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INTRODUCTION 

pu_!pose 

The three major impacts on the aquatic environment associated with 

the cooling water systems of electric power generating plants are related 

to thermal plume, entrainment, and impingement effects. In recent years, 

the potential effects of entrainment and impingement have become a focus 

of research by aquatic scientists. 

An organism which is drawn into a water intake as part of the volume 

it occupies is said to be entrained. Entrapment refers to the physical 

blocking of larger entrained organisms by a barrier, usually an intake 

screen. Impingement occurs when the entrapped organism is held in con­

tact with the intake screen (Hanson et al. 1977). 

This study examined entrainment and impingement at the Dairyland 

Power Cooperative Alma, Wisconsin power plants, units 1-5 and the J. P. 

Madgett Station (Buffalo County, Wisconsin). 

Rationale 

The Dairyland Power Cooperative presently supplies approximately 

640 megawatts (MW) continuously to its customers in western Wisconsin. 

The monthly demand forecast for the year 2000 projects a demand for over 

1800 MW (Dairyland Power Cooperative 1980). If this projection is to be 

realized, the increasing power demand can only be met by an increase in 

the number of power generating stations, and by replacement of existing 

plants as they become obsolete. 

The environmental effects of power plants on aquatic communities 

are a concern of many groups and agencies. The Upper Mississippi River 

is now used as a cooling water source for power plants, and use is cer­
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tain to increase as the demand forecast becomes reality. 

The effects of entrainment and impingement at these power plants 

are potentially detrimental. However, to accurately assess these effects, 

the data should be evaluated as it affects the entire aquatic community. 

The analysis of these data at the community level may be of value in det­

ermining the limits of power-plant-induced exploitation of the fishery of 

the Upper Mississippi River. 
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~trapolations were made among sites. Minimizing deleterious effects on 

aquatic life, in compliance with the Federal \<later Pollution Control Act 

of 1972, can only be accomplished if the environmental consequences of im­

pingement are evaluated in the context of impact on the aquatic community. 

TIlis substantiates the need to analyze each impingement situation individ­

ually (Gross 1976, Hanson et a1. 1977). 

The purpose and use of impingement data should be related to the 

population dynamics of the fishery concerned (Murarka et a1. 1977). To 

determine the significance or acceptibility of organism loss, the number 

of impinged fishes should be compared to the standing crop of the fishery 

(Sharma 1977, Grotbeck and Bechthold 1973). In large bodies of water or 

where open systems make standing crop estimates difficult to determine, 

commercial and sport harvest fishing statistics can be used (Sharma 1977). 

'fhe power plant, in these estimates, can be considered as a fisherman 

taking a portion of the total harvest (Latvaitis et al. 1976; Sigma 

Research, Inc. 1975). Using these estimates in impact assessment of 

power plant cropping, Lawler and Englert (1977) have applied two classical 

approaches considered to represent fish population dynamics. These are 

the Ricker (1954) and Beverton and Holt (1957) models. 

Ricker's stock-recruitment model (1954) shows the oscillatory prop­

erties of the population more readily then the Beverton-Holt model (1957) 

because it is based solely on the density-dependent mechanisms of the 

population. The Beverton-Holt model includes density-independent factors 

in the evaluatiun and is, therefore, more readily dampened. To realisti­

cally view fishery population dynamics, the density-independent factors 

must be considered. Lawler and Englert (1977) concluded that an in­

herent stability is present in aquatic systems. Canon and Lauer (1976) 
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have applied stock-recruitment analyses to data for striped bass (Mo~on~ 

sax~~ilis) in the Hudson River. Results show that the population would 

be resilient, probably through increased survival, to severe impacts 

whether due to power plant or nonpower plant factors. 

The ability of a population to be resilient and persist, due to 

power plant effects or otherwise, is described by McFadden (1977) as comp­

ensation. A limit to the population density is set by the carrying capa­

city of the environment. Interactions affecting population density at or 

near this carrying capacity include both density-dependent and density­

independent mechanisms. Of primary importance are changes in natality 

and mortality in response to a changing population density. For this 

reason, high exploitation percentages may not endanger many fisheries 

due to an increase in survival or reproduction rates to compensate for 

the reduction in numbers, either in whole or in part. McFadden (1977) 

warns, however, that this built-in mechanism, which serves as a protection 

from perturbations, has its limits and cannot be pushed beyond these limits 

without some resulting adverse effects. 

I<:_n~E.?inm~I1t_.Q~mag~ and_~~-!"vival 

Organisms can be exposed to two types of entrainment involving once­

through cooling systems of power generating stations. Pump entrainment 

involves organisms which are incorporated into the power plant cooling 

system with the cooling water. Plume entrainment is concerned with effects 

on organisms encountering the thermal plume as water leaves the power 

plant at the discharge. The scope of this review will be restricted to 

pump entrainment. 

During entrainment by a power plant, there are three stresses which 
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will invluence the survival rates of organisms involved. These are physi­

cal stresses, thermal stresses, and chemical stresses (Schubel and Marcy 

1978). Thermal tolerance data for fry and larvae is highly variable among 

species (Canon et al. 1977, Schubel and Marcy 1978). As might be expected, 

this upper lethal temperature limit has also been shown to be time depend­

ent (Marcy 1975, Jensen and Loftus 1976). Schubel and Marcy (1978) have 

proposed several recommendations for minimizing thermal effects of en­

trainment in once-through cooling systems. Plants should operate at the 

lowest temperature change (6T) of cooling water that is technologically 

practical. The transit time through a plant cooling system should also 

be minimized. Design criteria should include devices to promote rapid 

mixing of cooling water with receiving waters at the discharge. 

Biocides, used to minimize fouling of condenser tubes, are used 

to a greater extent in closed-cycle cooling systems, but are also used 

in some once-through cooling systems. Time-dosage combinations are 

critical to the survival of entrained organisms (Schubel and Marcy 1978). 

Sensitivity is also variable among species and stage of development in 

relation to thermal stress. Generally, the majority of fish specieB 

appear to be affected at relatively low concentrations of chlorine (less 

than 0.5 ppm) (Schubel and Marcy 1978). The recommendation of Schubel 

and Harcy (1978) to reduce the effects of chemical stress is the use of 

low flows with high 6T's. This operational mode would require the use 

of less biocide due to reduced water volume, and the increased tempera­

ture itself would be biocidal and prevent fouling. 

Physical stresses of entrainment, unlike the thermal and chemical 

stresses, are continuous as long as the plant takes in water. This con­

tributes to the fact that physical stresses have a much greater effect 
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on entrained organisms than thermal and chemical effects (Hoss et al. 

1974, Marcy 1975, Schubel and Marcy 1978). Marcy (1971) has found that 

mechanical injury increases with increasing size of entrained larvae, 

although the species involved may be a variable factor (Kelso and Leslie 

1979), along with considerations of life history stage susceptibility. 

'The critical post-yolk sac stage has been shown to be extremely fragile 

and larval clupeids were also quite susceptible to high nlortality (Marcy 

1973) . 

Upon being entrained, organisms are exposed to pressure fluctuations, 

velocity shear forces, abrasion, and mechanical buffeting (Schubel and 

llircy 1978, Ulanowitz 1975). Pressure changes can cause air embolism or 

gas bubble disease in fry (Schubel and Marcy 1978). Negative pressures 

appear to be more detrimental than positive pressures, most often result­

ing in the death of the entrained fish. Serious damage can apparently be 

caused by excessive pressure from cavitation in inefficiently operating 

circulator pumps (SchubeL and Marcy 1978). Adverse effects of mechanical 

buffeting are most severe when high acceleration forces are present. 

These high acceleration forces often result in impact with solid stir faces 

and ~re usually lethal. Shear forces develop when spatial differences 

in velocity exist in a moving fluid. The greatest shear stresses occur 

in close association with solid surfaces such as pipe walls, traveling 

screens, and circulator impellers (Schubel and Marcy 1978). Abrasion 

occurs when two surfaces move in contact past each other. High organic 

load is usually associated with increased abrasion. These various com­

ponents of physical stresses of entrainment are difficult to separate and 

qualify. However, iL is the combination of these components that result 

in physic~l damage contributing approximately 80% of the total entrain­
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ment mortality (Marcy 1975). 

Little information is available on synergistic effects of thermal, 

chemical, and physical stress. This information, along with information 

concerning latent effects of these stresses, would be indispensible in 

impact assessment of entrainment. 

Because physical stresses have been determined to be much greater 

than thermal stresses (Hoss et a1. 1974, Me'lrcy 1975, Schubel and Marcy 

1978), Schubel and Marcy (1978) have recommended that power plants should 

operate at the highest 6T that is biologically acceptable, or even higher. 

This may involve some seasonal adjustment of [\T; I.e., a higher 6 T in 

winter and a somewhat lower 6 T in summer when more juveniles are present 

and potent ia lly entrainab1e. This high 6 T would result in a lower volume 

of water used, and theoretically, fewer organisms being entrained. Com­

Mlnity structure is of importance in deciding whether to allow organisms 

to survive passage through the power plant, or sacrifice the entrained 

organisms (Jensen and Loftus 1976, Schubel and Marcy 1978). 

En_tril_!E1!!.e..n~__.l !U..P~..£!._ A.s~~_s sme.!!!: 

An entrainment loss of up to 30% of the larvae of a fish species 

may be acceptable on the basis of population dynamics, since the primary 

concern for aquatic organisms is based on populations and not on individ­

uals (Canon ct al. 1977, Schubel :lnd Marcy 1978). Th~rpfnrp, :1ny rnnrtrll­

ity due to entrainment by power plants should be viewed in the context 

of predicting losses of individuals in regard to recruitment to a popu­

lation size (Polgar 1977, Schubel and Marcy 1978). 

Thp superposition of power-plant-induced mortality on natural 

mortality should be considered at the community level. The high fecun­
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dity of many fishes implies that an extremely high mortality rate must be 

experienced by some year-classes. Most of this mortality occurs during the 

larval stage (May 1973), often exceeding 99% (Cushing 1973). The vari­

ability of recruitment is low as compared with loss in numbers due to this 

marta 1ity. 

The significance of entrainment-induced mortality depends on a comb­

ination of variables. A longer generation time will mean that a population 

of organisms is more susceptible to the effects of a given cropping rate 

(Schubel and Marcy 1978). Generation time is dependent on environmental 

conditions and existing productivity of the system, as well as being vari­

able among species. These biotic and abiotic factors can influence early 

survival and may dictate the significance of power plant entrainment. 

Stock-recruitment theory has been widely used in predicting effects 

of fisheries exploitation, and has also been used to assess other human 

impacts on fisheries including power plant entrainment. DeAngelis et al. 

(1977) have analyzed entrainment through use of a multiple age-class stock­

recruitment curve. The analysis indicated that increased density-indepen­

dent mortality on y-o-y fishes will usually tend to increase the stability 

of the population, although this usually results in a smaller equilibrium 

density of adult fish. The oscillations of the population are dampened. 

However, this applies only to stability in the vicinity of an existing 

equilibrium point. If the equilibrium point itself is drastically reduced 

and the population density becomes too small for effective social inter­

actions, then the population can tend toward extinction. This is known 

as tIll' "Allee effect." This model is presented as a theoretical possi­

bility demonstrating potential effects of power plant entrainment on a 

population. 
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S~ting and __!ntake...E;Desig.!!~Water:..

Proper siting and design of cooling water intake structures appear 

to be the best method of avoiding entrainment and impingement problems at 

proposed power plants. A summary of design and siting recommendations 

from Gross (1976), Schubel and Marcy (1978), and Sharma (1974) is pre­

sented below: 

1. Areas within a body of water known to have high concentrations 

of fish during any significant time period during the year should be 

avoided. 

2. Water should be withdrawn from a portion of the water column 

where organisms are least abundant. 

3. Intake canals should be avoided when possible. 

4. Intake sizes should be large enough to achieve low intake velo­

cities as a measure to reduce entrainment and impingement. 

5. Intakes should not be sited near underwater structures or other 

features that may act as an attractant to fishes. 

6. Skimmer walls should be avoided if possible, and kept to a mini­

mum depth if necessary. 

7. Intakes should be designed with minimum recirculation require­

ments to avoid the attraction of fishes by a warm water plume. The dis­

charge should also be located a sufficient distance from the intake. 

8. Intake water screening methods should be carefully selected and 

should include fish removal systems. The entire cooling system should be 

reliable and effective from both an engineering and biological point of 

view. 

9. Cooling water systems should be designed with variable operational 

modes with respect to volume and 6T. 
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10. Each proposed site should be carefully evaluated in all respects 

on an individual basis. 
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METHODS AND MATERIALS 

Stu4y~rea and Descr!ption of Intake St!u£tures 

Alma 1-5. Dairyland	 Power Cooperative's Alma plant, units 1-5, is located 

on Navigation PoolS of the Upper Mississippi River (river mile 751.5). 

The plant is approximately 2.4 km downstream from the U. S. Army Corps of 

Engineers Lock and Dam No. 4 at Alma, Wisconsin. The intake structure for 

units 1-5 is located on the east bank of the Mississippi River and draws 

cooling water directly from the main channel of the river at this site 

(Fig. 1). The intake structure and the cooling water discharge associated 

with Alma 1-5 are located adjacent to a steel bulkhead which makes up the 

entire river shoreline at the power plant site. The cooling water discharge 

is located about 100 m downstream of the intake structure (Fig. 1). 

The intake structure	 for units 1-5 consists of six vertical travel­

2ing screens, each with 7.8 m of surface area (Fig. 2). The combined total 

2surface area for all six screens is 46.8 m . Mesh size of the screens is 

20.95 cm . Before reaching the traveling screens, water must first pass 

under a skimmer wall, and then through trash racks that are spaced ap­

proximately 10 em apart. The screen house has one circulator pump located 

directly behind each screen (Fig. 2). Pumps 1, 2, 3 are each rated at 

64,400 L/min (liters per minute), and pumps 4, 5, and 5A are each rated at 

112,000 L/min, resulting in variable pumping rates from 64,400 to 528,500 

L/min. During normal operation the screens are operated by manual controls 

three times each day. Excessive debris is present in the river on a seas­

onal basis and during these times the screens are operated as often as 

necessary. Fish and	 debris are washed from the moving screens into a 

sluice trough which transports them back to the river (Fig. 2). Spray-jets 



Figure 1. The site of the Dairyland Power Cooperative Alma, Wisconsin 
power plants on Navigation Pool 5 of the Upper Mississippi 
River. 



NOIJ.VJ.S U:i!)OVW 

91 

N IS NOJSIM 

~ -I 

"' wlI !t·O I 

NISNO)SIM 

1 N 

VJ.OS~NNIW 


