the types of data desirable for all species. 

3.6.1. The analytical approach 

Brett [5] proclaimed analytical bioenergetics as the logical evolution from 
thermal physiology research being conducted in the first half of the century. The 
earlier work was largely concerned with defining temperature tolerance ranges 
for survival. 

Respiratory dynamics or 'metabolism' was the portion of the energetic map 
to be most successfully researched [6—8], For a number of species studied 
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experimentally, oxygen consumption patterns were seen to vary with temperature 
in characteristic ways, and concepts of standard (or resting) metabolism, active 
metabolism, specific dynamic action (metabolic cost of digestion, egestion and 
deposition of consumed energy), and metabolic scope (energy available for 
activity or growth) were developed [9—11 ]. This research became well concep-
tualized and a plethora of studies on fish and invertebrates developed the species-
specific values for respiratory metabolism over wide ranges of acclimation 
temperatures (see annual literature reviews). The further evolution of this analytic 
approach has led to detailed studies of enzyme kinetics which are responsible for 
thermal acclimation [12, 13]. Major contributions of research on respiratory 
metabolism to the problem of defining risk from thermal effluents have been 
(1) identification of species-specific thermal ranges of relative stability in respiratory 
responses (see Section 3.10) and thus the upper and lower thresholds for normal 
respiratory functioning, and (2) identification of species-specific thermal optima 
at which the biochemical makeup of the organism, arrived at through the process 
of gradual thermal acclimation, is energetically most efficient. 

Other research concentrated on analysing the 'input' (food) and 'output' 
(growth) rather than just be metabolic processes within the organism. Brett and 
co-workers [14] conducted a classic (for fish) study of growth and food conversion 
by young sockeye salmon over a range of temperatures and feeding regimes. This 
important paper has led to similar studies on other fish species, some of which have 
been published [15] (brown trout, Salmo trutta); [16] (largemouth bass, Micropterus 
salmoides) and others which have not been published [17] (bluegill, Lepomis 
macrochirus)-\ 18] (striped bass, Morone saxatilis). The often reproduced graphs 
of Brett and co-workers [14] (Fig. 17) clearly illustrate the temperature dependence 
of growth rates with a clear thermal optimum and an upper temperature of zero 
growth. These significant temperatures were shown to be highly dependent upon 
the size of the daily food ration. As food ration diminished, the growth rate at 
any temperature declined, and the optimum temperature and the temperature of 
zero growth moved to cooler levels (Fig. 17A). Maximum food conversion efficiency 
(percentage of food weight converted to fish weight) occurred at feeding levels 
somewhat below satiation and at temperatures somewhat below the optimum for 
growth rate (Fig.l7B). Analysis of energy uptake mechanisms was emphasized in 
studies by Swensonand Smith [19], Brett [10], Kelso [20] and others, wherein 
the input dynamics of feeding, satiation, digestion (processes and timing) and 
assimilation have been elucidated for selected species. 

It has recently been shown [21, 22] that fluctuating temperatures typical of 
natural environments seem to stimulate growth when temperatures are below the 
optimum, and retard growth when temperatures are above optimum. This effect 
caused an apparent shift in 'optimum' by about 1.5 degC towards cooler tempera-
tures when the average temperature was compared with a constant temperature 
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FIG. 17. Effect of temperature and. reduced ration on (A) growth rate (±2SE) and (Bj food 
conversion efficiency (isopleths) of 7-12-month-old sockeye salmon [14\. 
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at that average [21 ]. The mechanism appears to be biochemical acclimation to 
temperatures between the average and the maximum of the fluctuation, and a 
growth response that matches that acclimation state. There have been several 
studies that indicate (through lethality testing) acclimation to the higher tempera-
tures during fluctuations [22—25]. 

These generalizations are most appropriate for subadults, for there are 
competing demands for ingested energy in reproductive-age fish. Reproductive 
strategies of a number of species include seasonal deposition of fat and seasonal 
gonad maturation that remove energy supplies from the growth process. A detailed 
analysis of a given species' growth and energetics should include its food storage 
and reproductive strategies. 

These growth studies, conducted mostly in the laboratory, have been essential 
for advancing our perceptions of risks involved with thermal additions. It is now 
recognized [1 ,2] that risk for particular species can be estimated by comparing 
the environmental temperatures expected after thermal modification against the 
temperature-growth rate curve for the species that are important to the water 
body (ecologically or socially important). The probable 'health' of key species 
to be protected can be visualized when long-term environmental temperatures that 
would be experienced, particularly in summer, are overlain on the growth curve. 
Intuitively, conditions in which fish are exposed to prolonged periods at tempera-
tures above, or even near, their point of zero growth will be unsuitable for 
maintaining population biomass. Reductions in population numbers would 
presumably follow if growth to reproductive age is restricted. Conversely, thermal 
additions which provide conditions closer to optimal growth temperatures through-
out the year would presumably enhance biomass production and stimulate 
population expansion (Fig. 18). 

The analytical approach to growth dynamics has progressed beyond the 
intuitive presumptions just described to the level of mathematical simulation. 
Researchers at the University of Wisconsin (Madison) and Oak Ridge National 
Laboratory collaborated to synthesize bioenergetic data on the bluegill sunfish in 
lakes into a model of biomass dynamics that included both physiological and 
ecological factors [26]. This work has been expanded by Kitchell and 
co-workers [27] through a detailed treatment of the simulated bioenergetics of 
the yellow perch (Perca flavescens) and walleye (Stizostedion vitreum vitreum). 
DeAngelis and Coutant [28] have similarly modelled the energetics of largemouth 
bass in power plant cooling reservoirs. 

The current bioenergetics models [27] explicitly formulate the energy balance 
of fishes as they progress through their life cycles. Mathematical equations 
describe the rates of sub-processes (e.g.respiration, food consumption, etc.) as a 
function of environmental variables, particularly temperature, and of biological 
variables such as the progressive increase in size of an age-class of fish (allometric 
change [29]). These sub-models are combined in a form that yields growth in 
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FIG.18. Cumulative growth estimates for largemouth bass juveniles over one year under a 
natural, ambient temperature cycle (lower solid curve), a cycle elevated from normal by 
10 degF (5.4 degC), in which growth rate declines at supra-optimum temperatures in summer 
(dashed line), and a cycle similarly elevated above normal, but restricted in summer by an upper 
limit set at: optimum + lethal-optimum ^Upp e r son^ curvej [2] 

biomass for the species which can be converted into size growth of individuals 
of a year-class or into population numbers (with assumptions for mortality rates). 

The explicit formulations of bioenergetics models for key aquatic species 
are aiding our assessments of risk from thermal effluents in two ways. First, they 
draw attention to specific areas of ignorance (relative and absolute). Even the 
most-studied species lack data in many crucial areas, necessitating extrapolation 
from existing information or outright guessing. The seasonality of fat storage and 
reproductive maturation noted earlier are two examples. The resulting model 
formulations, as concluded by Kitchell and co-workers [27], then become untested 
hypotheses with extrapolated and assumed parameters that are open to rigorous 
experimental evaluation. Second, the models appropriately draw attention to the 
dynamic, year-long bioenergetics as opposed to the more simplistic comparison of 
temperature-growth curves with thermal conditions in midsummer. The progres-
sively greater analytical detail (which includes sensitivity analyses to assess which 
parameters warrant more detailed examination) is leading to a more ecological 
approach to bioenergetics. It is increasingly appreciated that the physiological 
outcome depends to large extent on variables that change as a function of the 
ecological context of the organism at a particular location. 

3.6.2. The pragmatic approach 

A pragmatic view of growth information as a scientific basis for thermal 
limitation arose out of the regulatory climate in the United States of America [1,2]. 
Developed before the advent of recent bioenergetic simulation models, the pragmatic 
view accepts the principle of growth rate as an integrating parameter, and attempts 
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to go directly to discrete and relatively clear-cut criteria for estimating the 
maximum high temperatures that can generally be tolerated by particular species 
over fairly long periods of time (e.g. one week) in summer. Reliance is placed on 
the curve of growth rate versus temperature at satiation feeding as an accurate 
measure of a species potential to perform a variety of functions. Brett [10] 
observed that the growth optimum coincided with the peak performance level for a 
number of functions such as metabolic scope, swimming speed, cardiac scope, 
maximum meal size and temperature selection in laboratory gradients. 

The intuition (noted earlier) that terrtperatures of specific performance levels 
such as optimum and zero growth could be used as gauges of fish health was 
formalized by Brett [5] who suggested a provisional long-term upper exposure 
limit for a species consisting of the temperature of 75% of optimal performance. 
Unfortunately, his suggestion was neither critically appraised nor used in early 
attempts to devise water temperature criteria. A similar value was suggested by 
Coutant [ 1 ] who proposed a temperature arbitrarily set at half the range between 
optimum and zero growth temperatures. Because it was recognized that the 
temperature of zero growth is difficult to determine with reliability in experimental 
systems, the National Academy of Sciences Committee on Water Quality Criteria 
recommended an upper limit consisting of that temperature which is one third of 
the range between the optimum and the ultimate upper incipient lethal tempera-
ture for the species [2]. Both parameters could be obtained experimentally by 
standardized procedures and with a minimum of inherent experimental variability. 
The limits suggested by Brett [5], Coutant [1 ], and the NAS [2] do not differ 
greatly (Fig. 19). It was believed by the NAS committee that this pragmatic 
approach would allow upper temperature limits to be set for natural waters in an 
expeditious manner based on the species to be protected in them and on the 
temperature requirements for their adequate physiological performance. 

The discovery that fluctuating temperatures typical of natural environments 
cause growth responses that reflect acclimation to temperatures higher than the 
average [21] has injected some urgency into better characterization of the daily 
thermal cycles in natural waters to which the growth criteria are to be applied. 
Weekly averages of daily maxima may be more appropriate for protecting 
aquatic life than are the simple weekly average temperatures that have often been 
relied upon in the past. 

Field data on changing composition of fish communities at power stations 
and elsewhere have been used to test the validity of the physiological index 
selected by the NAS. In general, long-term species changes reflect the physiological 
index, although field data are not very precise and long-term records gathered with 
the same sampling gear are rare [30, 31 ]. The presence or absence of fish species 
in areas near power station discharges seems to depend heavily upon thermal 
preferences of the species and on the temperatures prevailing at the time collections 
are made, thus complicating assessments of overall fish population success [32, 33]. 



102 CHAPTER 3 

o T3 

* 

U) 

m 
I i-i o CC. 
o 
o It 
u UJ 
0. <n 

T ro-

FIG.19. Upper limiting temperatures for maintaining acceptable levels of growth in an 
example species, the sockeye salmon, as estimated by the methods of the NAS [2],Coutant [2] 
and Brett [5], 

3.6.3. The ecological approach 
« 

The rapidly developing ecological approach to bioenergetics and growth seems 
to be taking two forms: (1) incorporation of ecological factors from the particular 
location into the formulation of bioenergetic models, and (2) use of observed or 
modelled growth differences to explain and predict ecological interactions such as 
competition and predation that may be important for long-term power plant 
impacts. Both are significant steps toward matching reality. 

Some bioenergetic models are becoming increasingly ecological in their 
orientation. This means that the internal physiology of the species leading to 
growth is increasingly seen as being dependent upon the environmental and 
behavioural parameters that determine the conditions to which the fish is exposed 
and upon the quantities and types of fpods it is able to consume. There is also 
a conscious effort to link the numerous 'age and growth' studies of field populations 
of fish to the models that have the potential of explaining the observed changes. 

Kitchell and co-workers [27] simulated growth of yellow perch in Lake Erie 
and of walleye in Oneida Lake, New York. The authors considered a model formula-
tion whereby the fish exhibited the realistic tendency to select their preferred 
temperature. Whereas earlier modelling assumed that fish remained in water at 
the surface temperature, the alternate model assumed a natural vertical gradient of 
temperature in which the fish would thermoregulate and select the maximum 
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FIG.20. Simulated and observed growth of age III+walleye in Oneida Lake, New York (U.S.A.) 
during 1971, showing best agreement when the exposure temperature was assumed to be 
limited by the preferred temperature of the species (22°C) other than by the actual lake 
surface temperature (maximum of27°C) [27], 

temperature available in spring and autumn but would remain at their preferred 
temperature (22°C) during warm summer months (as hypothesized and shown for 
largemouth bass by Coutant [34] and striped bass by Coutant and Carroll). 
Simulated growth under conditions of thermoregulation (22° or 24°C maximum 
temperature) was far superior to simulations at the surface temperature (that 
reached 27°C) and the simulations more exactly matched actual growth data 
obtained in the field [35] (Fig.20). The importance of knowing actual thermal 
exposures, as determined by biotelemetry [34, 36], by thermoluminescent dosi-
metry [36] or by other methods has been highlighted by these results. 

Derickson, Spigarelli and Thommes [37] are at present developing a computer 
model that interprets thermal history records (as determined by biotelemetry) into 
estimated annual energy budgets for brown trout. This model incorporates energy 
availability, competitive effects, energy storage (lipids) and temperature-dependent 
activity to calculate how energy is apportioned among various demands (respiration, 
growth, excretion, reproduction, etc.) under various observed thermal histories. 
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Long-term, chronic effects to the population are estimated by relating losses or 
gains in growth (tissue and/or fat storage) to changes in reproductive effort. 

Research is just beginning on effects of differing temperature-dependent 
growth rates on competitive interactions among species. The model of Kitchell 
and co-workers [27] does not explicitly allow competitive interactions, but a 
comparative growth response under equivalent conditions of temperature and 
food provides insights into probable competition among species with widely 
differing thermal requirements. They conclude that at suboptimal feeding levels 
and temperatures typical of western Lake Erie there is a slight growth advantage 
for the percid fishes that is cumulative through the season. The salmonid growth 
rate declines in summer to an extent that is only partially recoverable in autumn. 
The warm-water centrarchids must consume larger rations than was assumed 
available in order to match the percid annual growth. Size at the end of the 
season is presumed to be related to competitive success. 

The effect of slightly differing growth-temperature patterns on interspecific 
predation has been explicitly modelled by DeAngelis [38]. Largemouth bass fry 
grow slightly faster at all temperatures in the upper end of the normal seasonal 
cycle than do smallmouth bass fry, according to laboratory results (Coutant, 
unpublished). The normal tendency for increasing size variation as young fish 
grow [28] causes cannibalism on smaller siblings or on smaller individuals of other 
species if they are present. In some springtime thermal regimes modelled, the 
growth rates of largemouth and smallmouth bass fry differ insufficiently for 
predation to greatly alter the species ratio. At other (higher) temperature regimes, 
however, the differential growth causes complete predation of smallmouth bass 
fry and largemouth bass. These model results are at present considered to be an 
untested hypothesis that requires experimental verification. 

Our understanding of the long-term ecological risks (or benefits) from thermal 
additions is considerably strengthened by an increasingly ecological approach to 
describing growth dynamics and to estimating the consequences of growth 
changes. Increased understanding in this area is now allowing increased considera-
tion of environmental management in which the ecological resources of a power 
plant cooling lake (heat, currents, morphology), for example, can be manipulated 
to maximize production of desirable sport fishes such as largemouth bass. In 
natural systems, the realism of more ecological approaches obviates some of the 
necessity for ultraconservative regulations. 

Future emphasis would seem to lie in the direction of increased synthesis, in 
which the species-specific analyses of bioenergetics, sometimes consisting only of 
pragmatic determinations of growth optima, are increasingly viewed in the 
environmental context of the particular locations being considered for power 
plant cooling. 
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3.6.4. Summary 

Information on effects of temperature on growth and energetics of aquatic 
organisms appears to provide a scientifically defensible basis for regulating maximum 
temperatures in water bodies. Experimentation and modelling analyses are pro-
viding scientific understanding of growth and production responses of the type 
sought by the IAEA [4], Increasingly, ecological approaches are being taken to 
formulate the energetic history of aquatic populations and to estimate the conse-
quences of growth differences caused by changed temperatures. These trends 
toward ecological reality should improve our ability to predict long-term impacts 
from thermal releases, define and enforce thermal standards, and select suitable 
sites for power station cooling systems. 
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3.7. PREDATOR-PREY INTERACTIONS 

Thermal, chemical, and structural alterations of water bodies by power station 
cooling systems can change the normal interactions of predators and prey in 
aquatic environments. These changes, though subtle and usually not seen as obvious 
'fish kills', can greatly affect community composition and energetics. To minimize 
detrimental impacts of power plant cooling, we need to know the details of how 
alterations can lead to changed predator-prey interactions and what effective 
thresholds of alteration may exist for significant changes in interactions to 
occur [ 1 ]. The IAEA [2] identified predator-prey interactions as an ecological 
response that needed more research in relation to thermal discharges. 

Predator-prey interactions in aquatic systems are now recognized to be 
influenced in a variety of ways which are only partially understood. First, stress 
to predator or prey (such as heat or cold shock, mechanical damage or chemical 
toxicity) can affect performance and thus the rate at which alternative species of 
prey are consumed. The stress can act directly or be mediated by diseases or 
parasitism. Second, fish show an increase in food consumption and feeding rate 
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T H E R M A L E X P O S U R E T I M E (min) 

FIG.21. Time-temperature relationships among three effects of acute thermal shock on a sibling 
group of rainbow trout acclimated to 15°C: (1) time to initial increase in vulnerability to 
predation, (2) median time to loss of equilibrium, and (3) median death time [13], 

up to the preferred temperature such that small thermal changes can alter food 
requirements, feeding patterns, energetics and growth. Third, thermal conditions 
in water bodies can be established so that the species-specific thermal preference 
of aquatic organisms cause abnormal thermal isolation or thermal association of 
predator and prey, and thus, modification of rates of predation and species 
selected. Such isolation or association may be simply a matter of a change in 
degree, in which small differences in relative density greatly modify predatory 
choices. Fourth, thermal changes to water can accentuate the expression of 
differences in temperature-dependent growth rates among individuals of a species 
or among species in a community so that rates of cannibalism and predation, 
respectively, are altered. Fifth, structural changes in the environment, ranging 
from engineering works such as intakes and discharges to altered current patterns, 
will alter animal movements and availability of shelter which change probabilities 
of encounter and escape. There are probably other ways as well. This section cites 
examples of these mechanisms and concludes that such subtle ecological effects 
are exceedingly important and worthy of continued research effort. 
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3.7.1. Thermal stress effects 

Early field studies of thermal effluents noted effects that we now relate to 
predator-prey interactions, particularly concentrations of predatory fishes during 
certain seasons [3—5]. Additional field observations at large thermal outfalls 
suggested that sublethal heat stresses were making prey more susceptible to 
predation [6, 7], Quantitative evaluation of the levels of stress necessary for 
eliciting accelerated predation rates could not be made in the field, however, and 
this difficulty led to controlled laboratory studies. 

There is a significant scientific literature on the functional responses involved 
in predator-prey interactions particularly in terrestrial systems [8, 9], and the 
fisheries literature is replete with food habits studies. But these general research 
efforts have not been directed at, or provided the basis for control of, specific 
pollutants or other human influences. An important stimulus to experimental 
predator-prey stress studies was research by Bams [10], who compared the survivor-
ship of hatchery and wild trout. 

Methods of Bams [10] were adapted [11 — 13] to evaluate potential increases 
in predation on young chinook salmon and rainbow trout that passed through 
heated reactor discharges in the Columbia River. Laboratory tests were set up to 
mimic conditions experienced by downstream migrants that passed into and 
through the thermal plumes. The results showed that the predators were effective 
in selecting heat-shocked prey. There was a threshold of effect which, like the 
typical dose response pattern for mortality, depended upon both the exposure 
temperature and its duration (Fig. 21). Above the threshold, the differential 
selection increased exponentially. For rainbow trout, the effective temperature for 
selective predation at any given exposure time was about 2 degC below that for the 
temperature for direct physiological death (determined for another sample of the 
same fish stock). 

These experiments led to the '2 degC safety factor' for thermal shock 
exposures that is recommended by the National Academy of Sciences [14] and 
EPA [15]. Heat shock effects can be predicted — and prevented — if the time-
temperature relationships that cause mortality are known [16]. The predation 
experiments showed that this same level of predictability appears to hold with 
the threshold for increased susceptibility of prey to predation, except that the 
threshold is shifted about 2 degC. Whereas predation data are difficult to obtain, 
data on 50% mortality are available for many species and they can be easily 
obtained for others. Assuming the 2 degC relationship holds for other species 
(an assumption which needs verification), then mortality data can be used 
indirectly to predict threshold conditions for affecting predator-prey relationships. 

Sylvester [17] tested heat stress effects on sockeye salmon prey with yearling 
coho salmon predators. Temperature elevations of 10 degC above holding 
temperatures of 7°-17°C and elevations to 30°C from the holding temperatures 
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all reduced survival times with statistical significance. No threshold was identified, 
however. The increased vulnerability of heat-stressed prey was shown [18] to 
occur in darkness, although differences were less than in daylight. 

Yocum and Edsall [19] tested differential predation on fry of lake whitefish 
after temperature increases that simulated passage through power plant cooling 
systems on the Great Lakes. All heat treatments yielded results that were 
interpreted as differential predation. The authors suggested that their method 
was sensitive enough to show effects at temperatures below the '2 degC safety 
factor' proposed by Coutant [13], but no alternative value was given. 

Experiments have also sought to quantify effects of cold stress on susceptibility 
to predation. Cold stress can occur to warm-water fishes when a warm discharge 
that has attracted them in winter suddenly disperses or is shut off in the course of 
power station operation. The stressed fish then disperse in the cool water body 
where they are vulnerable to unstressed predators [20]. When a series of tempera-
ture decreases was given to samples of channel catfish, largemouth bass and 
bluegill, differential selection by the bass for cold-shocked prey generally occurred 
when the temperature decreases exceeded 5—6 degC, and it increased exponentially 
as the temperature change was made greater [21—23]. Slow cooling rates, however, 
decreased the cold stress, with no differential predation being shown when a 
13 degC drop occurred at rates less than 2 degC/min. The threshold data are 
important, for they indicate that power plant temperature rise in the condensers 
greater than that level can alter predator-prey interactions whenever fish can 
congregate in effluent zones that cool rapidly. Power plants can avoid this problem, 
the data indicate, by cooling effluents slowly whenever operational shut-down is 
necessary. 

Studies of changed prey vulnerability have been proposed for mechanical 
and chemical stresses associated with cooling water use [24], but no results are 
available. Entrainment and impingement could be assumed to have considerable 
secondary effects acting through predation. 

It is important that predator-prey interactions should be studied as a problem 
in community relationships. McLarney, Engstrom and Todd [25] have carried out 
a study of social behaviour of bullheads under heat stress. The experiments were 
carried out in a medium that was increased in temperature and the aggressiveness 
of bullheads was measured as the frequencies of ascents and descents in the thermal 
gradient. These studies showed that the aggressive behaviour dominated at 33°C 
and the submissive ones were killed before 33°C. The increased activity may be 
correlated with increased temperature but aggressiveness is a consequence of 
antagonism. The implication is that in a natural ecosystem, the distribution of 
different groups may be seriously disturbed by sublethal thermal stress. Summarizing 
experiments with pumpkinseed sunfish (Lepomis gibbosus), golden shiner 
(Notemigonus crysoleucas) and yellow bullheads (Ictalurus natalis), Power and 
Todd [26] concluded that pumpkinseed response to thermal stress is intermediate 
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Feeding Competit ion vs Temperature 

FIG.22. Percentage of food captured by rainbow trout and bluegill when fed together at various 
acclimation temperatures in laboratory tanks [27], Data points are plotted for trout only. Lines 
were fitted to data by iterative probit analysis. Confidence limit (95%) is shown for the 
temperature of equal capture. 

between the yellow bullhead and the golden shiner. Shiners did not show changes 
in social behaviour attributable to thermal stress but only physiological symptoms 
(deformations, oedema) at 34°—35°C, one or two degrees below lethal temperatures. 
In yellow bullhead groups aggressive behaviours and the ratio of damaging to non-
damaging aggressive acts rose markedly at 30°C, nine degrees below lethal 
temperatures and 4—5 degC below the onset of any signs of physiological stress. 
Whereas shiners succumbed to physiological stress, deaths in bullheads resulted 
from social factors. In pumpkinseed the deaths were attributed to both. 

Chronic temperature conditions can impose stresses on predators that are 
reflected in their competitive ability when the same prey is sought. Bowen and 
Coutant [27] compared feeding competition of a known cold-water fish (rainbow 
trout) and a warm-water one (bluegill) over a wide thermal span. They confirmed 
the hypothesized response: each predator competes best in its own end of the 
temperature range (Fig. 22). Equal ability to compete was at 22.5°C. Such 
competitive predator-prey relationships could be a mechanism for gradual dis-
appearance of cool-water fish species from a community when temperatures are 
elevated. 

3.7.2. Thermal effects on feeding rates 

As a result of its role as a controlling factor (on activity and metabolism), 
temperature is intricately related to the feeding ecology of fish. In general, fish 
show an increase in food consumption and feeding rate up to temperatures 
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approximating or exceeding the final preferred, whereas food conversion efficiency 
tends to be optimal at temperatures below preferred [28]. Thus, a temperature 
increase of a few degrees over ambient can significantly alter the food requirements, 
feeding patterns, energetics and growth of fish. Sarker [29] found that bluegill 
residing in heated discharges in Texas fed more frequently and filled their stomachs 
earlier in the day than fish residing in unheated areas. Differences were found in 
the diets of sunfishes [30] and white perch [31 ] taken from heated effluents and 
ambient areas. There is ample evidence to show that sport fishing is often more 
productive (higher catch per unit effort) in thermally enriched areas, probably 
because of limited forage supplies and increased metabolic demands on the large 
numbers of resident predators [32, 33]. 

3.7.3. Thermal isolation or association 

The thermal structure of water bodies, whether natural or artificial, is 
increasingly being recognized as a factor that strongly determines the rate of 
encounters between predators and prey (McLean and Coutant, research in progress). 
Different preferred temperatures by fish species in the same water body can cause 
an isolation of predator and prey by selection of different thermal habitats. For 
example (Coutant and Carroll (submitted) and Waddle and co-workers (in 
preparation)) have found striped bass (Morone saxatalis) in freshwater reservoirs 
to select about 20°—22°C which places them in different water strata than the 
principal prey species, the gizzard shad (Dorosoma cepedianum). The striped bass 
appear not to feed in the midsummer months despite high abundance of prey in 
the warm surface waters above them. They feed heavily on the shad in spring and 
fall when the more isothermal reservoir allows the two species to intermingle. The 
reservoir studied is heated by a power station on the principal tributary [34]. 
Similar thermal isolation appears to be important in the annual feeding cycle of 
the sauger (Stizostedion canadense), another cool-water species, in southeastern 
United States reservoirs [35]. 

Conversely, fish with similar thermal preferences can be abnormally aggregated 
by thermal conditions and given opportunities for markedly increased predation 
rates. Thermal plumes attract predators and prey in unusual densities, although 
current patterns may be a more important stimulus than temperature [36, 37]. 

There is limited evidence to suggest that the attraction of forage organisms 
to heated discharges can serve as an attraction mechanism for predatory fishes 
[36, 38], Although the relationship between forage abundance, fish attraction 
to effluents and thermoregulatory behaviour has not been documented adequately, 
preliminary work indicates that thermal plume residence can be beneficial to 
growth of salmonid predators when forage is abundant [38]. 

Storr and Schlenker [40] have reported the response of white (Morone 
americana) and yellow (Perca flavescens) perch and their forage to thermal 
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discharges in Lake Ontario at two nuclear power stations. The fishes were attracted 
to the discharge areas because of (1) protection from wave activity, (2) increase 
in gammarids because of temperature effects, (3) residence of forage fish, and 
(4) temperature preferenda for certain prey species. Numbers of gammarus per 
unit of algae increased markedly at the Nine Mile Point facility after startup. 
Gammarus appeared in the stomach of netted white and yellow perch. It has been 
reported that at higher temperatures incubation period for gammarus is reduced to 
seven days from 22 days and the population of gammarus is increased. Both perch 
and alewife showed preferences for the discharge area, 84% were netted in dis-
charge area and only 14% at the 2000-ft (610-m) boundary. 

Conversely, when forage density is low, effluent attraction and increased 
thermal dose can result in deficient energy intake, despite thermoregulatory 
strategies employed by salmonid predators [41 ]. Ample evidence of decreased 
growth is available for plume and resident fishes from a variety of aquatic 
systems [42-46]. 

Elevation of water temperature throughout a water body (such as a river) can 
force heat-sensitive prey and predators into cool refuge zones of restricted size 
formed by springs or cool tributaries [47-49] (Waddle (in preparation)). Detailed 
data and analyses of predation in such situations are not yet available, but the 
species composition of water bodies having thermal refuges for predators suggests 
depletion of small thermally sensitive organisms [50]. 

3.7.4. Effects of differing growth rates 

Recent research is concerned with predator-prey systems in which the extent 
of predation is very sensitive to the growth rates and size dispersions of the fish 
and, therefore, the ambient water temperatures [50]. When the temperature 
regimes are such that the juveniles of one species consistently grow faster than 
those of the other, the slower-growing species can be reduced in numbers or 
eliminated. Most analysis to date has been carried out by means of a mathematical 
model and is hypothetical, though it involves data on real species. 

Two species were analysed that tend to thrive best under somewhat different 
thermal conditions, largemouth and smallmouth bass (Micropterus salmoides and 
M. dolomeui). Largemouth predominate in warmer temperatures. From growth-
temperature data similar to Fig. 16, it appears that the growth rate of the large-
mouth always exceeds that of the smallmouth over the temperature range for 
which measurements were taken, but the difference in growth rates is larger at 
higher temperatures. A shift in the average water temperature would tend to 
speed the growth of one of the species more than the other. For example, an 
increase in the water temperature from 20°C to 24°C would cause an increase 
in the average smallmouth growth rate from about 0.45 mm/day to about 
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0.7 mm/day, whereas it would cause the average largemouth growth rate to increase 
somewhat more sharply, from about 0.55 mm/day to about 0.95 mm/day. 

Different spawning times and food availabilities, as well as hereditary factors, 
lead to a distribution of sizes about the mean growth rate value. As time passes, 
the variance of the distribution increases because the growth rates of the individual 
fish differ. Mathematical models have been developed to represent the growth and 
size dispersion of fish [51]. 

Wherever predation is largely on smaller individuals of the same species 
(cannibalism), temperature increases tend to cause more rapid reduction in 
numbers of the smaller individuals but larger average size of the survivors. Cooler 
temperatures during early growth of juveniles result in a large number of individuals 
of nearly equal size [52]. Since predation among piscivorous fish depends on size 
relationships more than species, in a mixture of two populations either species can 
prey on the other. Then the slow-growing smaller individuals of either species will 
be eaten by the faster-growing, large individuals. Differences in growth rates of 
the two bass species at high temperatures caused elimination of the slower-growing 
smallmouth bass. Model simulations of these effects [1 ] need to be evaluated by 
laboratory and field experiments. 

3.7.5. Physical structures 

The importance of physical shelter to protecting prey from predators is well 
known, but the degree of change in shelter caused by power plant intakes, dis-
charges and other engineering features has not been analysed critically at any 
power plant site. It is recognized that certain species are attracted to artificial 
habitats in lakes, and that the detailed patterns of predator movement are probably 
related to availability of prey in the artificial structures [53], Examination of 
power plants for such effects would be desirable. 

3.7.6. Summary 

Power plant cooling systems have been shown to affect predator-prey inter-
actions in several ways. Currently, five modes of influence are recognized: 
(1) acute and chronic stress to predators or prey that affect their feeding and 
escape performance, (2) different food requirements at different temperatures, 
(3) thermal isolation (or alternatively aggregation) of predators and prey that 
influence rates of encounter, (4) temperature influences on growth and size 
dispersion of young fish that change rates of cannibalism and predation, and 
(5) structural changes in habitats that affect encounter and escape probabilities. 
These power-plant-induced influences on predator-prey interactions may be more 
significant for changes in aquatic community structure than direct mortalities by 
the plant. 
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3.8. INFLUENCES OF COOLING SYSTEMS ON DISEASES AND PARASITES 

3.8.1. Diseases and parasites of aquatic organisms 

Perhaps the most common result of aetiological studies of diseases and 
parasites of aquatic organisms is the demonstration of temperature effects on 
incidence and intensity of infections and infestations. Pathogen and parasite 
species are subject to thermal constraints as are their intermediate and definitive 
hosts. Thus, in any aquatic system, there are cool- and warm-water disease/ 
parasite organisms that normally proliferate under optimum temperature con-
ditions. This basic relationship between temperature and growth of disease 
organisms is commonly manifested in the seasonal occurrences of epizootics 
and parasite infestations of fish. Examples of various temperature/growth 
relationships for fish pathogens are provided by Reichenbach-Klinke [ 1 ] (Fig. 23). 
Many other studies strongly indicate that abnormally high water temperatures 
in any season or location will favour the proliferation of certain pathogens only, 
i.e. (1) endemic species whose optimum growth temperatures exceed the normal 
temperatures for that location or season, and (2) exotic species whose optima 
are equivalent to the abnormal temperatures [2]. 

The influence of thermal discharges on aquatic disease and parasitic 
organisms has been investigated in various ecosystems and biomes. A common 
conclusion from these studies is that the normal seasonal cycles of incidence 
and progression of disease/parasitism are related to water temperature and that 
abnormally high temperatures alter the magnitude and timing of such cycles. 
Fish inhabiting heated waters occasionally tend to be infested with different 
organisms and usually have different levels of infestation by the same organisms 
as are found in fish inhabiting ambient temperature waters. 

3.8.1.1. Parasites 

Incidence and intensity of infestation by some endemic parasites is often 
found to be higher in aquatic organisms inhabiting heated waters [3 -6 ] . Host-
related factors such as feeding behaviour [5, 7], distribution patterns [3], 
temperature-controlled immunity [8] and temperature-dependent mortality 
rate [7] also affect the incidence and intensity of infestation. 

External parasites such as copepods typically have environmental require-
ments and tolerances that are similar to those of their hosts [9]. Increased 



BIOLOGICAL AND ECOLOGICAL CONSIDERATIONS 119 

FIG.23. Relationship between rate of development of some fish diseases and temperature [1]: 
VHS = viral haemorrhagic septicaemia, IPN = infectious pancreatic necrosis, F = furunculosis. 

infestation of fish by the ectoparasite Alitropus typus has been reported in 
heated effluent streams in inland waters [10]. A review of the early literature 
on diseases and parasites of fishes in tropical waters is given by Sarig [11]. 

3.8.1.2. Pathogens and diseases 

Field evidence of thermal discharge effects on pathogens and diseases of 
aquatic organisms is much less common than experimental evidence for tempera-
ture effects. Incidences of ciliate(Epistylis) and bacterial (Aeromonas) diseases 
of centrarchid fishes were directly correlated with thermal loading in Par Pond, 
South Carolina [12]. The viral disease lymphocystis was found to be more 
prevalent in age 0 bluegill (Lepomis macrochirus) inhabiting heated effluent in 
Lake Monona, Wisconsin, than in those inhabiting unheated areas [13]. 

Epizootics of fish (diseases) are commonly related to naturally occurring, 
abnormally high water temperatures and to other factors that stress fish such as 
low flow conditions in rivers and water pollution [14—16]. Many disease out-
breaks are actually attributable to rather complex ecological relationships, 
including both natural and man-made factors. Becker and Fujihara [ 17] provided 
a detailed analysis of the relationships of temperature, dams, fish ladders and 
other factors with the incidence of Columnaris disease in salmonids in the 
Columbia River. A critical factor appears to be infection of migratory salmon 
during their concentration among resident fishes in fish ladders that traverse 
the major dams. 

Temperature also has direct effects on time to mortality and mortality rates 
in fish experimentally infected with furunculosis [18] and with bacterial kidney 
disease [19]. Persistence of infectivity of the virus causing infectious pancreatic 
necrosis in salmonids is approximately five times longer at 4°C than at 14°C [20] 
and the viral-induced infectious haematopoietic necrosis can be arrested by 
holding fish at 18° -20°C [21]. ' 
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In addition, field and experimental studies have implicated water temperature 
as a controlling factor in tumour development in fish. Epidermal papillomas in 
the European eel (Anguilla anguilla) occur at low frequencies in spring and fall 
and at high frequencies in summer. Water temperatures of 15° -22°C favour high 
incidence and rapid growth of eel tumours [22]. 

3.8.1.3. Immunity to disease 

The immune responses of fish are clearly a function of temperature. 
Immunity (antibody, aglutinin) developed at a temperature-dependent rate in 
( I ) rainbow trout (Salmo gairdneri) infected with Aeromonas [23], (2) in vitro 
cultures of rainbow trout gonad cells infected with infectious pancreatic 
necrosis [24], and (3) plaice (Plueronectes platessa) infested with trypanosome 
parasites [8]. A slightly different result was reported by Collins [25] who 
showed that channel catfish (Ictalurus punctatus) developed immune responses 
to bacterial infection only if exposed to low or fluctuating temperature regimes. 
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3.8.2. Human diseases 

3.8.2.1. Pathogenic amoebae 

W i t h i n t h e past f e w years , a t t e n t i o n has b e e n d r a w n t o t h e p o s s i b i l i t y o f 

h u m a n p a t h o g e n s p r o l i f e r a t i n g in w a t e r s h e a t e d b y t h e r m a l d i s charges . In 

par t i cu lar , t h e r e have b e e n a c c e l e r a t e d s t u d i e s o f f ree- l iv ing p a t h o g e n i c a m o e b a 

o f t h e genera Naegleria a n d Acanthamoeba. S o m e o f th i s r e sear ch h a s b e e n d o n e 

in c o n j u n c t i o n w i t h the I A E A c o - o r d i n a t e d r e sear ch p r o g r a m m e [ 1 ] . A m o n g 

diseases a t t r i b u t e d t o t h o s e o r g a n i s m s are p r i m a r y a m o e b i c m e n i n g o e n c e p h a l i t i s 
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(PAME), one of the most acute diseases found in man. More than one hundred 
cases of PAME have currently been reported world-wide [2], PAME has been 
associated with swimming in naturally or artificially heated fresh waters [1, 3—5]. 
Because of diagnostic difficulties, many other cases may not be recognized and 
there is concern that the general trend may be towards an increase in the number 
of PAME cases. Since these organisms are considered ubiquitous in soil and water, 
and have been associated with thermal effluents in temperate zone fresh waters 
[1, 6—8] the potential impact of assisting the growth of these organisms must 
be discussed in environmental assessment. 

For Afaeg/eria-related PAME the route to infection is through the nose [3, 9], 
Naegleria cysts in inhaled water probably excyst in the nose, and the trophozoites 
formed liberate cytolytic enzymes which rupture nasal mucosa. This subsequently 
allows the amoeba to migrate along nerve pathways to the brain where they actively 
destroy the brain tissue by phagocytosis [9, 10]. 

(a) Environmental variables influencing abundance: One of the dominant 
environmental variables correlated with the presence of pathogenic amoeba is 
ambient water temperature. Griffin [11], in the first comprehensive study 
on thermal preference and survival of Naegleria and Acanthamoeba strains in 
the laboratory, showed that only pathogenic strains of free-living amoeba would 
grow at temperatures of 42°C and above. Although temperatures of 42°—45°C 
will encourage pathogenic strains and discourage non-pathogenic strains, pathogenic 
amoeba will also grow quite well at 35°C and temperatures in the range of 
32°—37°C tend to select against the non-pathogenic competitors of pathogenic 
amoeba. 

Field studies in natural and artificial water bodies have shown pathogenic 
Naegleria species in Florida growing in temperatures as low as 26.5°C [12] and 
from 35°—38°C [7]. In Belgium, pathogenic Naegleria were found in water 
temperatures ranging from 20° to 34°C [6] where N. fowleri was isolated only 
from a thermally polluted canal. Population levels diminished as both distance 
from thermal effluent discharge area increased and water temperature decreased 
suggesting a high correlation with ambient water temperature. Furthermore, 
N. fowleri was only found in association with a thermal plume during October 
at 24°C. Weelings and co-workers [12] reported routinely finding Naegleria in 
lake bottoms at temperatures of 16° —18°C. Pathogenic N. fowleri were also found 
in a thermally loaded Texas reservoir at temperatures ranging from 39°—41°C [1 ]. 
Differences in field sampling methods, especially the volume of water collected 
or filtered, somewhat clouds the issue of temperature tolerance of pathogenic 
Naegleria [1, 6]. 

It is evident from the literature that pathogenic Naegleria have a wide 
temperature tolerance in nature but that water temperatures of less than 30°C 
may not in general encourage sizeable populations to develop. Pathogenic 
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Acanthamoeba are believed to suffer population declines as the ambient water 
temperature rises above 30°C although Acanthamoeba species have been found 
at 37°C and at 45°C [8], Because of the uncertainties of experimental and field 
data, it is not possible at present to identify thermal loading of water bodies as 
the sole causative factor in promoting growth of pathogenic amoeba in the environ-
ment [6, 12]. 

High levels of organic matter may be important for stimulating amoebae, 
although little progress has been made in understanding the relationships of 
pathogenic amoeba and organic matter.. Whereas organic loading of inland waters 
may cause an increase in amoeba populations, there is no conclusive evidence that 
they will be pathogenic and, as for temperature, the correlation is not sufficiently 
strong to imply direct causation. There is some indirect evidence, however, as 
Carter [4, 13] has reported that a striking association exists between most PAME 
cases and swimming in warm water of high organic content. 

Pathogenic Naegleria and Acanthamoeba exhibit complex and as yet unex-
plained relationships with environmental variables and known bacterial food 
resources. Similarly, natural free-living pathogenic amoeba populations under-
going interspecific competition for available resources develop complex growth 
cycles that probably involve inhibition or increased growth but which cannot 
currently be ascertained. Their ability to cause a highly fatal human disease 
suggests that they constitute one of the more significant risks associated with 
power plant cooling. Cooling systems which maintain temperatures above 35°C 
for considerable periods and which contain high organic matter content would 
appear to be the most risky. Closed cycle systems that generate aerosol drift 
could be the most hazardous, for they would enhance the principal route of 
infection through the nasal mucosa (see Section 3.8.2.2). 
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3.8.2.2. Human disease organisms in aerosols from cooling towers and cooling 
sprays 

Closed-cycle cooling systems that rely on the formation of water drops to 
enhance the evaporative (cooling) process can generate aerosols that are transported 
by air currents to various distances from the source, depending on droplet size 
and meteorological conditions. Entrained in the droplets of water are any 
suspended or dissolved material, including bacteria and virus, that are present in 
the water circulating through the particular cooling system? If the droplets are 
small enough to be inhaled, there is a potential hazard to human health from the 
operation of these cooling systems, particularly when human pathogenic organisms 
are present in the circulating water. 

In general, micro-organisms found in natural waters are derived primarily 
from the soil and, with some exceptions, are not known to be pathogenic to man 
or other animals. However, if the water receives effluent from sewage treatment 
plants, feedlots, abattoirs or food-processing plants, as is the case for many of 
the large surface fresh- and estuarine waters close to large population centres, 
the water can contain animal and human intestinal organisms. Although many 
of these are not usually harmful to humans, they may also include bacteria and 
viruses that are pathogenic, as well as amoebic cysts and nematode eggs. The 
presence of particular organisms will depend on the geographical area, health of 
the community and level of effluent treatment. The most common enteric 
pathogens found in sewage and sewage-polluted waters are listed in Table IX. 

4 The fraction o f the circulating water carried away from the source as liquid droplets 
is termed 'drift ' , and can range f rom less than 0.002% to 0.2% of the circulating water volume, 
depending upon the design o f the cooling system and efficiency o f drift eliminators. Drift 
occurs whenever water splashes, such as in sprinklers or waterfalls, and is thus not unique to 
cooling towers or cooling sprays. 



BIOLOGICAL AND ECOLOGICAL CONSIDERATIONS 125 

TABLE IX. COMMON PATHOGENIC MICRO-ORGANISMS PRESENT IN 
SEWAGE-POLLUTED WATERS, AND THE DISEASES USUALLY ASSOCIATED 
WITH THEM 

Micro-organisms Diseases 

Bacteria: 

Salmonella 

Shigella 

Mycobacteria 

Leptospira 

Vibrio 

Typhoid fever 

Bacillary dysentery 

Leprosy, tuberculosis 

Leptospirosis 

Cholera 

Virus: 

Poliovirus 

Coxsackie 
Group A 
Group B 

Infectious hepatitis 

ECHO 

Adenovirus 

Reovirus 

Paralytic poliomyelitis, aseptic meningitis 

Herpangina, aseptic meningitis 

Pleurodynia, aseptic meningitis, acute infantile myocarditis 

Infectious hepatitis (jaundice) 

Aseptic meningitis, 'summer' rash, diarrhoeal disease 

Respiratory and eye infections 

Respiratory disease, enteritis 

Survival of micro-organisms in water is dependent upon the species, water 
temperature, pH and other water quality parameters, consumption by free-living 
organisms in the water and sunlight. Similarly, survival of micro-organisms in 
aerosols will depend on the species, relative humidity, air temperature, the presence 
of air pollutants and sunlight intensity, among other factors [ 1, 2]. Unlike 
chemicals, micro-organisms have specific 'die-off rates which can be modified 
by environmental conditions. Within operating cooling systems, temperature 
conditions and intermittent chlorine treatment are unlikely to destroy other 
than the most sensitive micro-organisms [3]. 

Examination of the microbial characteristics of drift from cooling systems 
that create aerosols can provide one basis for assessing the human health risk 
from the use of 'wet' cooling towers and cooling sprays. The recent publicity 
associated with 'Legionnaires' Disease' and its possible connection with roof-top 
cooling systems [4—7], has reinforced a concern that has been discussed for many 
years with regard to the health hazard from sprinkler irrigation with sewage 
effluent, and from trickling filters at sewage treatment plants [8—11], 
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In 1975, faced with the environmental impact assessment of cooling towers 
and the absence of published information on the health hazard from aerosols 
from cooling towers, the U.S. Nuclear Regulatory Commission sponsored a pilot 
field study by an aerobiological team from the U.S. Army's Dugway Proving 
Grounds. The field studies involved five operating electric generating stations in 
the United States of America; two of the stations employ effluent from sewage 
treatment plants as 'makeup'5 to mechanical-draught cooling towers, and another 
two obtain their makeup from rivers receiving sewage effluent from large 
metropolitan areas. One of the latter two generating stations uses spray canals 
as supplemental cooling in conjunction with a cooling lake. The fifth power 
station was studied with biological and fluorescent particle tracers to verify cooling 
tower plume diffusion model predictions. 

The approach taken in the studies was similar to that taken by public health 
agencies in evaluating the potability of drinking water, i.e. the presence of faecal 
coliforms indicates a potential for infection with an intestinal pathogen. The 
approach is a reasonable one for a pilot study, although it is well known that 
faecal coliform counts do not provide accurate information on the enteric virus 
content of that water. Ratios of 102 to 10s faecal coliforms per virus particle 
have been reported, although these values may change markedly during a virus 
disease epidemic [12—15], Sampling and analysis for virus in cooling tower 
circulating water and drift would be a logical and possibly a necessary approach 
to further investigations. 

The Dugway studies involved bacterial assays of makeup and cooling tower 
basin water, and sampling of aerosols at the source and at downwind locations. 
Faecal coliforms and other Enterobacteriaceae were assayed using selective and 
differential media; counts of total bacteria, Gram-positive micrococci, and 
streptococci were made. Downwind aerosols were collected with Litton high-volume 
samplers, Reyniers time-sequence samplers and/or Andersen six-stage impactor 
samplers. Upwind sampling was carried out simultaneously as control. Up- and 
downwind sampling was performed at night, to minimize the bactericidal effects 
of sunlight. Detailed reports of all the site studies have not yet been published; 
however, some results are briefly summarized below. 

1. The method of circulating water chlorination6 can be an important 
factor in survival of bacteria in cooling towers. For example, at one site in 
California, where treated sewage effluent is used as makeup to mechanical draught 
cooling towers, the number of bacteria found in the cooling tower basin water 

5 'Makeup' is water taken into the cooling system to replace losses from evaporation, 
seepage and discharges f rom the system. 

6 Chlorine is added to power plant cooling water mainly to control bacterial slimes that 
interfere with heat transfer in the power plant condensers. Chlorine is usually added inter-
mittently (several times a day) to provide a residual concentration o f 0.1 ppm chlorine. 
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was 1.7 X 10s/ml when chlorine gas was used, and 180/ml when the treatment 
method was changed to chlorine dioxide. In the air leaving the cooling tower vent, 
the number of bacteria found was 2808/m3 in the first case, and about 50/m3 

in the second case [16]. 
, 2. Approximately 1% of the organisms isolated from the cooling water and 

aerosols at the California site were members of the Enterobacteriaceae, including 
Serratia, Klebsiella, Enterobacter and Escherichia. The genera Serratia and 
Klebsiella, sometimes termed 'opportunistic' bacteria, have been associated with 
low-grade clinical infections (see references cited in Ref.[16]). The pathogenic 
genera Salmonella, Shigella or Yersinia were not found in the cooling tower 
water [16], 

3. At a power plant in the southwestern United States of America, where 
treated sewage effluent is used as makeup to mechanical draught cooling towers, 
bacterial counts in the cooling tower basin water ranged from 4.27 X 104/ml to 
1.4 X 106/ml; bacterial particles in aerosols leaving the cooling tower vent 
ranged from 241/m3 to 984/m3. The bacteria included species of Pseudomonas, 
Enterobacter, Bordetella, Acinetobacter, Alcaligenes and Achromobacter. Also 
found were Serratia sp.and Shigella flexneri; the latter is capable of causing 
gastro-enteritis. Pseudomonas are opportunistic bacteria that are not normally 
considered to be pathogenic, but some species have been associated with a 
variety of infections including pneumonia [17], 

4. A heavy storm can result in sewage bypass of treatment plants, such 
that total and faecal bacteria in surface waters may increase markedly over the 
normal circumstance. For example, at one site in the midwestern United States 
of America, where sewage effluent from a large city is discharged about a quarter-
mile upstream, total bacterial count in a cooling tower basin water increased 
approximately 2 logs as a result of such a bypass. Faecal coliforms in the cooling 
tower circulating water increased from less than 2/100 ml to more than 
20 000/100 ml. The air leaving the cooling tower vent contained approximately 
25 000 bacteria-bearing particles per m3 [17]. 

5. Bacterial particles collected by Andersen samplers 100—150 m down-
wind of the cooling tower at the midwest site ranged between 200 to 600/m3. 
About 1000 m downwind of the cooling tower, bacteria-bearing particles 
collected ranged from 11 to 80/m3, which would be approximately 6 to 60/m3 

as upwind recoveries [17,18] . As at the other study sites mentioned above, most 
of the isolates were opportunistic bacteria such as Klebsiella, Serratia, Enterobacter, 
Pseudomonas and Citrobacter. Anderson sampler data indicated that 67% of the 
particles collected at this site were under 5 Aim in diameter, and are thus capable of 
penetrating into the lung; 37% of the particles were between 5 Mm and 10 fim 
in diameter, and would impinge on the upper respiratory tract [18], 

6. Recoveries of aerosolized bacterial particles 30 m downwind of cooling 
sprays at one study site were relatively low (about 200/m3 air), despite the 
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fact that the water in the spray canal showed high bacterial counts (about 
1 X 105/100 ml). Low aerosol recoveries were attributed to the large drop size 
generated by the particular spray system, such that the drops fell out close to 
the source. All other conditions being equal, sprays which generate smaller drops 
are expected to result in greater downwind recoveries of bacterial particles. There 
were no enteric organisms detected in the aerosols from the sprays at the 130-m 
downwind sampling station [17, 18]. 

These and other results of the pilot studies carried out by the aerobiological 
team provide order-of-magnitude estimates of the numbers of bacteria-bearing 
particles that may be aerosolized from cooling towers or sprays. Assessment of 
the human health risk associated with these aerosols cannot be summarized in 
a single general statement because infection and disease are dependent on a 
number of factors that include virulence of the organism ingested or inhaled, and 
susceptibility of the host. Work such as that of Sorber can provide additional 
bases for the assessment of risk from cooling tower aerosols; Sorber estimated 
that under the least desirable meteorological conditions studied, less than 200 m 
would be required to provide a reduction of three orders of magnitude in 
aerosolized virus concentrations [11]. The estimate was made with regard to 
wastewater spray irrigation, and may be applicable to cooling spray assessments. 
In the case of cooling towers, the aerosols are released higher above the ground, 
thus exposing aerosolized organisms to the ambient air for longer periods of time, 
which may tend to hasten die-off. Probably of more concern is the question of 
survival of resistant forms of specific organisms, such as amoebic cysts and eggs 
of Ascaris. Another serious consideration is the question of the pathogenicity 
of normally water-borne organisms when they are inhaled into the lung rather 
than when ingested. On the other hand, it is possible that healthy persons, who 
are exposed to low doses of particular organisms and who develop sub-clinical 
infections, may acquire immunities. 

In conclusion, it appears that aerosols from cooling towers using reclaimed 
water may not pose as great a public health hazard in some cases as aerosols 
from cooling towers using polluted surface waters, particularly when heavy rains 
result in bypass of normal sewage treatment. The hazard may be greater from 
the so-called opportunistic bacteria than from enteric organisms, because of 
the greater numbers of the former in surface waters. There is obviously a need 
for additional research on quantification of bacterial and viral organisms pathogenic 
to humans in reclaimed water and in polluted surface waters, on the pathogenicity 
of water-borne organisms when inhaled, on survival of potential pathogens in 
natural waters and in aerosols, and on methods of treatment to remove these 
organisms from discharges to surface waters. Epidemiological and/or serological 
studies may be a necessary conjunct to studies of aerosolized organisms, in order 
to allow some reliable estimate of the health risk from cooling towers and cooling 
sprays. 
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3.9. COMBINED EFFECTS 

Other sections of this work discuss aquatic organism responses to various 
environmental stimuli generated by discharge of cooling waters from nuclear 
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FIG.24. Diagram showing terms and stressor relationships of combined effects. Modified 
after Jte/.[1]. 

power stations. Topics discussed include temperature alterations, chemical 
releases, atmospheric gas supersaturation, and current velocities resulting in 
entrainment and impingement. For the most part each discussion has dealt with 
individual factors and their potential effects on the aquatic environment. 
Assessment of potential impacts from power plant cooling systems has historically 
been approached in this manner, i.e. each source of environmental stress is 
evaluated for impact as though it is the sole operating factor. In this approach 
to impact assessment a margin of safety is often included to ensure protection of 
the organisms at risk. It is important to recognize, however, that fish and other 
aquatic life exposed to discharge water may experience multiple stress factors 
operating simultaneously. In this circumstance, it may not be safe to assume 
that all factors are operating independently, that is, there is the possibility that 
stress factors operate in a combined manner. When this occurs the results may 
be termed a 'combined effect'. It is the purpose of this section to present the 
concept of combined effects, to describe the terminology currently used in 
aquatic sciences and to present two examples of laboratory studies demonstrating 
combined effects of heat and chemicals on fish mortality. 

The scientific literature contains a variety of terms which have been applied 
in describing combined effects. The basis for the terminology is the description 
of the severity of effect realized by the action of two or more stressors acting in 
concert. If the ultimate effect of two stressors (e.g. heat and biocides) is greater 
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than what would have been predicted based upon knowledge of separate actions, 
the results are termed 'synergistic'. In other cases the effects are less severe than 
would be realized by the individual actions of the two stressors. In this case, the 
combined effect is termed 'antagonistic'. If the combined effect is equal to that . 
which would be predicted as a result of addition of the two stressors, the term 
'additive' is applied. 

A clearer understanding of the concept of combined effects and the various 
levels of manifestation can be gained by referring to Fig. 24. In the figure each 
axis represents the proportion of a stress factor \frhich results in a biological 
response. For example, the stressor A could be discharged heat in a thermal 
plume, the effect realized could be the death of the exposed organism. Stressor B 
could be biocides added to the cooling water. Unity on the axes represents the 
amount of the stressor that results in the response, that is, 1.0 unit of stressor A 
produces the response in the absence of stressor B or 1.0 unit of stressor B in the 
absence of A may produce the same response. If the response can be produced 
by some combination of the two stress factors represented by points within the 
square in Fig. 24 the stressors are acting together in a combined manner. As was 
stated above, combined effects can be further categorized. If the response can 
be caused by a combination of stressors A and B (e.g. 0.5 A + 0.5 B) represented 
by points along the straight line, the effect is additive. If the same response is 
observed at lower levels of the two stressors (e.g. 0.4 A + U.3 B) as seen in the 
lower triangle, the stressors are acting synergistically; that is, the action of one 
or both is enhanced by their common presence. Responses resulting from pro-
portions of the two stressors which would be found in the upper triangle (e.g. 
0.7 A + 0.8 B) are less-than-additive. If the resulting combination of stressors A 
and B are found on the upper or right boundaries of the square, no combined 
effect is observed. That is, 1.0 unit of A is required to cause the response regard-
less of the level of B; thus, A is the causative agent and B is neither synergist nor 
antagonist. Any combination of the stressors that falls above or to the right of 
the square (e.g. 1.5 A + 1.2 B) would represent an antagonistic action. In this 
case the two stressors are mutually interfering with the action of each other, and 
a proportion of each greater than unity is required to produce the response. 

The most common factors of power plant discharges considered as potential 
stressors to aquatic organisms are rejected heat and chemical additives, e.g. 
biocides, water treatment agents and condenser metals [2]. Relatively few studies 
have dealt with the combined effects of power plant related agents. Most references 
available discuss combined effects of heavy metals, pesticides and industrial wastes, 
as affected by temperature, and water quality parameters [3—8], 

In a recent power plant related study of combined effects, the design of 
the experiments and selection of stress factors studied were based upon potential 
power plant cooling system effects. Hoss and co-workers [9] investigated the 
survival of larval fishes following exposures to various temperatures, chlorine, 
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FIG.25. A-D: Percentage survival of larval pinfish 24 h after subjection to combinations of 
thermal shock and increased copper (1.0 ppm) in the water. E and F: Percentage survival of 
larval menhaden 24 h after subjection to combinations of thermal shock and chlorine. All fish 
acclimated to 15 C. Open circles are estimated points, closed circles represent an average of 
ten fish, ppt — parts per thousand. From Ref. [9], 
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temperature-chlorine, or temperature-copper-salinity combinations. The tempera-
tures selected for study were within the range typifying condenser temperature 
elevations. The chlorine exposure levels similarly reflected actual data from power 
plants. The concentrations of copper used in these studies were based on previous 
laboratory experiments which indicated that a concentration of approximately 
1.0 ppm was the threshold for mortality with a 24-hour exposure. The results 
from Hoss and co-workers [9] provide valuable information on the effects of 
cooling system parameters as well as a clear demonstration of combined effects 
as discussed above. 

The results of copper-temperature-salinity interactions are presented in 
Fig.25. Larval pinfish, Lagadon rhomboides, were acclimated to 15°C and 
salinities of 10 and 30 parts per thousand for four days. A portion of the fish 
stock was then exposed to 1.0 ppm copper for 24 hours before thermal tolerance 
tests conducted at shock temperatures 12 and 15 degC above acclimation. 
A shock temperature of 12 degC had little or no effect on pinfish (A&C) unless 
they had been exposed to copper previously (B&D). The combined effect of 
1.0 ppm copper exposure followed by a AT = 15 degC thermal shock is profound 
with total mortality (C&D). Salinity acclimation had no apparent effect on the 
experimental results. The conclusion offered by Hoss and co-workers is that 
protracted exposure of larval fish to metal pollutants, e.g. copper, reduces thermal 
tolerance. 

A companion study revealed similar responses of Atlantic menhaden, 
Brevoortia tyrannus, simultaneously exposed to chlorine and thermal shock 
(Fig.25, E&F). In this experiment menhaden survived up to seven minutes 
exposure to 0.3 ppm chlorine. If a thermal shock (AT = 10 degC) was added, 
survival was reduced after one minute of exposure and total mortality was observed 
after seven minutes. Survival of larval menhaden was affected at 0.5 ppm chlorine 
after five minutes of exposure at acclimation temperature. Simultaneous exposure 
to chlorine (0.5 ppm) and a 10 degC thermal shock resulted in total mortality in 
three minutes. The experimental conditions used simulate larval entrainment in 
cooling waters, i.e. simultaneous exposure to biocides and temperature shock, 
and demonstrate that the effects of these stress factors acting in concert should 
be considered in evaluating survival of exposed aquatic organisms. 
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3.10. ADAPTATION CAPABILITY 

While identifying sources and mechanisms for potential damage to aquatic 
organisms and systems from temperature modifications, we must also recognize 
the capacity for thermal adaptation (i.e. the ability to continue functioning in 
the face of thermal change) that has developed at several levels o f organization. 
Ectotherms (i.e. organisms that do not physiologically regulate their body 
temperature, which include most aquatic organisms) have evolved a number of 
mechanisms for maintaining their bodily functions and population size in the 
face of unstable thermal regimes. Likewise, ecosystems have stabilizing mechanisms 
appropriate to that level o f organization. The natural process of evolution usually 
operates so that adaptation to temperature changes on the geologic time scale 
(thousands of years as the minimum time frame) is gradual rather than catastrophic 
(there have, however, been exceptions). Some evolutionary processes operate in 
the time frame of human generations, however, such as development of genetically 
distinct thermal races through natural isolation or man's selective breeding. The 
IAEA [1] identified adaptation capability of organisms as a research need for 
planning thermal discharges. 

A task for the ecologist is to determine when, and under what circumstances, 
thermal modifications by man exceed capacities for thermal adaptation, or where 
the adaptation processes themselves are contrary to man's interests (e.g. changes 
in northern or southern limits of a species' range). The current perspective is that 
ecological damages from power plant cooling systems have not been as identifiable 
as had been predicted 10 years ago, with certain exceptions. Definition of the 
mechanisms that have prevented major changes is as important to our under-
standing of risks associated with human alterations of natural systems as definition 
of what does cause change. 
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FIG.26. (A) Schematic diagram of typical metabolic rates (vertical axis) as a function of 
either acute or acclimation temperature (horizontal axis), showing the middle zone of relatively 
stable response. This curve can be the result of 'rotation' of the thermal response of a single 
enzyme (B), or of thermally induced switching between two separate enzymes with distinct 
rate-temperature curves (C). After Ref.[2]. 

3.10.1. Adaptations for protecting the individual 
The most studied thermal adaptations are at the individual organism level. 

These adaptations range from internal adjustments in molecular structure and 
composition to behavioural regulation of external thermal influences (both 
direct and secondary). Each mechanism has evolved to keep the individual 
organism in a functional state as near as possible to optimum through a wide 
temperature range. Variations among species in their overall compensatory or 
protective ability have led to classification of them as 'stenothermal' (poor), 
'mesothermal' (intermediate), and 'eurythermal' (good). 
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Thermal Response of a Hypothetical Fish 

FIG.27. Temperature tolerance zone of a hypothetical aquatic organism, shown as the upper 
and lower temperatures for mortality over a range of temperatures to which the organism can 
physiologically acclimate. The zone is species specific. After Ref. [3]. 

There is a large body of analytic work on molecular and physiological 
adaptations to temperature changes. Wieser [2] provided a particularly lucid 
discussion of these mechanisms, both known and hypothesized, in an introduction 
to a proceedings on ecological implications and mechanisms of physiological 
compensation. The analytic approach to physiological thermal compensation has 
contributed to understanding of mechanisms, but the questions of regulation of 
thermal discharges or other thermal modifications by man to protect aquatic life 
have not been studied. A principal exception is the general observation that rate 
versus temperature curves for respiration show a plateau in a species-specific 
thermal range that may be considered as the zone of normal thermal compensation 
to minimize the expenditure of metabolic energy (Fig.26). Within this plateau 
zone, Qi0 values (i.e. changes in rate per 10 degC temperature change) are near 
1 or 2, whereas at temperatures below or above the plateau, Qi0s range well 
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FIG.28. Time to death of a representative aquatic organism (Chinook salmon fry) as a function 
of exposure temperature and acclimation temperature. At times beyond the lines A-B-G, 
there is indefinite survival (not including secondary effects of disease or other factors). 
After Ref. [3], 

above 2, often as high as 6—10 [2]. The thermal range of the plateau, therefore, 
provides a useful physiological measure of the temperature range most suitable 
for an individual of that species. This knowledge is particularly useful for 
developing bioenergetic models for fish growth (see Section 3.6). 

Adaptations expressed directly at the whole organism level have been more 
useful for thermal effects assessments. The combination of molecular and 
systematic adaptations yields the feature known as thermal acclimation, wherein 
the thermal tolerance range and certain features of thermal sensitivity and 
behaviour shift in the direction of the organism's thermal experience of the 
preceding several days. Thermal tolerance ranges at various acclimation tempera-
tures have been determined for many species (though predominantly freshwater 
fish), and the temperature tolerance polygon has been accepted as a useful scheme 
for visualizing the results and for standardizing terminology (Fig.27). Thermal 
acclimation as a direct survival mechanism is expressed not only in the tolerable 
thermal range, but also in the time-dependent response to acute thermal shocks 
(Fig.28; [3]). 

Organisms respond behaviourally to temperature and changes in temperature. 
The most apparent response, and one that has had particular relevance to thermal 
discharges, is temperature selection (or 'behavioural thermoregulation'). This 
topic has received a great deal of attention in the past five years in relation to 
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thermal effluents [4—6], and is treated in more detail in Section 3.5. A corrollary 
to selection of preferred temperatures is the existence of upper and lower 
avoidance temperatures. There is also mounting evidence for changes in 
locomotory behaviour (vertical movements or rheotaxis) in response to stressful 
temperatures without direct sensation of thermal gradients ('predictive thermo-
regulation' [7]). The significance of temperature selection behaviour is that 
motile organisms can thermoregulate by selecting the location of residence. They 
can avoid high temperatures that would be damaging or low temperatures that 
would be metabolically limiting. It is significant that for many species the final 
preferred temperature appears to be near the temperature optimum for growth 
[8] (see Section 3.6), although the generality of this coincidence is still being 
debated [9], The organism is thus able, through temperature selection, nearly to 
maximize its metabolic efficiency within the thermal choices available to it at 
the time. 

There are other behavioural traits that form adaptations to the indirect 
effects of temperature changes. These are only now becoming recognized 
explicitly. An example is the flexibility of most food chains [10, 11]. The 
thermally induced demise or isolation of a food organism usually does not result 
in starvation of the predator. Most species, with the exception of exceedingly 
specialized ones, are capable of adaptive shifts to other prey either for short 
periods or indefinitely if necessary. This and other behavioural shifts need to be 
further identified and quantified as mechanisms for resilience of species to 
thermal changes. 

3.10.2. Adaptations for protecting the species'population 
Protecting all individuals of a species from direct or indirect mortality is 

unnecessary for protecting the viable, reproducing population that is sustained 
generation after generation. Generally, a population is not a fragile system but 
rather it is a vigorous and resilient one (although there are obviously exceptions). 
The reason is the general capacity for overproduction of young, a tendency to 
increase death rate or decrease birth rate as the population grows in density 
(thus establishing some upper limit of density), and the reverse tendency to 
decrease death rate or increase birth rate as population density declines, thus 
leading to either stabilization before extinction or an eventual return to higher 
numbers. These tendencies are collectively known as 'compensation'. (It is 
awkward that the same term is used at both physiological and population levels. 
The connotation is, however, similar — a tendency to compensate for change.) 
McFadden [12] has presented a clear summary of the relationships of compensation 
to power plant issues and the historical development of the concept. The capacity 
of fish populations to withstand mortality has been intensively theorized and 
studied, primarily from the standpoint of sustaining fishing stocks [13—15] in 
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which mortalities are incurred by the adults. Recent work [16] has attempted 
to extend the principles to power-plant-induced mortalities. 

The mechanisms and significance of compensation in fish populations near 
power stations are currently subjects of intense debate [17]. The debate has 
revealed contrasting opinions regarding the importance of population-level 
compensatory processes in ameliorating the direct mortalities of eggs, larvae and 
immature fishes from power plant entrainment and impingement. The mechanisms 
would presumably be operative for any source of mortality, including those 
caused directly or indirectly by thermal stress. Thermal stimulation of growth 
and reproduction is, in itself, an observed mechanism that compensates for power 
plant-caused mortalities of crustacean zooplankton [18], Considerable research 
is needed in this area, both to identify mechanisms and limits of compensation 
in general and to identify important populations which, for reasons of other 
stresses or the severity of power plant impacts, may be near the critical point 
where compensation could be insufficient to make up for losses. 

When environmental change is gradual, natural evolution will take place to 
alter progressively the genetic composition of the species so that thermal require-
ments are modified and the population is maintained. Geographic differences 
within species have been identified morphologically (e.g. Florida largemouth bass), 
and more recently physiologically and biochemically [19-21] , Knowledge of 
such geographic differences is important to the regulator who would otherwise 
apply species-specific thermal criteria to estimating risks and setting limitations 
on thermal discharges throughout the species' range. There have been recent 
proposals for selection of particular geographic strains having high thermal 
tolerance and other favourable thermal attributes for stocking in managed cooling 
reservoirs and lakes. Explicit genetic selection for thermally tolerant strains has 
also been proposed, utilizing methods well known to agriculture and tropical 
fish enthusiasts [22]. The evolutionary perspective on thermal requirements is 
returning to prominence after it had earlier been emphasized by Fry [23] and 
his colleagues. 

3.10.3. Adaptations for protecting ecosystems 
Ecosystems have properties that are more than the aggregate of the component 

populations [24], An ecosystem functions in ways analogous to a whole organism 
which transcends the physiological functions of its metabolic parts. This fact is 
particularly evident when ecosystems are subjected to perturbations [25, 26]. 
There is a 'homeostasis' of the ecosystem [24] which resists displacement. 

Resistance to displacement or disequilibrium of ecological structure and 
function as a result of societal or technological perturbations is called 'stability' 
by Holling [25] and 'inertia' by Cairns [26], both of whom discussed mechanisms 
for such resistance. The inherent stability of the ecosystem has received insufficient 
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attention in pollution analyses. Because of the importance of understanding 
ecosystem-level characteristics in estimating risks of power plant cooling, and 
because this area of study is in need of considerably more research, ecosystem 
responses are treated separately in Section 4.2. 

3.10.4. Summary 

Aquatic systems exhibit numerous mechanisms for maintaining themselves 
at reasonably stable levels despite wide temperature changes and losses of 
individual organisms, or even losses of species. Individuals adapt through 
physiological acclimation and behaviour. Populations adapt by compensatory 
changes in rates of reproduction and mortality, and (on long time scales) by 
evolution. Ecosystems adapt by maintaining structural and functional redundancy 
among species, reinvasion of affected species from refuges not experiencing the 
stress, and numerous physical/chemical mechanisms (e.g. environmental dispersion 
and dissipation of heat). The result is resilience to changes of a localized nature 
such as those from power stations. The task of the ecologist is to determine when, 
and under what circumstances, modifications by man exceed the capacities for 
adaptation, or where the adaptation processes themselves are contrary to man's 
interests. 
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3.11. EFFECTS OF CLOSED CYCLE COOLING 

Closed cycle cooling in various designs is the principal form of engineering 
mitigation for the ecological effects of once-through cooling [ 1 ], but insufficient 
attention has been given to the environmental effects such cooling systems may 
have. The cooling tower, in fact, is not a panacea, but results in a replacement 
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of certain ecological effects with others of a different kind and magnitude. The 
relative significance of the alterative effects of different cooling systems must be 
judged on a site-by-site basis. This section briefly reviews recent reports on 
effects of closed-cycle cooling. 

3.11.1. Atmospheric emissions 

Water droplets ('drift') expelled from the cooling tower by the force of 
mechanical or natural draught may contain high concentrations of chemicals used 
in water treatment (see Section 2.2) which can contaminate the surrounding 
landscape. Brackish or saline waters used at coastal sites (e.g. Chalk Point Plant 
[2]) may disperse sea salts in quantities that exceed normal sea-coast concentra-
tions. Taylor and co-workers [3, 4] have examined the dispersal of chromates 
and zinc from large arrays of mechanical draught cooling towers in the United 
States of America, both through physical dispersion by the plume and by 
transport in plants, animals and soil. Detectable quantities of tower-derived 
materials were found in vegetation and soil beyond site boundaries. Despite 
long-term use of these towers ( > 30 years) without provisions for significantly 
reducing drift, no deleterious impacts on the terrestrial ecosystem have been 
seen. On the other hand, deposition of sulphate on the surrounding terrain by 
fresh-water cooling towers at another site has produced substantial damage to 
vegetation [5]. These studies in a high rainfall region may not be adequate to 
predict effects in more arid areas. 

A series of studies of drift from the brackish-water cooling towers at 
Chalk Point, Maryland [6],has not shown the dramatic impacts that had been 
predicted earlier [2, 7], The impacts appear to be highly dependent on the salt 
sensitivity of native plant species and the crops that are grown near the tower. 

Modern engineering practice includes drift eliminators (baffles) on most 
new cooling towers. These baffles, placed above the main region of water 
spray in the tower, are capable of capturing most droplets before they leave the 
tower. The main drift problem at some towers now seems to arise from the 
'blowout' of cooling water from the bases of towers to the ground in the 
immediate vicinity during severe storms, and subsequent transport of the drift 
chemicals to nearby streams. 

Chemical reaction of moisture from cooling tower plumes with the sulphur 
dioxide of stack emissions from fossil-fuelled power stations to produce damaging 
concentrations of sulphuric acid is receiving increased attention. Highly acid 
precipitation in the vicinity of power stations with cooling towers has been 
reported [8, 9] and ecological effects have been shown. This source of atmospheric 
acidity may contribute to more wide-scale acidification of rainfall. Problems of 
increasing acidity of rainfall in wide regions such as northern Europe and the 
northeastern United States of America are increasingly being recognized, although 
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the relative contributions of various possible sources are still unclear [10]. Large 
regional studies are currently under way [11]. The high moisture content of 
cooling tower plumes may affect the chemical reactions of gases and particulate 
material in stack plumes in other ways that are only slowly being identified 
(e.g. particulate sulphate formation). The outcome of these studies and assess-
ments of potential wide-scale ecological impacts of the interacting atmospheric 
contaminants may greatly alter the environmental perspective of both cooling 
towers and fossil fuel use in electricity generation. 

Volatile toxicants may also leave the towers and cause environmental 
concern. Volatile haloforms, non-volatile and volatile chloro-organics (chloroform, 
bromodichloromethane and dibromochloromethane) are formed during chlorina-
tion of cooling waters [12]. In an experimental assessment of halogenated 
organics in chlorinated cooling waters, the absence or decreased concentrations 
of some volatile organics in the basin waters suggest that these constituents are 
lost to the atmosphere during cooling cycles [13]. The possible health and 
ecological effects of these compounds are not known and warrant additional 
research. 

3.11.2. Once-through (helper) tower effects 

Many cooling towers are used in a once-through mode to reduce the outlet 
temperature of an open circuit cooling system. Such tower systems reduce 
thermal effects from the discharge of reject heat to aquatic environments,, but 
they accentuate the physical damages from entrainment of small organisms 
through the power plant cooling system. Wherever the principal impact of open 
circuit power plant cooling is caused by entrainment or impingement, cooling 
tower designs that fail to reduce the volume of water will not lower (and may 
aggravate) overall ecological damages. Careful attention must be given to the 
relative significance of intake effects and thermal effects before cooling towers 
are built or operated in the open circuit, 'helper tower' mode. Similarly, long 
cooling canals that are operated in a once-through mode will greatly lengthen the 
exposure of entrained organisms to high temperatures that can be damaging, and 
this could potentially have more effect than would direct discharge to the water 
body. 

Once-through cooling towers are used on rivers in Europe to increase 
dissolved oxygen content in cases where chemical loadings and biological oxygen 
demand tend to diminish the river's oxygen content. Large cooling towers can 
deliver daily several tons of oxygen into the water body. Thus, once-through 
cooling towers may be preferable to closed cycle cooling towers if the surface 
water used is of low oxygen content. 
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3.11.3. Blowdown 

Despite the common assumption that cooling towers can be 'closed cycle' 
systems, there is a mandatory flow through the cooling circuit that is generally 
released to the aquatic environment. Water loss through evaporation and conse-
quent concentration of dissolved salts in the remaining circulating water, 
necessitates discharge of a certain percentage of the mineral-rich coolant stream 
(blowdown) and its replacement by fresh water. Typically, a unit of water may 
reside in the cooling circuit for 3—20 cycles before being lost to evaporation or 
released in the blowdown stream. Environmental impacts arise because most 
chemicals added to the recirculating cooling water (to prevent corrosion, micro-
biological activity, etc., see Section 2.2) are eventually released in the blowdown. 
Also, tower materials such as asbestos from fill materials and drift eliminators 
can enter the coolant stream through wear and be discharged. 

The impacts derived from blowdown releases vary according to the type of 
chemicals used, the concentrations in which they are released, and the dispersion 
capability of the water body receiving the discharge. The tendency to locate 
tower-cooled power plants in areas of low water availability intensifies the proba-
bility of chemical damages. Impacts of some chemicals can be predicted through 
use of standard source materials (e.g. Ref.[14]). The impacts of many of the 
newer, proprietary (i.e. trademarked commercial) preparations are unknown. 

The potential high magnitude and uncertainty of impacts from blowdown 
chemicals, plus strict regulations on chemical discharges from industry, have 
stimulated development of water treatment systems especially designed for 
cooling tower blowdown. Many of these systems recapture expensive chemical 
additives for recycle in the recirculating water. Use of such treatment systems 
should be an integral part of cooling system design. 

3.11.4. Water consumption 
A major environmental impact of evaporative cooling systems (which would 

include towers, ponds and spray canals) in some regions is their consumption of 
valuable water resources. Impacts of water consumption may be most acute in 
arid locations (e.g. the U.S. southwest), but may also be critical in areas that have 
high seasonal variability in water runoff (e . g . the U.S. southeast coast), high 
commitment of normal flow volumes to other purposes such as irrigation 
(U.S. west) or the multiple needs of highly populated river basins (Europe and the 
U.S. northeast). Water losses through immediate evaporative cooling exceed 
those of the evaporation component of open circuit cooling by about 20 — 30% 
[15]. 

The environmental impacts of increased water consumption by cooling 
towers can be exceptionally far reaching. For example, the addition of new 



BIOLOGICAL AND ECOLOGICAL CONSIDERATIONS 145 

water demands by towers at downstream locations on rivers can necessitate 
construction of upstream reservoirs to provide low-flow augmentation. Transfers 
of water between river basins have been proposed to provide needed water for 
nuclear power plants (e.g. Limerick Plant Environmental Impact Statements). 
Restricted water availability can lead to sale of water rights by other segments of 
the economy (e.g. industry or agriculture), with resulting shifts in social structure 
of a region. The detailed impacts of water consumption are specific to the 
water basins affected. Environmental impact analyses of plants using evaporative 
cooling must be made in the broad context of regional water resource planning. 

3.11.5. Human pathogens 

The potential for proliferation of micro-organisms that are pathogenic to 
man in warm water of closed cycle cooling systems has been recognized in Europe 
and in the United States of America. This problem is treated in more detail in 
Section 3.8. The pathogens can proliferate in the cooling circuit and could be 
dispersed to the general environment generally by drift or blowdown. The extent 
of actual risk to human populations has not been determined. The potential 
causal link of disease with cooling towers was dramatically emphasized recently 
when a massive outbreak of a newly recognized disease ('Legionnaires' Disease') 
was traced to growth of a bacterial species in urban cooling towers [16]. 
Such towers are generally small and poorly managed compared with those of 
power stations, however. Several electric plants use effluent waters from waste-
water treatment plants as makeup water for cooling towers. Dissemination in 
cooling tower drift of bacterial aerosols and viruses from such waste waters may 
have pathogenic potential [17]. Additional research on this topic is needed to 
define actual risks to human populations. 

3.11.6. Aesthetics 
Large cooling towers, particularly natural draught towers, can be an 

undesirable intrusion in the landscape. There is increasing public desire in certain 
areas (e.g. along the Hudson and Ohio Rivers of the United States of America) to 
restrict this intrusion. Alternate forms of cooling are being sought largely for 
aesthetic reasons. This topic and that of noise has changed little technically since 
discussed by the IAEA [ 1 ]. 

3.11.7. Multiple purpose cooling lakes 

Numerous benefits to society as a whole may be derived from cooling lakes 
that are constructed or managed for multiple purposes. These benefits include 
fishing, swimming, boating and lakeside recreation or residential development as 
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well as power plant cooling. There have been highly favourable experiences with 
such developments in the United States of America [1 8, 19]. There was an initial 
reluctance by regulatory bodies to recognize the benefits of such systems, but now 
cooling lakes are considered highly desirable wherever sufficient land is available. 
Increased knowledge of the genetics and thermal requirements of geographic 
races of desirable sport species should allow introduction and management of 
selected strains of fish that are highly productive under the expected thermal 
regimes [20]. 

3.11.8. Summary 

Closed cycle cooling systems are not a panacea for the environmental 
problems that have been identified for open cycle cooling. They have numerous 
environmental effects of their own that must be considered in selecting power 
plant sites, designs and operating conditions. Some predicted effects have been 
largely discounted through field experience (e.g. fogging), whereas others remain 
of concern, including chemicals in drift and blowdown. Some are newly 
recognized or newly appreciated, such as water losses to river basins through 
evaporation, atmospheric interactions between plumes of cooling towers and 
fossil fuel stacks, and pathogenic micro-organisms that can proliferate in warm 
water and be dispersed to a susceptible human population. Many of these 
effects may be eliminated or minimized by knowledgeable engineering (e.g. drift 
eliminators and blowdown water treatment). 

Because of the potentially high social risk involved, research is urgently 
needed on the interactions of closed cycle cooling systems and organisms that are 
pathogenic to man. The potential for long-term regional impacts suggests that 
interactions of cooling tower plumes with atmospheric pollutants (especially 
nearby fossil fuel stack emissions) need increased study. There is potential for 
significant social benefit through increased use of cooling lakes and reservoirs that 
are managed to maintain multiple purpose uses. 
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3.12. EFFECTS OF CHLORINE ON AQUATIC ORGANISMS 

3.12.1. Introduction 

Conflict between the utility industry and environmentalists over the 
impacts of chlorination has led to increasing polarization of opinion concerning 
regulation of chlorine levels in power plant discharges. Both factions agree that 
aquatic organisms have been killed, in certain instances, by chlorine released in 
power plant discharges (for a partial list see Ref.[l ]). This evidence has been used 
as justification for stringent regulation of chlorine discharge levels. However, 
the relatively small number and infrequency of such occurrences have been cited 
by utility representatives as indication that the problem is minor and is most 
usually associated with chlorinator malfunction. This argument has been 
countered with questions regarding the diligence of the utilities in searching for, 
or reporting, effects on aquatic species. Differences in interpretation of such 
phenomena as fish surfacing in the discharge area during chlorination periods 
and the impossibility of extrapolating local effects to ecosystem level impacts 
have exacerbated the conflict. The polarization appears to concern the 
mechanisms for maintaining environmental integrity, rather than the desirability 
of that goal. Resolution of the conflict is dependent on development of accurate 
assessment tools for prediction of the extent and severity of the impacts of 
chlorinated cooling waters. 

Chlorine is often vital for power plant function; thus, impact of chlorine 
on the environment is not the only factor to be considered in an evaluation of 
power plant chlorination. Chlorine is used to control biofouling organisms which 
decrease electrical generating efficiency. From an operational standpoint, 
sufficient chlorine must be applied to control these organisms. From an 
environmental standpoint, impacts to the ecosystem coincident with power plant 
operation must be prevented. Both criteria, i.e. maintenance of power plant 
function and maintenance of ecosystem integrity, must be considered in defining 
optimum chlorination practices (see Section 2.2). If satisfaction of one of the 
criteria obviates satisfaction of the other, use of design or operational alternatives 
(e.g. dechlorination) would be indicated. 

3.12.2. Control of fouling organisms 

Biota responsible for fouling are commonly differentiated into two groups: 
microfouling organisms and macrofouling organisms. The former include bacteria, 
fungi and algae. These microbiota and associated organic and inorganic materials 
form slimes on surfaces. In power plants, microfouling control is directed 
primarily at the condenser surfaces, where the slimes inhibit heat transfer and 
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decrease the efficiency of electrical generation. Macrofouling organisms (most 
prominent in saline waters) include barnacles, bivalve molluscs, bryozoans, 
hydroids, invertebrate chordates and sponges. Encrustations of these organisms 
can form on conduit surfaces to the extent that they decrease cooling or service 
water system flows. This can affect various aspects of plant operation. However, 
macrofouling control has been directed primarily towards control of the 
bivalve molluscs, because (1) when bivalves are effectively controlled, other 
fouling organisms generally do not cause additional problems, and (2) bivalves 
have the most potential for interference with-condenser function. Live bivalves 
or their empty shells can be carried to the condensers in the cooling-water 
stream. If the shells are large enough, they can become lodged in the condenser 
tubes reducing effective heat exchange surfaces and, occasionally, causing tube 
leaks through mechanical abrasion. In either case, they cause a threat to the 
physical integrity of the cooling system and decrease the benefit/cost of electricity 
generation. Although the results of both microfouling and macrofouling 
organisms are reflected in the costs of generating electricity, control procedures 
differ. 

3.12.2.1. Microfouling con trol 

Until recently, procedures for controlling microfouling of condensers by 
chlorine application were fairly standardized. Application of chlorine was inter-
mittent. Although the number of chlorination periods varied from plant to 
plant, total chlorination for each 24-h period usually lasted from one-half to one 
hour daily. A residual (free or total depending on the analytical procedure 
adopted) of from 0.5 to 1.0 ppm chlorine was maintained at the outlet of the 
condenser. This application procedure was usually continued through the whole 
year. The basis for this apparent standardization is unclear. Studies of sewage 
disinfection may have supplied what was thought to be the necessary information. 
Most likely, however, the decision was primarily pragmatic and related to per-
sonnel work schedules. These arbitrary schedules controlled fouling, and 
instituting changes involved an unknown risk. Thus, little effort was devoted to 
determining whether these applications were actually in excess of those required 
for microfouling control at power plants. 

Several lines of evidence suggest that these levels may not always be required 
to control fouling. The primary mechanism for slime removal by chlorine was 
believed to depend on its bactericidal properties. It was assumed that, when the 
bacteria died, the slimes were washed from the tube surface by the water flow. 
However, studies by Characklis [2, 3] provided evidence that chlorine may 
primarily act on the extracellular polysaccharide material in the slime, causing 
sluffing. This suggests that the chlorine dosages for disinfection and fouling 
control may not be related, and that concentrations of chlorine required for 
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control of fouling could be less than previously thought necessary. Operational 
data support site-specific requirements. At some power plants no chlorination 
(or other biocide application) is required. At others, biocide application is 
routinely reduced or terminated during the winter months. And, finally, one 
utility in the United States of America, which was required to conduct 
minimization studies, benefited from a 30% decrease in chlorine use without any 
penalty to generating efficiency [4]. 

It is evident that future research should focus on mechanisms of chlorine 
action. Determining the minimum levels of chlorine required to control micro-
fouling through understanding of mechanisms seems preferable to extended 
trial-and-error testing at operating stations. 

3.12.2.2. Macrofouling control 

Control of macrofouling organisms has been successfully accomplished at 
power plants by continuous, low-level chlorine application directed primarily 
towards control of bivalve molluscs. Fouling by these macro-invertebrate 
organisms is generally more severe at power plants using marine or estuarine 
waters for cooling, because the littoral bivalves characteristic of these areas 
(1) have planktonic larval stages that aid dispersal, (2) are capable of attaching 
to solid substrates, and (3) form high density beds or clusters. The genera 
Mytilus, Geukensia (= Modiolus) and Brachidontes are typical. Where freshwater 
macrofouling has posed a problem, the Asiatic clam, Corbicula spp., or the 
zebra mussel, Dreissena polymorpha, has proved to be the source. These two 
bivalves are not typical freshwater representatives, since they conform to the 
three characteristics of marine species given above. Slug or intermittent 
chlorination has been found to be ineffective for control of bivalves, because, once 
the larvae have attached to surfaces in the cooling water system, they can close 
the shell and isolate themselves from the environment for extended periods of 
time, thus avoiding the chlorinated water. Continuous chlorination prevents 
larval settling and attachment. 

Applications of chlorine currently used to control bivalve fouling appear 
to exceed those required. Control of bivalve fouling at power plants using salt-
water for cooling commonly consists of continuous maintenance of 0.5 ppm 
chlorine residual, either for the reproductive period or for the whole year. 
(This should probably be interpreted as free residual chlorine, since orthotolidine 
analysis is used at most power plants.) For Corbicula control, 0.5 to 1.0 ppm 
free residual chlorine for two periods of three weeks each in early and late summer 
have been found effective [5]. Evaluation ofthe minimum concentration required 
for Corbicula control is obviated by an absence of applicable data, but 0.5 ppm 
free residual chlorine (oxidants) appears to be higher than that required for 
bivalve control. Clapp (1950) found that a six-day exposure to 0.25 ppm free 
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residual chlorine would kill Brachidontes. Turner and co-workers [6] reported 
that 0.25 ppm free residual chlorine was above 'the effective minimum concen-
tration' to control fouling of pipes by mussels. On the basis of studies of plate 
fouling, Mangum and co-workers [7] recommended 0.25 mg/1 (the lowest they 
used) for control of mussel fouling. Perhaps more indicative were the findings 
of James [8]. Laboratory studies and operational validation at the Carmarthen 
Bay Power Station proved that maintenance of 0.02 to 0.05 ppm free residual 
chlorine from April to September would prevent mussel fouling. The practice 
had been effective for eleven years at the time of the report. In all the studies 
mentioned above, free residual oxidant was measured using the orthotolidine 
procedure. This procedure tends to underestimate both free and total residual 
chlorine (oxidant). The conclusions must therefore be treated with caution. 
However, direct comparison with the usual practice followed at power plants 
(0.5 ppm free residual) is valid. Finally, Marine Research, Inc. [9] reported that 
total residual oxidant concentrations of 0.1 mg/1 (the lowest used — measured 
by amperometric titration) would prevent fouling by Mytilus edulis. It seems a 
logical conclusion that 0.5 ppm free (or total) residual chlorine is not the 
minimum required to prevent mussel fouling. 

The economic and environmental advantages offered by a twofold, or 
greater, decrease in chlorine application support the value of minimization 
studies. Design of pertinent investigations is not simple, because of the variety 
of factors which contribute to fouling. Many of these are site-specific (e.g. 
intake flow rates). Other questions are more generic. For example, are lethal 
concentrations required to control mussels, or will lower concentrations inhibit 
attachment and prevent fouling (termed 'exomotive chlorination' by James [8])? 
The potential benefits argue for increased research effort directed towards 
minimization of chlorine use. 

3.12.3. Protection of aquatic ecosystems 
The second criterion for optimum chlorination practice is maintenance of 

ecosystem integrity. Only recently has the potential of chlorine for environmental 
modification been recognized. Perhaps the most pertinent example of this late 
development is the scant attention devoted to impacts of chlorination in the first 
volume of this series [10]. Development of tools or models to predict chlorine 
concentrations that may be released without significant impact to the environment 
is necessary to satisfy this criterion. 

It is extremely doubtful that such tools will be sufficiently objective to 
satisfy both factions in the controversy (see Introduction, Section 3.12.1) in the 
near future. Data relating to the toxicity of chlorine to aquatic biota have 
increased rapidly (e.g. compare the data presented in McKee and Wolf [11], 
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Epler [12], Brungs [13], Podoliak [14], Whitehouse [15], Brooks and Seegert 
[16], Brungs [17], Ellis [18], Gentile [19], Mattice and Zittel [20], Matticefl ] 
and Opresko [21 ]. However, the data base is extremely heterogeneous with 
respect to analytical procedures, effects criteria, and other complicating variables. 
Many researchers have apparently been unaware of the stringent experimental 
requirements for valid toxicological studies of chlorine, leading to substantial 
variability in the quality and accuracy of their results. Present data are also 
limited in taxonomic scope. These problems, and the limited capabilities for 
extrapolation of results from single species tests to predicting ecosystem level 
impacts, require inclusion of subjective and, therefore, debatable elements in any 
proposal for regulating chlorine in power plant discharges. 

Reservations concerning the available data do not obviate the need for 
pragmatic decisions regarding power plant chlorination. These decisions involve 
a trade-off between the present benefits of chlorination and the potential costs of 
environmental impacts. The most realistic approach towards these decisions 
appears to be derivation of a limit-setting assessment methodology which is 
conservative with respect to environmental protection (to the extent of our 
present understanding), yet one which permits use of chlorine with as little 
increase in economic cost as possible. For example, complete dechlorination of 
all freshwater power plant effluents does not seem justified by present toxicologi-
cal data, and would represent an indefensible cost. 

A model that appears to provide the basis for operational decision-making 
has been recently proposed [1, 20]. This model will be described below, following 
brief discussions of some of the factors that have been found to affect the 
toxicity of chlorine. These discussions will provide a basis for a conservative 
decision-making approach, and will serve to outline areas that require further 
investigation. 

3.12.3.1. Physical, chemical and biological factors affecting chlorine toxicity 

The discussion below will attempt to summarize existing data relating to 
the effect of various factors on chlorine toxicity to determine whether they are 
appropriate for inclusion in a general toxicity model. Most of the data concerning 
the physical, chemical and biotic factors affecting toxicity of chlorine to aquatic 
organisms have been compiled and/or summarized previously [1, 16, 2 0 - 2 2 ] . 
These papers should be consulted for specific data and references. Several of 
the factors affect reaction kinetics and equilibria. Their effects on toxicity are 
indirectly expressed via chemical speciation (see Section 2.2). These factors are 
implicitly treated in the discussion of relative toxicity of the various chlorine 
compounds. Other factors directly affect chlorine toxicity. Of primary interest 
is the consistency of the relationship between each factor and toxicity, for 
those factors which demonstrate a consistent relationship may be included in a 
general toxicity model. 
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TABLE X. TOXICITY-TESTING REGIMES USED FOR SCREENING OF 
IDENTIFIED CHLORINATED ORGANICSa [28] 

Organism Mode o f Characteristics measured 
exposure 

Carp embryo Acute 
(Cyprinus carpioj 

Daphnia pulex Acute 

Chronic 

Hatching success, abnormality 
frequency 

LC5 0 for predetermined time interval 

Life span 

Average reproduction rate adjusted for 
mortality 

Total reproduction 

Date o f first reproduction 

(a) Relative toxicity of chlorine compounds. Data relating to the relative 
toxicities of chemical species comprising the aggregate 'total residual chlorine' 
have been contradictory. Total residual chlorine includes hypochlorous acid, 
hypochlorite ion, monochloramine, dichloramine and/or their bromine equi-
valents. These chemical species are differentiated from the chlorinated (brominated) 
organics (to be considered below) by their oxidizing capacity, which can be 
measured using standard techniques, e.g. amperometric titration or ferrous 
(Palin's) DPD. Comparative disinfection investigations predisposed toxicologists 
towards the view that free chlorine (hypochlorous acid and hypochlorite ion) 
was more toxic than combined chlorine (the chloramines). Some early studies 
supported this view, whereas others indicated the reverse relationship. Modern 
studies conducted using more accurate analytical techniques have only reinforced 
this controversy [23 — 25]. Until the source of these differences is determined, 
conclusions as to the relative toxicities of these residual chlorine species will be 
premature. However, a conclusion which does appear warranted by the results 
of the relative toxicity investigations is that the toxicities of the different 
chemical species of residual chlorine are not extremely different. Most studies 
indicate a maximum ratio of concentration of two to three times, regardless of 
which species was found to be most toxic. A number of investigators have used 
this similarity in toxicity to justify use of total residual chlorine concentrations 
to predict toxic concentrations of chlorine [20]. This practice seems realistic, 
at present, although future data may require modification. 

Substantial environmental concern has been generated by the identification 
of chlorinated organics in power plant cooling waters [26, 27]. A total of 
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FIG.29. Relationship between residual chlorine concentration and time to 50% mortality for 
four species of fish, Salmo gairdnerii and Salmo trutta (freshwater), Pleuronectes platessa 
(marine) and Alosa aestivalis (estuarine) [/]. Lines were calculated from a least-squares fit to 
the data. Correlation coefficients are given for each line. 

seventeen relatively water-soluble, nonvolatile, chlorinated organics have been 
identified, as well as four volatile trihalomethanes containing chlorine and/or 
bromine. Toxicity studies of the seventeen nonvolatile organics have been 
carried out using carp embryos (Cyprinus carpio) and Daphnia pulex as test 
organisms [28, 29]. Toxicity-testing regimes included acute and chronic exposures 
and measurement of lethal and sublethal effects (Table X). All compounds were 
tested separately and in various combinations. The latter tests included a synthetic 
mixture of all 17 components, in the same proportions as in a power plant 
discharge. Toxicity of this synthetic effluent (17 compounds) was attributable 
to the complement of chlorophenols. However, the median effective concentra-
tions (ECsos) of individual compounds and of the total synthetic effluent, even 
at the most sensitive effect level (reproduction), ranged between two and 
three orders of magnitude greater than the concentrations reported in actual 
power plant effluents. Acute toxicity screening studies of the volatile trihalo-
methanes have also been conducted using carp embryos [30]. Median lethal 
concentration (LC50) values (fertilization to hatching, ~ 5 days) for each of the 
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four compounds tested, exceeded reported power plant effluent concentrations 
by three orders of magnitude or more. On the basis of these recent studies, the 
concern for direct environmental effects of chlorinated organics raised by some 
preliminary results [31 ] appears unwarranted. 

Several factors indicate that further research is required, however, to 
substantiate this tentative conclusion. First, the chlorinated organics examined 
constitute approximately one-third of the compounds on a numerical basis, 
and about one-fourth of the chlorine by weight, of the chlorinated organics in 
the two power plant effluents examined. Many chlorinated organics thus have 
not been identified, and some of these may be more toxic than those that have 
been examined. Second, chemical and toxicological data on the chlorinated 
organics are limited. Concentration estimates are based on data from only two 
samples from actual power plant effluents, and toxicities have been determined 
using only two test species. Conclusions are thus dependent on how well these 
data correlate with conditions at other power plants and with the sensitivities 
of other aquatic species. Finally, the chlorinated organics are relatively stable 
and may be subject to bioaccumulation and food chain magnification. 
Kopperman and co-workers [32] and Kuehl and co-workers [33] presented 
evidence that fish would bioaccumulate both chlorinated and brominated 
organics. Although these studies were carried out in municipal waste-water 
discharges, they indicate the potential for bioaccumulation of these compounds. 
Substantial advance in this field of research will be required to allow evaluation 
of the potential for significant impact. 

(b) Concentration and exposure time. Toxicity of chlorine is dependent 
upon concentration of the toxic species of chlorine and time of exposure. These 
factors are interrelated: organisms exposed to total residual chlorine for short 
periods of time can tolerate higher concentrations than when exposure is 
prolonged (Fig.29). On the basis of existing data, the relationship between 
exposure time (T) and total residual chlorine concentration (C) yielding 50% 
mortality has the form 

log T = b log C + log a (1) 

where a and b are constants for a given species and level of effect [1, 20]. 
Interspecific variation of these constants is substantial, but the relationship seems 
valid for most freshwater, marine and estuarine species [1 ]. The conclusion that 
both exposure time and concentration are required parameters of any valid 
toxicity model is inescapable. 

(c) Temperature. It is apparent that the relationship between temperature 
and chlorine toxicity is influenced by the species of organism, the temperature 
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range being investigated, and the correspondence of test and acclimation 
temperatures. Cairns and co-workers [34] concluded that existing data were not 
sufficient to support generalizations, but hypothesized that, if chlorine affected 
oxygen transfer across the gills, toxicity to fish should be directly related to 
temperature. Brungs [22] concluded that most data indicated only a slight effect 
of temperature on toxicity. However, he also stated that the exceptions to this 
generalization justified 'additional thorough experimentation'. An increased data 
base led Brooks and Seegert [16] to conclude that toxicity of chlorine is 
unaffected by temperature over a range of low temperatures, but that toxicity 
increased at higher temperatures. Definition of 'low' and 'high' was species -
dependent. Mattice[l] documented three separate types of conclusions 
regarding the relationship between temperature and toxicity: (1) no effect over 
the range of temperature tolerance of the species; (2) no effect below a certain 
temperature but increased toxicity at higher temperatures; and (3) a constant 
increase in toxicity as temperature increased. He concluded that it was 
impossible to include temperature in a model predicting multiple species 
chlorine toxicity. This conclusion remains valid. 

(d) Synergistic effects. Few studies have been designed to investigate 
synergistic, antagonistic or additive effects of combinations of chlorine and 
other toxicants. Thus, conclusions cannot be drawn regarding their importance 
for a toxicity model. Research efforts directed towards combined effects should 
be initiated to determine the need for inclusion of safety factors in a chlorine 
toxicity model. 

(e) Biotic factors. Biotic factors that influence chlorine toxicity include 
species composition, size, life stage and physiological condition. Some species 
are much more sensitive than others to chlorine. Early data supported a 
dichotomy of sensitivity between cold-water species, which seemed to be less 
tolerant, and warm-water species [13]. However, this hypothesis was found to be 
a function of the limited numbers of warm-water species studied, and has since 
been discarded [1, 16, 17]. Data summarized by Mattice and Zittel [20] suggest 
that marine and freshwater species are differentially affected by application of 
chlorine. Marine species appear to be less tolerant of short exposures to high 
concentrations of chlorine, yet more tolerant of prolonged exposures to low 
concentrations. It is not clear that this differentiation is real. Further investiga-
tion, including comparisons of the relative toxicity of total residual bromine and 
total residual chlorine, is needed for clarification of these relationships. However, 
present data do support separate criteria for protection of freshwater and marine 
biota. 

Within a single species, individuals of different sizes and developmental stages 
differ in sensitivity to chlorine, but no consistent pattern is apparent in inter-
specific comparisons. Relative tolerance of large and small individuals varied 
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interspecifically, and even studies of the same species have, in at least one instance, 
produced contradictory results [1]. As a result, Brooks and Seegert [16] and 
Mattice [ 1] concluded that generalization was impossible. In addition, data 
comparing susceptib ility of different life stages are limited. It appears that eggs 
are somewhat more tolerant than larvae, but this conclusion needs further 
verification. More inter- and intra-specific comparative data are obviously needed. 

Behavioural responses to chlorinated water can also affect chlorine toxicity. 
Laboratory studies have indicated that fish will avoid low concentrations of 
chlorine [17]. In some experiments, however, fish seemed to prefer intermediate 
(and ultimately lethal) concentrations of chlorine. The major question concerns 
extrapolation to field conditions. Brungs [22] has pointed out that most labora-
tory studies have presented fish with clear choices and sharp boundaries. He 
postulated that avoidance observed under these conditions might have little 
positive survival value, if random directional movements did not bring the fish 
to a 'safe' area quickly enough to prevent loss of equilibrium. The fact that fish 
have been killed at power plants with intermittent chlorination regimes adds 
credence to Brungs' hypothesis. Certainly, further study will be required to 
justify inclusion of avoidance as a modifying factor in any toxicity model. 

3.12.3.2. A model for predicting toxicity of chlorinated effluents 

The discussion above helps to provide criteria for evaluation of chlorine 
toxicity models. First, the limited amount of data applicable to conditions at 
power plants and the lack of adequate data on the relationships between biotic 
factors or temperature and toxicity of chlorine militate against a conservative 
approach. Second, contradictory conclusions about relative toxicities of the 
various chlorine species of residual chlorine, and the paucity of data concerning 
toxicity of chlorinated organic compounds, support the use of total residual 
chlorine concentration for prediction of toxicity. Third, available data suggest 
the advisability of separate models for marine and freshwater biota. And, 
finally, a meaningful prediction of chlorine toxicity must be based on both 
time of exposure and concentration of chlorine. 

The model proposed by Mattice and Zittel [20] was designed to satisfy 
these four criteria. It is based on comparison of chlorine dose received by biota 
with toxicity thresholds derived from the available data on chlorine toxicity. 
Doses to biota are estimated from the total residual chlorine concentrations and 
the duration of time that biota are exposed at a particular power plant site. 
Threshold doses were (1) derived separately for marine and freshwater biota, 
(2) based on the most sensitive species in each of the environments and 
(3) dependent on both time of exposure and total residual chlorine concentration. 

In this section, a brief summary will be given of the model proposed by 
Mattice and Zittel [20], The purpose of this summary is to illustrate the utility 
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FIG.30. A summary of data on the toxicity of chlorine to freshwater aquatic life. Most points 
are for dose times yielding median mortality. Numbers indicate where more than one test 
yielded the same result. Acute and chronic toxicity thresholds (estimates of the 0% effect levels) 
are also shown (modified from Ref.[20\). 

of the model for decision making. Further discussion of this model may be 
found in previous articles [1, 20]. 

(a) Toxicity thresholds. As a preliminary to toxicity threshold determination, 
data on the toxicity of chlorine to freshwater and marine species were first 
summarized graphically in logarithmic plots of chlorine concentration versus 
exposure time (Figs 30 and 31). Experimental conditions other than concentra-
tion and exposure time were ignored. Concentrations were expressed as total 
residual chlorine without differentiating among' the chemical species of chlorine 
which predominated during the experiments. There is little doubt that some 
of the concentrations plotted (Figs 30 and 31) are underestimates. Orthotolidine 
analysis, used in some tests, underestimates the actual chlorine concentration, 
especially when chloramines are present. In addition, when analysis included 
only free chlorine or the ehloramines, total residual chlorine would be under-
estimated in direct proportion to the unanalysed fraction. However, data are 
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FIG.31. A summary of data on the toxicity of chlorine to marine aquatic life. Most points 
are for dose times yielding median mortality. Numbers indicate where more than one test 
yielded the same result. Acute and chronic toxicity thresholds (estimates of the 0% effect 
levels) are also shown. 

included here as reported by the author(s), because quantification of the dif-
ference is not possible, and it seemed illogical to exclude them completely from 
consideration. Because some of these data are particularly important for the 
position of the toxicity thresholds, it is crucial that studies of these biological 
species be repeated using modern analytical procedures. 

Accumulated data were used to determine concentration-duration thresholds. 
The lower bounds of these data were enclosed within two straight lines; one 
representing the chronic toxicity threshold and the other the preliminary acute 
threshold. The chronic threshold is assumed to parallel the x axis. The linearity 
and negative slope (time-dependence) of the acute toxicity thresholds are 
supported by data given above (Fig.29). The position of the acute threshold 
obviously involves some subjective judgement, particularly for the marine species. 
However, the slopes chosen approximate the average slopes found for freshwater 
and marine organisms [20]. The preliminary acute thresholds were then shifted 
to account for the fact that some of the critical data points were for 50% effect 
levels. The shift to 'true' thresholds (zero effects) was accomplished using an 
empirical relationship [20] 
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FIG.32. Time course of exposure to chlorine under three conditions at power plants [7]: 
(a) entrainment through the plant, (b) entrainment into the discharge and (c) residence in the 
discharge by motile organisms or benthos. Time is relative, but is longest in fa) and shortest 
in (c). Actual concentration would probably be highest in (a). (1 ft = 3.048 X 10 1 m.) 

where y is the time in minutes which caused no mortality, and X is the time in 
minutes which caused 50% mortality for a given concentration. The resulting 
acute threshold lines (Figs 30 and 31) are described by 

log time = — 1.35 [log concentration] + 0.04 (3) 

for freshwater sites, and 

log time = — 2.43 [log concentration] — 2.05 (4) 

for marine sites. Time is in minutes and concentration is in milligrams per litre. 
Chronic thresholds were 0.0015 and 0.02 mg/1 for freshwater and marine sites 
respectively. 

(b) Dose estimation. Interaction of biota with chlorinated cooling waters 
at power plants depends on the life habit of the organisms [ 1 ]. Planktonic 
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organisms and small fish are vulnerable to entrainment through the plant with the 
cooling water (Fig.32(a)) or into the discharge plume during the dilution process 
(Fig.32(b)). Organisms entrained through the plant during chlorination 
encounter the highest concentrations and the longest exposures. Doses to 
organisms entrained into the plume are highest for organisms entrained early in 
the dilution process. Benthic organisms and larger fish which maintain position 
relative to the discharge would experience a dose of chlorine related to (1) cooling 
system parameters, which affect the rise in concentration during initial application 
and the chlorine decay when the chlorination.period ceases, and (2) location of 
the organism in relation to the discharge (Fig.32(c)). For example, the more 
extensive the fouling the longer the lag-time to maximum residual chlorine 
concentration. Also, organisms farther from the discharge will tend to be exposed 
to lower concentrations of chlorine, but for more extended periods of time. 
Avoidance could modify this exposure, at least for fish capable of relatively rapid 
locomotory responses. However, as outlined above, available data do not yet 
support avoidance as an adaptive mitigating factor. 

Dose is presumed to be a function of both mean chlorine concentration and 
time of exposure. Dose estimation is limited to the period during which total 
residual chlorine exceeds the chronic toxicity threshold (0.02 and 0.0015 mg/1 
for marine and freshwater systems respectively). Mean concentration can be 
estimated for any period by first dividing this period into small intervals and 
then estimating the mean concentration for each of the intervals. The smaller 
the interval the more accurate the estimate, particularly when the concentration 
rise or decline is curvilinear. If the time intervals are equal, mean concentration 
is a simple arithmetic average of the concentrations. However, a time-weighted 
average would be required in cases in which time intervals are of unequal lengths. 
In either case, the mean concentration and the total time of exposure provide 
data required for toxicity determination. 

(c) Toxicity determination. Toxicity can be determined in two ways using 
mean concentration and time of exposure. The first is graphic. Mean concentra-
tion and time, of exposure provide co-ordinates for a point, which can be 
compared with the appropriate thresholds (Figs 30 and 31). If this point falls 
above the chronic threshold and to the right of the acute threshold, significant 
toxicity would be predicted. The second comparison is mathematic. It is based 
on re-arrangement of Eq.( l ) to give 

j Q b l o g C + a 
(5) 
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where T is time, C is concentration, and b and a are the slope and intercept for 
the appropriate threshold line (Eq.(3) for freshwater sites and Eq.(4) for marine 
sites). Conversion of this equation to an inequality 

1 > r ( 6 ) 
I Q b l o g C + a 

defines conditions under which toxicity would not be expected. When short 
time intervals are used, these are summed until the concentration falls below 
the chronic level, and the total is compared with one. If substitution of the mean 
concentration and time of exposure does not satisfy this inequality, i.e. the right 
side of the equation > 1, toxicity would be predicted. The farther the plotted 
point is from the threshold line (graphic determination) or the bigger the 
difference from 1 (mathematic determination), the greater the confidence that 
can be placed in the decision. 

(d) Model evaluation. The Mattice and Zittel [20] model has a number of 
advantages for evaluating impacts associated with chlorination at power plants: 
(1) it is relatively simple to use; (2) it is biased towards protection of the 
environment; (3) it incorporates site-specific hydrologic and design characteristics; 
and (4) it is flexible, permitting incorporation of new data as they are derived. 
This flexibility is one of its greatest assets. Flexibility is particularly important 
because of questions concerning the accuracy of some of the existing data and 
because of the rapid generation of new data. Total residual chlorine is under-
estimated when orthotolidine is used for analysis and/or when only a single 
fraction of the residual chlorine is measured. Estimates of toxicity levels, in 
either case, would be lower than actual. It seems illogical to ignore completely 
these data, without some confirmation of gross inaccuracy. However, if this 
premise of inaccuracy is supported by data obtained using appropriate toxicologi-
cal and analytical techniques, then substitution of the new data would be 
warranted. Also, major efforts are now being directed towards modelling the 
chemical fate of chlorine following discharge and determining the relative toxicity 
of free and combined species of chlorine. These studies could lead to modifica-
tions of the threshold positions but probably not to major modifications of the 
concept. 

As further results of experimentation become available, it is probable that 
the model will become less conservative. It is obvious that model construction 
was conservative at each step: setting the thresholds, estimating plume chlorine 
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FIG.33. Continuous dose-time combinations for organisms entrained into the discharge plume 
of a hypothetical power plant under three design modes: Case I — original proposal; Case II -
original plant design with decrease in chlorine application or limited dechlorination; and 
Case III - a modified design which increases dilution of the discharge. Toxicity would be 
predicted for Case I, but not for Cases II or III. 

concentrations, and estimating the toxicity of each concentration-time 
combination. Where biological or ecological compensatory mechanisms exist, 
it is also conservative in extrapolating from direct mortalities to population and 
ecosystem effects. Because environmental protection is the goal, each of these 
steps must be treated conservatively because of deficiencies in knowledge. As the 
information base grows in both depth and breadth, many of the conservative 
assumptions can be replaced by environmental data. 

(e) Applicability of the model for decision making. The utility of the 
model for evaluation of design and operational alternatives can best be demonstrated 
by considering a hypothetical power plant. Suppose that, under proposed 
design and operational specifications for the plant, significant numbers of 
organisms would be exposed to conditions defined by Case I (Fig.3 3). Because 
the dose-time combinations exceed the acute toxicity threshold, mortality would 
be expected to occur, and the utility company would be required to consider 
alternatives which would obviate the impact. 

Only three alternatives exist that would permit continued application of 
chlorine. The first is to reduce the application level. Case II (Fig.33) defines a 
discharge concentration ( ~ 0.25 mg/1) which would not result in acute toxicity 



164 ^ CHAPTER 3 

under the original design specifications. (Note that dilution is the same in 
Case I and Case II.) This alternative would actually reduce operating costs, 
providing that fouling can be maintained at the lower application levels. The 
second alternative is to implement dechlorination downstream of the condensers. 
Because reaction of chlorine with the dechlorinating agents (sodium thiosulphate, 
sodium bisulphate) is virtually instantaneous, 'Case IF also defines the application 
levels for the dechlorinating agents. In this example, application sufficient to 
yield a concentration of the dechlorinating agent of about 0.55 mg/1 (the 
difference between the chlorine released in Case I and the maximum chlorine 
from Case II) would be required. The cost of this alternative could thus be pre-
dicted by adding this operational expense to the initial capital costs. The third 
alternative is to modify the discharge design to increase dilution (Case III, Fig.33). 
This alternative involves the highest capital costs, but permits higher chlorine 
concentrations in the discharge water (here, about 0.55 mg/1) than the first 
alternative. 

Obviously, selection of the optimum alternative involves cost-benefit 
comparisons. However, the model provides input for these comparisons, as well 
as an environmental criterion for predicting the magnitude of the modifications 
required. 

3.12.4. Summary 

This work has outlined current progress towards defining optimum chlorina-
tion practices at power plants. The concept of optimum chlorination focuses 
attention on two criteria: control of fouling and avoidance of environmental 
impact. This concept provides a useful framework for evaluating current 
capabilities and for directing future studies. Laboratory and field studies have 
led to the increasing realization that customary fouling control procedures 
generally result in over-chlorination. Minimization studies at power plants have 
reinforced this conclusion, and have provided the stimulation for investigation of 
the mechanisms involved in fouling and its control. Mathematical models have 
shown promise for predicting rates of formation and environmental fates of 
residual chlorine compounds in chlorinated cooling waters. Finally, results from 
studies of the toxicity of chlorinated products in cooling waters indicate that 
residual chlorine compounds have the highest potential for environmental impact. 
Summarization of data on toxicity of residual chlorine has been used as the basis 
for a chlorine toxicity model. This model, albeit conservative with respect to 
environmental protection, provides useful information for comparison of design 
and operational alternatives with respect to relative impact on aquatic organisms. 
Research designed to evaluate this model will promote development of more 
realistic regulation of chlorinated cooling waters. 
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Equally evident is the complexity of the research endeavour required to. 
provide the scientific basis for defining optimum chlorination practices. Specific 
studies generally parallel those required for other industrial chlorine uses 
[35, 36]. They involve questions of minimum effective application levels, rate 
of formation and fate of chlorine and chlorinated products in natural waters, and 
toxicity of these products under realistic conditions which would obtain at power 
plants. In each case, combinations of laboratory and field studies will be neces-
sary. Realization of the extent of this effort has prompted the search for an 
alternative to chlorine. But similar studies would be required to support a switch 
to alternatives, and less is known about the alternatives than about chlorine. 
The benefits of chlorine and the need for ensuring environmental safety fully 
warrant research on chlorine optimization. 
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Chapter 4 
SPECIAL TOPICS 

4.1. TROPICS 

4.1.1. Biological effects of thermal discharges in tropical regions 

The increasing use of nearshore cooling waters in tropical regions for 
electric power plants and industrial processes has stimulated concern regarding 
the effects of temperature increases on the marine biota residing in the thermal 
discharge areas. Johannes [1 ] suggested that the destruction or alteration of 
marine communities by heated effluent is greatest in the tropics because these 
organisms live at temperatures only a few degrees below their upper lethal limit. 

Although this generalized statement is supported mainly by the results of 
a study on corals in subtropical Florida, it does serve as a basis for comparing 
temperature effects data from other tropical or subtropical areas. It also allows 
for a comparison with studies on thermal discharges carried out in northern 
temperature regions. Miller and co-workers [2] (Section 3.2 herein) proposed 
that any combination of AT and ambient water temperature not exceeding 25°C 
in colder waters be considered stimulatory for algal production, whereas water 
temperatures above 34°C were inhibitory to development within the algae 
community. A further analysis of the relationship between production/biomass 
ratios and temperature [3] indicates a depression in these values at temperatures 
above 24°C. 

On the basis of these results it appears that a sustained increase of 3 to 
5 degC, due to the discharge of heated effluent during summer maxima in either 
temperate regions (23°C in the Laurentian Great Lakes) or tropical waters 
(30°C [4]), could adversely influence the aquatic biota indigenous to either 
region. 

A survey of field studies in Florida, where most of the work on heated 
discharges under subtropical-tropical conditions has been carried out, suggests 
a fairly uniform pattern of thermal effects on many marine organisms. Johannes [1 ] 
noted that corals adjacent to the Turkey Point Power Plant ceased to feed when 
heat stressed. The corals Solenastrea hyades and Siderastrea sidera disappeared 
from the thermally enriched areas. Bader and co-workers [5], working at the same 
site, showed that sustained temperature increases (3 degC above ambient) led 
to the disappearance of macro-algae and the turtle grass Thalassia testudinum. 
Lethal temperatures for gravid female shrimp (Palaemonetes intermidium and 
Periclimenes americanus) and juvenile stages of lobster and some fishes were 
between 33° and 37°C. Larval stages and eggs of the Crustacea showed somewhat 
lower thermal limits (31 °C). 

169 
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Studies on total community metabolism of estuarine bay systems receiving 
thermal discharges on Florida's west coast [6 ,7 ] showed no significant differences 
between the heated and control zones. At the same site Young [8] studied two 
salt marshes, of which one was thermally enriched. Higher levels of organic matter 
turnover and metabolism were recorded in the heated marsh, however; the ratio 
between production and respiration was found to be similar to that of the control 
marsh. 

Results of a two-year study at Florida's Turkey Point Plant [9] indicated that 
standing crops of four major calcareous macro-algae (Penicillus, Halimeda, Udotea 
and Rhipocephalus) and other green algae were not affected by the heated effluent. 

Nursery areas for juvenile fishes, however, appear to be more susceptible to 
thermal discharges. Carr and Giesel [10] reported adverse effects of thermal 
discharges from a Jacksonville, Florida, generating station on the capacity of two 
marshland creeks to serve as nursery areas for juvenile mullet (Mugil curema and 
M. cephalus during the summer maxima. Both numbers and biomass of juveniles 
were three- to ten-fold smaller than those from a control creek. 

Studies on effects of thermal discharges into tropical waters have also been 
reported from Puerto Rico, Guam, Hawaii and India. Detailed case studies from 
a coastal station (Tarapur) and an inland site (Rana Pratap Sagar) in India are 
reported in Section 4.1.2. 

Kolehmainen and co-workers [4] have published detailed results of experi-
ments carried out at a generating station located on Guayanilla Bay in Puerto Rico. 
Temperatures in the heated effluent varied from 35°C in the winter to 40°C in the 
summer. These values were 8 to 10 degC above ambient ocean temperatures. 
Zooplankton, micro- and macrobenthos, turtle grass (Thalassia testudinum), 
mangrove communities and fish fauna were studied. Biota most tolerant of 
elevated temperatures were bluegreen algae, mangrove trees, certain molluscs, 
crabs and fish, all of which had populations living at water temperatures of 37°C 
or higher. Heat-sensitive organisms were the red and brown algae, coelenterates 
and echinoderms. 

Jones and co-workers [11] studied the effects of heated effluent (34.7°C) 
on tropical coral reefs adjacent to the Tanguisson Power Station in Guam. Their 
findings were similar to those of Johannes [ 1 ] in Florida in that they reported 
mean upper tolerance limits for corals between 30° and 33°C. The discharge 
temperature in the Guam study was 7.0 degC above ambient. One recommen-
dation from this study was that heated effluent should be released into deep, 
offshore waters in order to provide a greater mixing zone and thus relieve the 
thermal stress on reef organisms living in the shallower, nearshore zone. 

Nearly all corals were killed when the water temperature was raised 4 to 
5 degC above ambient by thermal discharges from the Kahe Point Power Plant 
in Hawaii [12]. The damage was most severe during the annual ambient maxima 
temperature. 
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In a study on Hawaiian reef fishes in the area of the thermal discharge at 
the Kahe Point Station, McCain and Peck [13] reported a change in fish species 
composition in areas where the thermal plume normally reached the bottom. 
This shift appears related to an increase in the standing crop of benthic algae 
which may support the large number of fish, mainly Acanthuridae. 

In summary it is apparent that coral reef communities, fish spawning areas, 
specific invertebrates and nearshore algae are adversely influenced through sustained 
temperature increases of 2 or 3 degC from thermal discharges during the summer 
maxima. These observations are compatible with results of studies in temperate 
colder climates despite differences in maximum ambient summer temperatures. 
There is no obvious evidence that tropical marine organisms are any more 
susceptible to slight increases in water temperature than their counterparts 
inhabiting cooler waters. Inhibitory or lethal temperature regimes initiated by 
thermal discharges during ambient summer maxima can probably be resolved 
through proper placement of discharge pipes into deeper offshore waters [14]. 
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4.1.2. Thermal monitoring experiences in coastal waters and reservoirs 

There is considerable concern that the discharge of heated effluents from 
power plants in tropical waters may lead to further degradation in water quality. 
In these waters temperatures can rise to 35°—38°C in summer and about 40°C 
in the region of outfall of heated effluents; these temperatures are in the range 
considered optimal for the growth of human pathogens. Reduction of DO as a 
result of discharge of heated effluents from the station is not likely to endanger 
fish life unless organic matter is present (untreated sewage effluents) and becomes 
oxidized. The distribution of heated effluents in foreshore waters and its influence 
on stratification are dependent on the location and design of intake and discharge 
lines and environmental factors such as tides, wind direction and dilution 
availability. 

Tropical waters show wide variations in diurnal and seasonal temperature 
far greater than the small increases that result from discharge of heated effluents 
from power station condenser cooling. In coastal waters the difference between 
day and night temperatures can be about 5—6 degC and in inland waters the 
difference can be as large as 1 5 - 2 0 degC in some seasons. 

Experience of monitoring temperatures in water bodies receiving heated 
effluents at a coastal site and an inland reservoir is presented below. 

(a) Coastal site: Boiling Water Reactor: two units 200 MW(e) each 

The intake draws coolant seawater from about 2 m depth through an open 
channel cut in the foreshore and sloping down at the station into a silt trap and 
intake pool. The discharges are released through one-kilometre long channels 
based on land on either side of the intake channel. The traverse through the 
channel by itself does not contribute to cooling except at high tides when the 
inrush of tidal water mixes with the effluent stream with great turbulence. At the 
junction of the effluent with the sea, the temperature drops to about 0.5°C at 
high tide and 3°C at low tide. The tides are diurnal, the shoreline is windy and 
the conditions are favourable for rapid cooling. The tidal heights reach up to 
5.5 m which favours turbulent cooling. Even under adverse climatic conditions 
the temperature increase (0.5 degC) is not observed beyond 1 km from the end 
of the discharge channel [1 ]. During the monsoon season lasting three months 
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FIG.34. Thermal profiles in Rana Pratap Sagar. 

further abatement is effected from precipitation of 2000—3000 mm. The site, 
is unlikely to present a hazard of thermal pollution. 

(b) Inland site: Natural Uranium—Heavy Water Reactor: 200 MW<e) X 2: 
only one unit in operation 

The station is located between two hydro dams, one located 20 km upstream 
and the other 5 km downstream. The station draws its coolant waters from the 
freshwater reservoir through a conduit located at lake bottom about 20 m below 
the surface. Only one unit is commissioned at an operating level of 180 MW(e) 
and corresponding dT = 8—10 degC. 

Figure 34 is a pattern of thermal profiles encountered in the intermixing 
zone [2] for one year representing seasonal variations. The cooling water intake 
is located at an elevation of 330 m and the temperature may be read in the intake 
and ambient waters at the surface. The intake was designed on the basis of 
upstream reservoir [3] conditions where depth temperatures and density were 
closely related. Figure 34 shows the formation of a strong thermocline in mid-
summer separating the cool hypolimnion waters where the intake is located from 
the warm epilimnion. The month of August in the region marks the highest 
observed temperature. In the months following October, the lake cools down to 
20°C uniformly in December and 18°C in February at the intake level. On the 
approach of summer in March—April the surface waters warm up whereas heat 
diffusion to bottom waters is prevented by the thermocline. Even as late as the 
beginning of June the difference in the temperatures of intake and ambient 
waters is 8—10 degC. It was interesting to observe that the coolant waters passing 
through the condenser have a temperature almost equal to or less than the lake 
surface waters. The first showers arrive in early June and the lake waters are 
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FIG.35. Temperature mapping of discharge area. 

cooled once again. Figure 35 shows the horizontal spread of heated effluents 
in the intermixing zone. 

The intake waters are oxygen-deficient in comparison with lake waters 
exposed to sun. Monitoring of the intake and discharge waters for DO content 
showed that the effluents are richer in oxygen content [2], Tank experiments 
have shown that tropical waters can become supersaturated in oxygen when 
there are algae in the waters. Fish held in nylon net cages and placed in the 
discharge canal were observed to be infested with a large number of ectoparasite, 
Alitropus typus [4], compared with fish kept similarly caged upstream. 

The studies carried out [5] indicated that the conditions in the reservoir 
receiving heated effluents are optimal for 

(1) Proliferation of parasites and pathogens. 
(2) Oxygen supersaturation in outfall caused by 

(a) condenser circulation and increased DO, 
(b) lowering of DO limit for saturation at higher temperature, 
(c) increased photosynthesis from long duration of sunlight. 

(3) Weed growth; Vallisneria is seen close to the outfall. 
(4) 'Cold shocks' are, however, unlikely, because of acclimation to a large 

diurnal variation in temperature. 

There has been no evidence of fish loss in large numbers (entrainment, 
impingement, etc.) because (a) the area involved and the temperature increase 
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are small, (b) there is oxygen enrichment in condenser circulation, and (c) the 
lake is young and has a poor density of fish. 

4.1.2.1. References for Section 4.1.2 

[ 1 ] KAMATH, P.R., BHAT, I.S., G A N G U L Y , A.K., "Environmental behaviour o f discharged 
radioactive effluents at Tarapur Atomic Power Station", Environmental Aspects o f 
Nuclear Power Stations (Proc. Symp. New York, 1970), IAEA, Vienna (1971 ) 475. 

[2 ] KAMATH, P.R., GURG, R.P., BHAT, I.S., V Y A S , P.V., "Measurement and evaluation 
o f thermal effects in the intermixing zone at low power nuclear station outfal l" , Second 
Conf. on Waste Heat Utilisation, University o f Miami, Miami Beach, Florida, 4—6 Dec. 1978. 

[3 ] KAMATH, P.R., BHAT, I.S., GURG, R.P., ADIGA, B.B., CHANDRAMOULI, S „ 
"Seasonal features o f thermal abatement of shoreline discharges at nuclear sites", 
Environmental Effects o f Cooling Systems at Nuclear Power Plants (Proc. Symp. Oslo, 1974), 
IAEA, Vienna (1975 ) 217. 

[4] KAMATH, P.R., GURG, R.P., SEBASTIAN, T.A., V Y A S , P.V., DUBE, B „ NAIR, K.V.K., 
Impact on water quality f rom discharge o f thermal effluents in RPS Lake, IAEA Research 
Co-ordination Meeting on Thermal Pollution, Kalpakkam, 5 - 9 Dec. 1977. 

[5 ] CHAUDHURY, R.S., WALKER, M.F., Parasitic behaviour o f freshwater isopod Alitropus 
typus in fishes o f Rana Pratap Sagar, India (in press). 

4.2. ECOSYSTEM STRESS AND COOLING SYSTEMS 

4.2.1. Ecosystem dynamics and stress 

Chronic and episodic stresses on biological systems act directly at the 
biochemical-organism level of organization, but these stresses can ultimately 
alter ecosystems if sufficiently severe. Extensive primary effects on organisms 
may overcome the compensatory capacities of stressed populations or may be 
transformed into indirect effects on other populations via disruption of normal 
interspecific relationships. Subsequent changes in biological community structure 
or function could constitute a significant impact on ecosystem health or on 
socially valued resources. Acceptability of impact can be evaluated from 
either social or ecological perspectives, but, unfortunately, neither value system 
is sufficiently well-defined to provide clearcut definitions of 'significant' change. 

Stress ecology is the field of research that deals with mechanisms, responses 
and constraints at various levels of biological organization (i.e. individual — 
population — community — system levels). Stress has many synonyms 
(e.g. perturbation, disturbance), but the agents or stressors usually are considered 
to be of exogenous origin and to be new to the system (e.g. organic pollutants) 
or applied at levels in excess of normal (e.g. heat/temperature, heavy metals, 
entrainment and impingement which cause unnatural mortality). 
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The concept of ecosystem 'stability' has variable definitions, but all are 
based on the notion that some unperturbed state or behaviour is the norm and 
that ecosystems resist change from the norm [1 ]. The early research emphasis 
on acute, short-term stresses led to the concept of ecosystem 'resilience' or 
capacity to return to the normal state following stress [2, 3]. Both concepts 
suggest inherent buffers or mechanisms of compensation and resistance to 
disturbance [4], This ecosystem-level adaptability complements and adds to 
the adaptation mechanisms operating at physiological, organism and population 
levels that were discussed in Section 3.10. 

In practice, the state or trajectory of an ecosystem is represented by 
various 'state variables' or 'emergent properties' [5] that are considered to be 
integrative measures of structural or functional integrity. Although state 
variables do not remain constant, normal or baseline conditions are often 
approximated to be steady state [6]; alternatively, normal spatial and temporal 
variations are factored into a 'bounded' baseline [1]. 

At present, most analytical tools and theoretical concepts in stress ecology 
deal with the population-community levels of biological organization [6]; 
however, there is no consensus on the existence of a universal indicator or 
'white mouse' for ecosystem research. Measures of community structure 
(e.g. species diversity indices) have been popular indicators of stability and 
change in ecosystems, and the tendency has been prevalent to equate high 
structural diversity with high ecosystem stability [7, 8]. However, static measures 
of community structure are not indicative of community dynamics, and recent 
work suggests that a high degree of connection between structural and functional 
units of an ecosystem may indicate low stability [9, 10]. Despite many 
observations of altered structural composition and reduced structural diversity 
in stressed systems, studies with perturbed microcosms indicate persistent 
functional stability by surviving organisms [11], Functional properties that 
have been useful in characterizing ecosystem health include primary productivity, 
photosynthesis/respiration ratios and nutrient cycling. In recognition of the 
developing state of understanding regarding ecosystem stress pathology, it is 
commonly recommended that both structural and functional indices be adopted 
in ecosystem studies [12]. 

Cairns [3] outlined several of the components which he believed contributed 
to aquatic ecosystem stability. A first group of components tends to resist 
initial disturbance (inertia), whereas a second group contributes to rapid 
recovery of local stress damages (elasticity). Where more than one stress occurrence 
may be common, the ability to withstand repeated assaults (Cairns' 'resilience') 
is important. The relative importance of these components depends on the 
form of the stress as well as on the characteristics of the ecosystem. A rating 
of the critical local components of inertia and elasticity could allow estimation 
of the degree of risk of long-term ecosystem damage at a particular site. 
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4.2.2. Components of 'inertia' 

4.2.2.1. Adaptations of component species to variability 

High individual and population adaptability to variable environmental 
conditions among a large percentage of species conveys stability to the ecosystem. 

4.2.2.2. Structural and functional redundancy among species 

Highly evolved ecosystems contain a multitude of species, many of which 
can conduct the essential services. Should one species be reduced or eliminated, 
a substantial portion of the original activity can be taken up by other species 
which remain and expand to fill the ecological role. 

4.2.2.3. Mixing capacity 

Dynamic ecosystems actively transport point introductions, particularly 
heat, away from the source and into a more dispersed state. In this state of 
dispersion, the acute effects become less severe, and the time of ecosystem-wide 
change awaits long-term accumulations, if these can occur (heat does not 
generally accumulate in water bodies, but is lost to the.atmosphere). 

4.2.2.4. Chemical characteristics 

Chemical buffering by the inorganic constituents of water hardness, and 
(presumably) by organic components that may act in ways such as chelators, 
can modify the actions of perturbations. This would be most effective for 
toxic chemicals. 

4.2.2.5. Ecological thresholds 

Ecosystems appear to have tolerance thresholds akin to those of individual 
physiology thresholds which induce change only when they are breached. This 
usually leaves considerable flexibility for environmental changes before the 
thresholds are reached. Thresholds in ecosystems have not commonly been 
dealt with in stress analyses, but their existence could suggest effective 
management tools. 

4.2.2.6. Regional management capabilities 

To the characteristics of natural ecosystems, Cairns adds the feedback of 
detection and control that have been implemented by man in most aquatic 
systems in recent years. 
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4.2.3. Components of 'elasticity' (recovery) 

4.2.3.1. Existence of re-invasion epicentres 

Tributaries or other refuge areas speed the recovery process by contributing 
colonizing organisms for the damaged areas. 

4.2.3.2. Mobility of disseminules 

Ecosystems containing a high proportion of species with motile or easily 
transported stages (eggs, spores, flying adults, etc.) have a high potential for 
rapid recovery. 

4.2.3.3. Habitat condition following stress 

Ecosystems in which the habitat structure remains after the stress will 
recover more quickly than those in which the stress alters the basic habitat. 

4.2.3.4. Residual toxicants 

Recovery of ecosystems from toxicants will depend upon their ability 
to clear any residuals from the system. 

4.2.3.5. Chemical-physical quality after stress 

Ecosystems in which the chemical or physical water quality is not altered 
will rebound faster than those in which long-term water quality changes are 
produced. For example, thermal additions may alter the dynamics of thermocline 
formation in lakes and hypolimnetic oxygen depletion with long-term impacts 
after the temperature stress is removed. 

4.2.3.6. Management capabilities for aiding recovery 

Management intervention by man's resource agencies can aid recovery of 
some ecosystems but can be difficult or impossible in others. 

4.2.4. Cooling system impacts on ecosystems 

Cooling systems directly affect individual organisms and can result in 
population, community or ecosystem-level impacts. The primary determinants 
of impact are the magnitude of imposed stresses in relation to the stability or 
carrying capacity of the stressed system. For example, pervasive thermal 
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enrichment in an aquatic system will favour endemic or exotic species with 
higher or broader thermal tolerance ranges [13]. Habitat temperatures and 
thermal tolerances act as mechanisms of selection [14]; under thermal stress 
interspecific competition is enhanced and tolerant species are favoured [15]. 
Fortunately, most large power plants in North America have been sited on 
large bodies of water, and pervasive heating or ubiquitous shifts in species 
composition/structural diversity are uncommon. However, localized changes 
in biological structure and functional process rates are commonly observed in 
bodies of water that are thermally enriched. The present level of thermal 
stress on most natural waters is generally lower than required to cause 
widespread changes in ecosystem structure or function [16]. 

Examples of system-wide changes that are attributable to cooling systems 
are most common from studies of cooling lakes and reservoirs, cases where 
the stresses on endemic organisms were sufficiently large or widespread to 
affect entire populations and communities. System-wide declines in the 
populations of three species of fish in the Keowee Reservoir (South Carolina) 
were related to sublethal increases in water temperature [17] and indicated 
the relative vulnerability of species that normally exist near their thermal or 
geographic limits. These particular results have been debated, however, as 
being Caused by shifts in selected habitat that have resulted in decreased 
vulnerability of the species to summertime sampling techniques after 
plant startup. 

Increased production of thermally tolerant species is often paralleled by 
decreases in species diversity in heated environments. Normal seasonal variations 
in plankton species composition (seasonal succession) can be damped by 
elevated temperatures [ 18]. Such effects may be construed to be beneficial if 
the advantaged organisms contribute to socially defined values and needs. 
However, the species that are marginally adapted to normal conditions 
(i.e. most sensitive to stress) are often those most valued by human society. 

Certain thermal additions can be viewed as exerting brief periods of 
high-temperature stress on ecosystems in midsummer. At other times, the 
resulting temperature is within the normal annual thermal range. Thus, the 
risk to an ecosystem from power station cooling may depend upon its ability 
to recover annually from summertime thermal disruption. A number of field 
studies have documented such a cycle of stress damage followed by cool-season 
recovery for certain ecosystem components such as periphyton [19—21], 
macro-invertebrates [21 ], and fish [22]. 

Local changes in the balance of production and consumption have been 
identified at some power plant sites. Primary productivity by certain periphytic 
diatoms and blue-green algae is ungrazed where high temperatures restrict 
consumer populations. This local excess of production is transferred by water 
currents to downstream areas where excessive populations of certain consumers 
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are found [21 ]. In extreme cases, a zone of septic conditions is formed because 
of rapid accumulation and decay of displaced organic matter [23]. 

A significant change in ecosystem structure, and therefore presumably 
function, of lakes or reservoirs can occur when deep intakes withdraw hypolimnetic 
waters in summer. The thermal structure is greatly altered by expansion of the 
epilimnion, lowering of the thermocline and reduction (or elimination) of a 
true hypolimnion by mid to late summer (depending upon sizes of the lake and 
power plant). Hypolimnetic anoxia may be eliminated, thus affecting the 
recycle of nutrients from sediments. Expansion of the epilimnion can dilute 
the density of larval fishes that are spawned in limited shoreline zones, thus 
affecting feeding and survival. Lowering of the thermocline changes the depth 
distribution of fishes that typically seek (prefer) low temperatures, thus 
affecting their feeding and vulnerability to predation. The increase in total 
heat content of such lakes has been hypothesized to extend the annual period 
of primary production so that the organic matter budget is increased [24]. 
These and other risk hypotheses are being examined in studies of Lake Keowee; 
North Carolina, United States of America, by the U.S. Fish and Wildlife Service, 
Clemson, South Carolina. 

Other alterations of thermal structure (e.g. warm refuges in winter) can 
markedly alter ecosystem dynamics. Clupeid fishes such as threadfin (Dorosoma 
petenense) and gizzard (D. cepedianum) shad have been enabled to overwinter 
in many lakes solely by the presence of thermal discharges. The presence of 
these species has provided new prey for large predatory fishes [25] and can alter 
the size and composition of zooplankton and phytoplankton [26]. Thermal 
stimulation or limitation of predator species (such as striped bass) could also 
have significant ecosystem ramifications, for example, in nutrient cycling as 
reviewed by Kitchell and co-workers [27]. Current research is beginning to 
identify and confirm such multistep ecosystem interactions, but power plant 
effects have generally not been pursued to this level. 

Odum [11] has chosen to analyse ecosystem-level thermal changes in terms 
of energy flow models. Systems models, analogue computer simulations, 
energy cost-benefit tabulations and measurements of productivity and total 
system metabolism were used to evaluate the role of increased temperature 
inflows at Crystal River, Florida. Energy circuit diagrams (Fig.36) and 
simulations showed that power plants may have neutral or positive energy impacts 
on estuarine systems, if the ecosystems are given time to adapt to the new 
conditions. Any negative energy impact on the natural ecosystem may be much 
less than the negative energy impact to the man-nature system caused by 
constructing cooling towers. Patten [28] has used more conventional ecosystem 
compartment (input-output) models to project ecosystem changes caused by 
temperature increases. 

There is currently considerable debate about what constitutes an 'ecosystem 
study' of power station impacts. Most monitoring programmes established at 
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power stations (e.g. as required by the U.S. Nuclear Regulatory Commission 
or conducted in accordance with Section 316(a) of the U.S. Federal Water 
Pollution Control Act of 1972) have examined the major trophic components 
of aquatic ecosystems (phytoplankton, zooplankton, benthos, etc.) for changes 
in structure or function [16]. These have been defended as ecosystem studies. 
The observations have been generally limited, however, to the particular trophic 
groups themselves rather than to group interactions (trophic, structural, etc.). 
A truly ecosystem perspective, it has been argued, requires emphasis on 
changed interactions which lead to modified structural and functional ecosystem 
characteristics. But strict adherence to the 'emergent characteristics' only of 
ecosystems as topics for research and analyses at power plants has led to 
unfruitful pathways or to conclusions that are genuinely contrary to social 
objectives (e.g. species diversity remains constant even though dominant 
species change to less socially or ecologically desirable ones). 

With no imminent resolution of the differing views in sight, expanded 
research in ecosystem analysis should be encouraged. A major fault of ecosystem 
studies at power plants to date has been the lack of demonstrated predictive 
power. Nothing comparable to the predictable responses to nutrient reduction 
(e.g. Lake Washington in the United States of America [29, 30]) has been shown 
for ecosystems affected by power stations. The intricate descriptive methods 
have yet to provide verified, predictable, ecosystem endpoints from power 
station effects that can be related to 'significant impact'. Because ecosystems 
are highly complex and expensive to study in detail, identification of key 
attributes that are indicators of change and that have predictive (as opposed to 
merely descriptive) value would be highly desirable. Some efforts towards 
selecting such attributes are under way at several laboratories under funding 
by the U.S. Department of Energy and the U.S. Environmental Protection 
Agency [31, 32]. Further attention by researchers and environmental impact 
analyses is needed before ecosystem-level boundary conditions or design 
thresholds can be applied in a predictive manner to problems of power plant 
siting and design. 

4.2.5. Summary 

Concepts of ecosystem dynamics under conditions of environmental stress 
have been formulated in the past few years. Mechanisms of ecosystem stability 
are thought to include resistance to initial change (inertia) and ability to 
recover following a single stress (elasticity) or sequential stresses (resilience), 
using the terminology of Cairns [3], At least some of these general mechanisms 
are applicable to stresses from power plant cooling systems. They reflect 
ecosystem-level capacity for 'adaptability' discussed for other biological levels 
in Section 3.10. 
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Most large power plants in North America have been located on bodies of 
water that are large enough that gross ecosystem effects have not been seen. 
Localized changes in biological structure and functional processes are observed 
in smaller water bodies that are thermally enriched. Knowledge of complex 
and possibly long-term ecosystem responses to cooling systems is rudimentary. 
Considerable thought needs to be given to defining what is meant by ecosystem-
level responses and to selecting key attributes that are reliable indicators of 
ecosystem change. Indicators are needed that have predictive value for siting 
and design as well as descriptive value for monitoring impacts after plant startup. 
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Chapter 5 

PERSPECTIVES 

5.1. RETROSPECTIVE COMMENTS 

Approximately ten years have passed since intensive study was initiated to 
evaluate the environmental impacts of cooling systems. In the United States of 
America a variety of regulatory factors dictated the need for (1) the establish-
ment of temperature and water quality criteria/standards to protect 'indigenous 
biota', and (2) site-specific studies to provide the scientific bases for criteria and 
standards. Various federal sponsors initiated research programmes aimed at an 
evaluation of the generic responses of biota and ecosystem components to 
cooling system-related stresses. The results of many of these research and 
surveillance efforts are summarized in the preceding chapters of this document. 
Since the IAEA is primarily concerned with the dissemination of this information, 
particularly to those nations with rapidly developing electrical industries, it is 
appropriate that we provide some reflective comments on previous research and 
monitoring efforts. 

Tolerances and responses of selected organisms to cooling system-related 
stresses (e.g. effluent temperatures, condenser effects and biocides) are the logical 
focus of efforts to define water quality standards that will protect 'indigenous 
aquatic biota'. It follows that regional or system-specific information is necessary 
since there are differences in tolerances between geographically distinct populations 
of the same species. This and other geographically variable phenomena indicated 
the need for site-specific studies and protective criteria. However, it is now 
apparent that no clear guidelines exist for the efficient identification of sensitive, 
important species. Those species that are highly valued by society (e.g. 
commercially important fishes) may not be the most important from an ecosystem 
perspective. Also, it is indicated that acute effects on a limited number of 
individuals of a population may not be the most important effects of cooling 
systems, but that subtle changes in interspecific relationships may have far greater 
consequences. Thus, the concepts of site-specific acute effects and organismal 
tolerances seem to have provided justification for regulatory requirements that 
each utility perform effects surveillance at each nuclear and most large fossil 
electric plants (sites). The burden of proof ('no damage to indigenous biota') was 
placed on the utilities, but few consistent guidelines were provided by the 
regulatory agencies. 

Recently, much controversy has arisen over the purpose of power plant 
effects surveillance in general and over the scientific significance of previous 
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site-specific efforts. The trend towards independent site-specific studies resulted 
in highly variable methods and in a minimum of intra-system co-ordination. 
However, a common paradigm was selected for the determination of effects, i.e. 
that of statistically comparing mean parameter values between sampling stations 
(control versus plume) and between time periods (pre-operational versus post-
operational) at each site. Representative examples of surveillance programmes at 
various sites in the United States of America were evaluated by Pacific Northwest 
Laboratories [1 ], Oak Ridge National Laboratory [2] and Argonne National 
Laboratory [3, 4]. Some common conclusions regarding the design features of 
the reviewed programmes were: 

(a) The extent of pre-operational study (unperturbed conditions) was 
generally less than adequate to define normal temporal/spatial variance 
in parameters of interest. 

(b) Post-operational study was usually initiated without definition of the 
level (%) of change in each parameter that would be deemed biologically 
significant or statistically detectable. The concept of significant 
biological/physical/chemical change is often confused with the presence 
or absence of statistically determined change. 

(c) The high degree of spatio-temporal variance in ecosystem attributes 
often necessitates prohibitively large sample sizes in order to detect 
subtle changes or differences in mean parameter values. This condition 
has commonly restricted detectable differences to >100% of the control 
mean values. 

(d) In the absence of specific hypotheses and statistical models of effects, 
the trend has been to take a 'shotgun' approach and to measure a large 
number of parameters as intensively as funding would allow. Thus, 
by design, most surveillance programmes allocated too few samples 
(data) into too many categories and suffered from the inadequate 
sensitivity of statistical comparisons. 

These criticisms of typical surveillance programmes are quite valid and should be 
considered in cases where the multiple station comparison approach is deemed 
appropriate. 

The question of the proper approach to determining environmental effects 
(direct, acute or sublethal) or impacts (ultimate changes in population, community 
or ecosystem attributes) of cooling systems certainly is not a simple one to resolve. 
In cases where no information is available on direct effects, it is advisable to 
design site-specific studies which are co-ordinated and standardized within an 
ecosystem or region, and which emphasize the effects that are expected to be 
significant in terms of valued ecosystem resources. In this context, many of the 
existing site-specific methods would be applicable. 

In situations where previous site-specific studies have indicated the range 
in magnitude of direct effects, and where there is legitimate concern about present 
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or future impacts, the emphasis should shift to a co-ordinated ecosystem approach 
designed to evaluate the carrying capacity of the ecosystem for cooling system 
effects. The ultimate goal of this approach is to gain sufficient understanding 
about natural variation and responses to stress so that reliable early-warning 
methods are established and thresholds of significant impact can be estimated. 

In retrospect, it is apparent that considerable effort has been expended 
world-wide to quantify specific thermal, intake and biocide effects on individual 
organisms, but little effort has been devoted to the study of indirect effects on 
interspecific relationships or of structural and functional impacts. Many 
temperature-related effects have been detected but no disastrous impacts have 
been observed in large aquatic ecosystems where normal temperature cycles 
remain unaffected except for localized heated plumes. Present levels of intake 
effects have not resulted in measurable changes in fish populations, but, in some 
instances, impact simulation modelling has projected impacts on populations. 
Obviously, there are variable limits to the capacities of species populations to 
compensate for increased mortality and of individuals to compensate for sublethal 
stresses. Improved estimation of these dynamic thresholds is the key to future 
expanded use of large bodies of water for condenser cooling without jeopardizing 
the persistence of valued aquatic resources. 

In the past, cooling systems have been viewed primarily as potential problems 
and not as potential benefits. Waste heat can be put to use in carefully designed 
aquaculture systems to enhance growth of human food organisms, and this option 
may be especially attractive to nations that are in need of protein supplements 
for human diets. Impinged fish are normally wasted, but could be used as a food 
source when converted to fish meal. In theory, power plant intakes and discharges 
could be designed and sited to be efficient fish collectors, particularly in large 
cooling ponds managed for aquaculture. But these aims as well as the opposite 
goals of reducing interactions of biota and cooling systems depend on the 
acquisition of fundamental information about species, populations and communities. 

5.1.1. References for Section 5.1 
[1] McKENZIE, D.H., KANNBERG, L.D., GORE, K.L., ARNOLD, E.M., WATSON, D.G., 

Design and Analysis of Aquatic Monitoring Programs at Nuclear Power Plants, 
Battelle, Pacific Northwest Laboratories, Report to U.S. Nuclear Regulatory Commission, 
PNL-2423 (1977). 

[2] ADAMS, S.M., CUNNINGHAM, P.A., GRAY, D.D., KUMER, K.D., A Critical Evaluation 
of the Nonradiological Environmental Technical Specifications: Conclusions and 
Recommendations, Oak Ridge National Laboratory, Report to U.S. Nuclear Regulatory 
Commission, ORNL/NUREG/TM-69 (1977). 

[3] MURARKA, I.P., POLICASTRO, A.J., FERRANTE, J.G., DANIELS, E.W., 
MARMER, G.J., An Evaluation of Environmental Data relating to Selected Nuclear Power Plant 
Sites: a Synthesis and Summary with Recommendations, Argonne National Laboratory, 
Report to U.S. Nuclear Regulatory Commission, ANL/EIS08 (1976). 
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[4] SPIGARELLI, S.A., MURARKA, I.P., Recommendations for Future Monitoring at Zion, 
Waukegn, and other Lake Michigan Power Plants: A Report to U.S.E.P.A. (Region V), 
Argonne National Laboratory, Radiological and Environmental Research Division, 
ANL/ERC-78-47 (1977). 

5.2. CRITICAL CHOICES FOR ENERGY CONSERVATION IN POWER PLANT 
COOLING 

We have reached a point for critical decisions about energy efficiency of 
power plant cooling. Policies requiring closed cycle cooling, generally cooling 
towers, at all steam electric power stations are exceedingly costly of energy 
resources. Such costs do not appear warranted in many countries by the few 
(or socially acceptable) unavoidable environmental risks of the more energy-
efficient open cycle (once-through) cooling. The current deficient energy supply 
situation in much of the industrialized world means that efforts should be made 
to improve, not degrade, energy efficiency. Judicious selection of power plant 
sites and cooling system designs based on definable, quantitative, boundary 
conditions of ecosystem quality and stability can allow extensive use of the 
more efficient and less costly once-through technology. At coastal and large-lake 
locations, systems could be open cycle; inland, there are often opportunities for 
managed cooling lakes. There is no reason why the concepts and knowledge of 
ecological risks cannot be applied to developing environmentally protective, yet 
energy-efficient and cost-effective cooling systems, in the same manner that 
physical stress information for structural components is used to design safe, cost-
effective engineering structures. 

We face the critical decision between expending energy (and capital) resources 
needlessly for constructing cooling towers at all steam electric stations (many of 
which do not need them) and using our information and scientific resources in 
environmental sciences to apply cooling system controls only where the technical 
data justify using them. 

The following expands the main points above. 

5.2.1. Energy cost of closed cycle cooling 

Mechanical draught, evaporative cooling towers that have been defined as 
state-of-the-art cooling technology by the U.S. Environmental Protection Agency 
incur an energy penalty at a power station of about 2 to 4% of the electrical 
output, with the exact figure depending upon specific sites and designs (estimates 
run as high as 10-12% for some plants). For a 1000 megawatt power station 
this means an energy loss of 20 to 40 (up to 120?) megawatts of electricity. 
Because it takes about three units of fossil or nuclear fuel to produce one unit of 
electricity, this means that the energy loss as fuel is three times that figure. 
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Putting the quantities of energy more graphically, for a large nuclear power . 
station such as the Tennessee Valley Authority's (TVA) Browns Ferry Nuclear 
Plant (3000 megawatts) to operate in a closed cycle mode requires the total 
electrical output of TVA's large Norris Dam. The aggregate energy cost of 
cooling towers at all steam electric power stations is staggering and clearly 
contrary to international energy conservation objectives. (A detailed study of 
performance losses is being undertaken for the United States electric power 
industry by Stone and Webster Engineering Corporation, Boston, Massachusetts.) 

5.2.2. Unavoidable risks of once-through cooling 

Syntheses of environmental research at power plant sites and in research 
laboratories strongly indicate that there are few unavoidable risks associated 
with power plant cooling as long as fundamental principles involving relative 
water volume, water mixing dynamics, and sensitivities of aquatic organisms 
(as individual species and ecological communities) are used in establishing a power 
station. A large store of information on environmental responses to cooling 
systems (thermal discharges, intakes and chemical anti-foulants) already exists 
that can be used as a basis for decision criteria for optimizing cooling system siting 
and design. Many of the deficiencies in the environmental (particularly ecological) 
data are recognized, and continuation of active research can efficiently provide 
needed answers. 

Unfortunately, with the unavoidable risks judged to be small at properly 
designed facilities, there is a tendency to underemphasize the need for ecological 
data to define carefully the boundary conditions between negligible risk and high 
probability of unacceptable risk. Just as the experiences at poorly located or 
designed plants should not cause the requirement of cooling towers everywhere, 
the lack of ecological damages at properly sited power stations should not prevent 
our obtaining ecological criteria needed for distinguishing sites and designs for 
new plants that would be environmentally degrading. 

5.2.3. Ecological boundary conditions 
Any environmental factor - temperature, light, oxygen, chemical nutrients, etc. -

can be beneficial or damaging to living things depending upon the intensity, 
concentration and duration of exposure and other conditions of interaction related 
to the particular needs and requirements of the organisms. Predicting risk of 
damage from altering the natural levels of environmental parameters depends on 
knowledge of the requirements and tolerance limits of organisms both as individuals 
(to avoid 'fish kills') and as components of ecological communities (to avoid 
disturbing the interacting system of different organisms and their physical environment). 
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Experiments with key aquatic species in laboratories and observations in field 
situations have shown the validity of determining these ecological boundary 
conditions, or damage thresholds, and of using them to predict probabilities of 
damage from cooling system design options. Tolerances of individual organisms 
can be obtained now using standardized assay techniques; tolerances of complex 
ecosystems remain the subject of research, but the prospect for identifying key 
(or representative) attributes as tolerance limits is promising. 

5.2.4. The critical choice 

Pressures for new or revised national policy decisions on the future approaches 
to regulating power plant cooling are being exerted in many countries. One 
option is to have stringent regulations requiring closed cycle cooling (particularly 
at all new plants), with ensuing high energy costs. The other option would be a 
carefully planned use of environmental expertise to compare proposed (or 
existing) power plant sites and designs with known or obtainable ecological 
boundary conditions for estimation of the probability of environmental risk, 
followed by site-specific judgements of the need for closed cycle cooling. 
Inherent in the latter option is the freedom to choose among a variety of siting 
and design alternatives. Some of the alternatives can yield multiple-purpose 
benefits as well as provide cooling for the power station. These other benefits 
include cogeneration, use of reject heat for productive purposes (an energy 
conservation step in its own right), and multiple-purpose cooling lakes that 
benefit and enhance recreational use of environmental resources. 

The appropriate choice to meet the twin aims of energy conservation and 
environmental protection would seem to be a rational use of environmental 
resources and of the people and facilities that can apply environmental knowledge 
to power plant cooling questions. 

5.3. BENEFICIAL USES OF REJECT HEAT 
Increasing attention is being given to finding productive uses for power plant 

reject heat because of rising demand for and cost of energy and because of 
recognized environmental hazards from uncontrolled energy supply and use. 
The waste of approximately two thirds of fuel energy during conversion of fossil 
or nuclear fuels to electricity is increasingly viewed as excessively extravagant. 
Methods are being developed for converting the 'thermal pollution' from power 
stations into useful heat resources that can substitute for and conserve other 
energy supplies. 

There are potential physical applications of power plant reject heat (e.g. in 
process heating) and biological applications (e.g. fish culture, soil warming, 
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and heating greenhouses and livestock shelters). Both types of uses have been 
discussed intensively at conferences over the past ten years. A summary of 
beneficial uses of waste heat has been given by the IAEA [1]. A comprehensive 
state-of-the-art report has been prepared for the Electric Power Research Institute 
in the United States of America by the Tennessee Valley Authority [2], 

As part of the IAEA co-ordinated research programme in thermal discharges 
and their effects, research on aquaculture has been conducted at the Oak Ridge 
National Laboratory [3]. Several conclusions have derived from these and other 
aquaculture studies which should guide further efforts. 

(1) Species must be carefully selected to benefit from warming of the water. 
Some facilities have chosen two species, one for winter culture and another 
for summer culture. The thermal requirements for growth, such as 
illustrated in Fig. 16, must be known or determined through research. 

(2) Feeding rates or availability of natural food must be matched with tempera-
tures to ensure good growth since organisms usually require more food at 
higher temperatures. Studies of food conversion efficiency as a function of 
temperature and ration are desirable for the selected species. High cost of 
artificial feed limits the economic viability of many aquaculture systems. 

(3) Reproduction and rearing of larval stages can be the most difficult phases of 
the culture system, and may require considerable research before being 
feasible. 

(4) At least three power plant units are advisable at any culture facility to ensure 
continuous supply of warmed water. This is especially important when AT 
is large, in order to avoid cold shock during a unit shutdown. 

(5) A system for blending ambient and discharge water is important for avoiding 
excessively high summer temperatures in mid-latitude zones. 

(6) Chlorination of condensers at the power plant may cause toxicity and loss of 
organism. This can be avoided by providing isolation of the culture system, 
at least during chlorination. 

(7) High density culture can be limited by dissolved oxygen and buildup of 
waste products. High flow rates can be made available to prevent this, 
or aeration can be used. 

(8) High culture temperatures can affect bioaccumulation of hydrocarbons, 
inorganic toxicants and radionuclides, and may result in unacceptably 
contaminated products. 

(9) Multiple-species aquaculture systems ('polyculture') that use a food chain to 
produce feed materials, grow commercial products and provide internal 
waste treatment appear to have high potential for economic viability. 

(10) A market for the product(s) determines the economic feasibility of commercial 
aquaculture. Species should be selected for their market value as well as 
biological compatibility with culture systems. Some thermal aquaculture 
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projects have not been economically viable, whereas others have predicted 
economic viability based on experimental data. 

(11) There are many institutional barriers to use of thermal effluents for aquaculture, 
which are somewhat unique from country to country. 

5.3.1. References for Section 5.3 

[ 1 ] INTERNATIONAL ATOMIC ENERGY AGENCY, "Beneficial uses of waste heat", 
Thermal Discharges at Nuclear Power Stations: Their Management and Environmental 
Impacts, Technical Reports Series No. 155, IAEA', Vienna (1974) 109. 

[2] HUBERT, W.A., MADEWELL.C.E. (Eds), State-of-the-art Waste Heat Utilization for 
Agriculture and Aquaculture, Rep. EPRI EA-922, Tennessee Valley Authority, Chattanooga, 
Tennessee, for Electric Power Research Institute, Palo Alto, California (1978). 

[3] OLSZEWSKI, M., SUFFERN, S., COUTANT, C.C., COX, D.K., "An overview of waste 
heat utilization research at the Oak Ridge National Laboratory", Waste Heat Management 
and Utilization (LEE, S.S., SENGUPTA, S., Eds), University of Miami Press, Coral Gables, 
Florida (1977) VIII-A-3. 

5.4. INFORMATION SOURCES 

The great proliferation of research and monitoring reports on the effects of 
cooling systems has strained conventional mechanisms of scholarship. Computerized 
bibliographic services with periodic (usually annual) compilations now provide 
the researcher and analyst with access to the large and diverse literature. This 
information resource is in the public domain. Bibliographies and searches can be 
obtained free or with nominal charges. 

Annual literature reviews on thermal effects, entrainment and impingement 
are published in the June issues of the Journal of the Water Pollution Control 
Federation (2626 Pennsylvania Ave., N.W., Washington, DC 20037, United States 
of America). These topical reviews and annual indexes [ 1 ] are prepared by the 
staff of the Ecological Sciences Information Center of Oak Ridge National 
Laboratory under the sponsorship of the U.S. Department of Energy and the 
Electric Power Research Institute. Other topical reviews published by the Journal 
cover water pollution control research. Thermal effects research before 1971 was 
indexed in a single volume by the U.S. Atomic Energy Commission [2]. 

An inventory of sources of computerized ecological information has recently 
been published [3 ]. This listing contains computer-searchable ecological data 
bases and information centres dealing primarily with the United States of America 
and the continental shelf surrounding it. The report summarizes for each source 
the type of information contained, geographic coverage, charges and availability 
to external users. 
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Much of the recent information on cooling system impacts is in the form of 
limited-circulation, administrative and monitoring reports to electric utility 
companies and regulatory agencies. To make these information resources available, 
the Atomic Industrial Forum (1016 16th Street, N.W., Suite 850, Washington, 
DC 20036) has established 'INFORUM', which maintains a computerized record 
of all U.S. power stations, their descriptive characteristics, and all environmental 
reports that have been prepared that relate to that site. Copies of most of these 
reports are kept in the INFORUM library for inspection and use. 

5.4.1. References for Section 5.4 
[1] TALMAGE, S.S., Thermal Effects on Aquatic Organisms — an Annotated Bibliography 

of the 1977 Literature, Rep. ORNL/EIS-143, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee (1978). 

[2] RANEY, E.C., MENZEL, B.W., WELLER, E.C., Heated Effluents and Effects on Aquatic 
Life with Emphasis on Fishes: A Bibliography, Ichthyological Associates Bull. No.9; 
USAEC Tech. Info. Center, Rep. TID-3918 (1974). 

[3] HUBER, E.E., TUCKER, C.S., DAILEY, G.A., Inventory of Sources of Computerized 
Ecological Information, Rep. ORNL-5441, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee (1978). (Available from National Technical Information Service, 5285 Port 
Royal Road, Springfield, Virginia 22161, United States of America.) 
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