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SYNTHÈSE:

Des expérimentations ont été réalisées sur le site du Centre Nucléaire de
Production d'Electricité de Gattenom situé dans la vallée de la Moselle dans le nord-est
de la France pour contrôler le développement des moules zébrées" dans les circuits de
refroidissement auxiliaires.

Pendant deux années d'essais, cinq méthodes ont été testées :
- le traitement thermique ou échaudage dans une gamme de températures allant

de33 o à40°C,
- la chloration à forte dose (> 50 mg/1),
- le dioxyde de chlore à faible dose,
- un sel de potassium (KGl > 100 ppm),
- un composé organique (Mexel 432).

Cette note compare les traitements les plus efficaces du point de vue de leur
faisabilité technique, de leur coût et de leur acceptabilité environnementale.

93NV00030



EXECUTIVE SUMMARY :

Bioassays have been conducted on site at the Cattenom nuclear power plant
located on the Moselle River (in northeast France) to control mussels in auxiliary plant
circuits.

During the course of a two-year program, five methods were tested :
- thermal treatment (33° to 40° C),
- high dosage chlorination (> 50 ppm)
- low dosage chlorine dioxide
- potassium salt (KCl > 100 ppm)
- one organic compound (Mexel 432).

This note presents a comparison of the treatments shown to be most effective,
on the basis of technical feasibility, cost and environmental acceptability.
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Introduction

Zebra mussels have for decades been found in the water intake structures and in

different parts of the cooling systems on all of the EDF-operated power plants in the

Moselle, Rhône and Seine river valleys.

While several studies were undertaken by the EDF Research and Development

Division at the beginning of the Eighties, on the biology of Dreissena polymorpha in

large French rivers (1) and testing of chlorine or chlorine dioxide treatments (2) (3),

no specific measures have yet been taken to prevent development of the mussels.

In general, cleaning the cooling system by mechanical means solves the problem

in cases of major infestation. In the experience of EDF, bio-fouling of rivers has

been perceived as a lesser threat to cooling systems than that represented by

barnacles and blue mussels blocking condensers on marine plant sites. Shock

chlorination is used very infrequently to eliminate periphyton and algae on the

packing in cooling towers, whereas coastal power plant systems are protected by

continuous low-dosage chlorination (4).

In 1989 at the EDF Cattenom plant, the heat exchangers on the nuclear and

conventional auxiliary cooling systems had to be washed out very frequently, and

some 400 rri3 of zebra mussels and mud were removed from the pipes supplying

the systems. To eliminate the risk of total clogging of the exchangers, it was

decided to adopt two measures:

- mechanical cleaning of the system every year, to reduce the quantity of mussels
on the walls,

- gradual installation of a debris filter, to protect the exchangers from mussels or

pieces of shell being drawn into the pipes.

Beginning in 1990, a program was undertaken to seek alternative or

complementary methods to annual cleaning of the systems in order to eliminate

zebra mussels.



The program was threefold:

- a bibliographical review of methods applicable to the prevention of zebra

mussels;
- testing of anti-fouling paints and coatings;
- testing of five anti-fouling treatments selected following the bibliographical review:

- thermal treatment

- shock chlorination

- chlorine dioxide

- potassium chloride

- an organic compound (Mexel 432).

Tests were carried out at Cattenom in 1991 and 1992 with a view to assessing the

selected treatments in terms of four criteria: effectiveness against the zebra mussel,

absence of toxic releases, simplicity of implementation and cost.

The Cattenom nuclear power plant

The EDF-operated Cattenom nuclear power plant consists in four 1300-MW PWR

units and is located in the French part of the Moselle River valley. Each unit is

equipped with a natural-draft cooling tower. Water is pumped from the Moselle at a

rate of 2.2 m3/s for each unit. This water first cools the systems in the conventional

and nuclear auxiliaries, then serves as makeup for the main cooling system. Under

normal operating conditions, the blowdown waters are discharged into a large

artificial reservoir - Mirgenbach reservoir- in which residence time is approximately

ten days, before being released into the Moselle River downstream. Given

evaporation in the cooling towers, the flow restored to the river is approximately

1.35 m3/s per unit.

Mechanical cleaning

At the present time, the systems of all four units are mechanically cleaned by divers.

The operation takes about four months per year (from November to February).

During this underwater cleaning, water circulation is reduced as much as possible,



but since auxiliary pumps can run at any time, special protection is required for the

clivers. The mussels are scraped off the walls and all shells and mud on the bottom

of the pipes are removed by a suction pump and stored in a retention basin, for the

purposes of measurement.

Water quality in the Moselle River

The quality of the water in this stretch of the Moselle is poor, primarily because of

industrial and domestic pollution. Dissolved solids reach very high levels

downstream of industrial discharges of chlorides. During the summer, and

especially in the past few years marked by severe droughts, low flow rates have

resulted in increased ammonia (0.2 to 1.0 ppm), nitrites (0.3 to 1.0 ppm) and

orthophosphates (0.5 to 2.0 ppm). Phytoplankton is abundant in this nutrient-rich

water (chlorophyll a: 10 to 120 |xg/l from May to August). In spring and summer,

phytoplankton contributes significantly to the suspended matter found in the river

(10 to 85 ppm).

The thermal regime is characterized in spring and summer by water temperatures

above 20° C, with long periods of time in the 23° C to 26° C range.

Biological data on Dreissena polymorpha in the Moselle

Precise data on larval settlement periods and on growth rates of young mussels is

needed to determine the timing best suited to treatment: injection periods and

frequency.

A biological study was carried out on the Dreissena population in the Moselle by

the Laboratoire de Démoécologie of the University of Metz, under the direction of

Professor J. C. Moreteau. A similar study was carried out by P. Testard on

Dreissena in the Oise River, a tributary of the Seine (5). Abundance and settlement

of planktonic mussel larvae were monitored between April and September of 1991

and 1992, in the water intake on the Moselle and the cooling systems in units 1 and

2 at Cattenom.



The first veligers were recorded in April (1991) or in May (1992), though the density

fluctuates from June to August. In both years, two abundance peaks were found for

larval density:
1991 : end of June (the major peak) and end of July;

1992: mid-June and mid-July, with similar densities (180 to 230 veligers per liter).

Larval settlement is also subject to significant fluctuations. In 1992, settlement

recorded in July (6,000 to 10,000 per m2) was lower than that found in August and

mid-September (maximum of 72,000 per m2 at the beginning of August).

These major fluctuations explain the formation of one or two major cohorts of

settled mussels.

Detailed measurements of shell length for 5 cohorts of young mussels (0.5 to 1.0

mm) were taken in the water pipes between June and September 1992. For the

first cohort, mean growth of 1.3 mm per week was recorded. Over the three months

between mid-June and mid-September, the first cohort reached a size of 15 to 16

mm.

The mussel growth recorded in the Moselle in 1992 is higher than the maximum

shell length increment found by Jantz and Neumann (6) from March to October

1989 in the Rhine: 0.6 to 0.8 mm per week.

Thermal treatment

Tests were carried out in May and August 1992 on samples collected in the

Moselle River and kept in test tanks, with continuous renewal of water at

temperatures ranging from 20.0° to 20.4° C. In May, the acclimitization temperature

was 20° C, whereas in August it was 25° C.

Two size classes were tested: 7-10 mm and 12-16 mm. The samples were
subjected to thermal shocks at 33° C, 37° C and 40° C.

Mortality was measured after 4 hours and 24 hours; within this time range, there is

a significant increase in the mortality rate. Results showed a slight difference

between the two size classes: after 24 hours, 10% of the smaller mussels had

survived exposure to a 33° C shock for five hours, while the entire 12-16 mm



sample had died. In the range of 20° C to 25° C1 the acclimatization temperature

has no influence on results.

Thermal doses required to kill 100% of the mussels in our tests are similar to those

found in the literature (Figure 1). For industrial applications, we can conclude that a

thermal shock on the order of 37° C for 20 minutes, or 40° C for 10 minutes, is

effective in eliminating the zebra mussel.

Thermal treatment is generally the best solution in terms of environmental

acceptability, as it involves no chemical discharge. Technical feasibility is the main

problem, however, as it is extremely difficult to adapt heat treatment to systems not

specifically designed for the purpose.

Shock chlorination

Long-term chlorination at low dosages is effective against the zebra mussel (see

example in Figure 2). but continuous discharge of chlorinated compounds in rivers

is subject to increasingly restrictive environmental regulations. The goal of our

experiment was, if possible, to find the hypochlorite concentration effective on a

short-term basis, so as to reduce the amounts of chlorinated discharges.

Shock chlorination tests were conducted in September 1992 on sets of mussels

(17-22 mm size class) in 2-liter crystallizers containing Moselle water continuously

aerated by air bubbles. Hypochlorite was injected at four initial concentrations: 75

ppm, 100 ppm, 150 ppm and 200 ppm. Analysis of TRO shows a rapid decrease in

the residual oxidants in the crystallizers (Figure 3) mainly due to aeration and

oxidant demand. The Moselle water oxidant demand is negligible (about 8 ppm),

and TRO is in fact represented by free chlorine. It was decided to renew the water

after 24 hours and to chlorinate again at the initial level, in order to keep a high

TRO level.

in the test with a single injection and water renewal after one day, mortality after 9

days was only 30% , whatever the initial chlorine concentration (data shown as "24

h" in Fiçure 4). Similar results were obtained with a first injection, followed by water

renewal after 3.5 hours and a second injection for one day, 24 hours later (shown

as "3.5 + 24 h" in Figure 41
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Figure 2: Mortality (M %) of Drelssena polymorpha from the Seine, depending on
residual chlorine concentration (TRC) and duration. Redrawn from Garric and Migeon (2).
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Figure 4: Shock chlorination tests on size class 17-22 mm.
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The only effective procedure is a first injection at 200 ppm, followed by a second at

the same level after 24 hours, with water renewed after the second day (shown as

"24 h + 24 h" in Figure 4). In spite of a sharp decrease, the TRO level remained in

the range of 100 to 200 ppm for 12 out of 24 hours, as seen in Figure 3.

In conclusion, it is possible to kill the zebra mussels with high dosage chlorination

and free chlorine concentrations in the range of 100 to 200 ppm for 48 hours.

As for organohalogenated compounds, dilution tests were carried out on Moselle

water chlorinated at 200 ppm. After 72 hours, the global amount for THM was

equivalent to 1.78 ppm and, for AOX (adsorbable organic halides), to 65.7 ppm. At

very high chlorine dosages, the yield for THM is low in the Moselle water (1%),

though high for AOX (33%). In practice, this means that AOX would be found in 200

ppm chlorinated waters in the range of 1 to 10 jxg/I after diluting the water 104

times. High dosage chlorine also has adverse effects, increasing the corrosion rate

on the condenser tubes and generating significant discharges of metals.

Continuous treatment over 48 hours of water flowing at 1 m3/s would represent a

consumption of about 25 tons of chlorine. Because of cost and environmental

limitations, the shock chlorination process can therefore not be used for continuous

flow treatments. It is, however, a possible solution for the treatment of conduits

containing small amounts of water which can be isolated for 2 days.

Chlorine dioxide

Chlorine dioxide is an effective oxidant compound, more and more used for

disinfection or elimination of organic substances in industrial processes. It is now

also considered to be a promising alternative in terms of environmental

acceptability to chlorination of cooling waters, because of two chemical properties:

no reaction with ammonia and very low THM production (7) (8).

Several tests were carried out by EDF at the Montereau power plant on the Seine

in 1980 (3). Adult specimens of Dreissena from the Seine were killed by

continuous injection over 7 days of CIO2 at a mean residual oxidant concentration

of 0.15 ppm, with water temperature at 15° C.
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At Cattenom, experiments were carried out in 1991 in a continuous flow system

composed of two tanks, the first with a short transit time (about 30 seconds), and the

second (retention tank) in which the water transit time reaches about 8 minutes.

The small amount of CIO2 was produced on site by a laboratory generator provided

by ATOCHEM.

The first tests, in June, involved a continuous injection at 0.2 ppm, as used in

seawater circuits, but there was no detectable residual (<0.01 ppm) in the tanks.

The injection level was progressively increased to 1.0 ppm and residuals were

found only in the first tank (Table 1). Chlorine dioxide demand in the Moselle water

was measured on filtered water samples in test tubes in the dark; results show a

high immediate consumption, with fluctuations in the range of 0.6 to 1.5 ppm.

For a contact time of 15 minutes, the data is expressed in Table 2 as a relationship

between residual concentration, injection level and the demand in 15 minutes. On

an average basis, it is necessary to inject 3.45 ppm in order to keep at least 0.2

ppm of residual dioxide after 15 minutes.

The origin of the rapid consumption of chlorine dioxide lies in high concentration in

the Moselle water of substrates that react quickly with chlorine dioxide (9): mainly

the nitrites (NO2), and secondly the iron and manganese. Colored deposits of iron

hydroxide and manganese oxide cover the walls of the test tanks.

The theoretical ratio for oxidation of nitrite is 2.93 mg CIO2 for 1 mg of NO2,

implying a consumption of 2.15 ppm for the average nitrite concentration in the

Moselle which is 0.74 ppm.

Total mortality of zebra mussels (15-20 mm) in boxes placed in the testing tank

continuously treated by 1 ppm CIO2 was recorded in 8 days, with a residual of 0.2

ppm. In the retention tank, with residuals below the detection limit (0.01 ppm),

mortality of mussels of the same size class was only 20% in 30 days (Figure 5). It

should be noted that fish placed in the retention tank died in less than 24 hours.

As regards the chemical compounds produced by CIO2, analysis of Moselle water

treated at 2 ppm shows no significant generation of THM (1 u.g/1), but an increase in

AOX concentration of 62 u.g/1; chlorites and chlorate were respectively 1.31 ppm

and 0.18 ppm (Table 3).
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Date

June 6
June 13
June 17
June 24
June 25
June 25
Seot.18

Concentration at
injection point

(DDm)
0.2
0.4
0.4
0.5
1.0
1.0
1.5

Residual concentrate
after 30 secondes

(ppm)
<0.01
< 0.01
< 0.01

0.02
0.03

< 0.01
0.16 - 0.41

Residua] concentratio
after 8 minutes

(ppm)
< 0.01
< 0.01
<O.O1
<O.O1
< 0.01
<0.01
<0.01

Table 1 : Chlorine dioxide residuals measured in the test tanks.

Minimum

Mean

Maximum

D (ppm)

2.04

2.74

3.75

a

0.360

0.283

0.240

Ic (ppm) for
Rc = 0.2 ppm

2.60

3.45

4.58

Table 2: Chlorine dioxide demand measured in a test tube.
Parameters of the equation for 15 minutes contact time.

Rc= a . (Ic-D)

Rc: residual concentration (ppm)
a: slope for a contact time of 15 min.

Ic: injection level (ppm)
D: demand for a contact time of 15 min.

C filorlne dioxide
fopm) -

0 (control)

2

4

8

Chlorites
(ppm)

<0.10

1.31

2.39

3.31

Chlorates ,
(PPm)

<O.1O

0.18

1.15

2.36

Table 3: Production of chlorite and chlorate in Moselle water treated
with chlorine dioxide.
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Treatment with chlorine dioxide with a residual of 0.2 ppm is effective with

continuous injection over 8 days, confirming the results of the 1980 tests on

Dreissena in the Seine. Such treatment produces chlorite and chlorate discharges

whose environmental acceptability has not yet been defined, but on the other hand,

it generates few organohalogenated compounds. The main objection to be made

regards the enormous resulting consumption in the Moselle, due to substrates

(primarily nitrites) which react rapidly with chlorine dioxide. The cost of an

installation capable of injecting at least 2 ppm in a flow of several m3/s would be

prohibitive.

Potassium chloride

Since the experimental work of Fisher et al, published in 1991 (10), potassium

chloride is known to be a toxic agent for zebra mussels. On Dreissena polymorpha,

they found an LC50 with 138 ppm at 20° C for 24 hours. Potassium salt toxicity

would also appear to be selective: the zebra mussel is more sensitive than fish and

other mollusks.

Tests were conducted on mussels of between 7 and 23 mm, collected in the

Moselle River in July 1992 in aerated crystallizers at a water temperature of 22-25°

C, with renewal of water every day.

The first results indicated total mortality for 300 ppm KCI in 24 hours. The mortality

criterion was the absence of valve closure after mechanical stimulation. In further

experiments, mortality did not exceed 50-80% with 400 KCI for 48 hours, and it was

observed that treated mussels, showing no reaction, can recover their closure

behavior after transfer to Moselle water. In a KCI solution, Dreissena opens his

valves wide, extends his siphons outside of the shell, and progressively loses his

capability to close the shell quickly. However, it seems that these physiological

disturbances are not irreversible, and binocular observation of excised gills shows

that ciliary activity continues.

New tests were carried out with special attention to confirm mortality. The criterion

here was bacterial development, indicating decomposition after 24 hours.

15
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Figure 5: Effect of continuous treatment by chlorine dioxide on zebra mussels.
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Figure 6:48-hour treatment with potassium chloride, size class 7-11 mm,
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With this procedure, no significant mortality (<10%) was recorded after 5 days, for

KCI concentrations in the range of 300 to 600 ppm and the following treatment

durations: 4.5 hours, 8.5 hours, 8 h + a stop for 16 h + 24 h treatment; whereas total

mortality was recorded for all the size classes after continuous exposure to 600

ppm KCI over 48 hours (Figure 6).

This very high concentration is not compatible with treatment of flowing waters: 1

m3/s for 48 hours would require 104 tons of KCI1 and such a discharge could

increase the mean potassium concentration in the Moselle River, which is 8.5 ppm.

However, high dosage potassium chloride could be a convenient solution for

treatment of conduits containing small amounts of water which can be isolated for 2

days.

Testing of an organic product

This product, sold under the commercial name MEXEL 432, contains no toxic

organic or mineral substances. It is made up of open hydrocarbon chains

comprising amines, with 80% water. In the aqueous phase, the product forms an

emulsion in which the micellae form a film covering both the suspended matter in

the water and the surfaces. Its anti-corrosion and anti-fouling properties are due to

its capacity to generate such a film. MEXEL 432 is analysed by a colorimetric

method after extraction in an organic solvent; this method primarily measures the

film-generating compounds.

When injected in river waters, only a part is found after homogenization of the

emulsion. This may be due to degradation, to deposit on the surfaces or to deposit

on the suspended solids. This third process is in fact largely dominant in the short

term. Once the product has been injected into the Moselle in concentrations of

between 2 and 10 ppm, one finds on average no more than 52% of the initial

concentration.

Disappearance of MEXEL 432 is very rapid in river waters, particularly in the

Moselle. The kinetics of its disappearance depend on the water temperature and

increase greatly with aeration (Figure 7):
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Without air-bubble injection at 20° C: half-life = 20 hours

Without air-bubble injection at 37° C: half-life = 6 hours

With air-bubble injection at 20° C: half-life = 5 hours

The proportion of losses attributable to film deposit on the walls of the test jar was

estimated in experiments carried out on Seine water as not exceeding 10%.

In Moselle water, continuous injection at 7 ppm for 19 hours (3.5 ppm of

measurable residual) was found effective for killing 95% of the zebra mussels after

4 days. " Mortality of approximately 80% was recorded with the same dosage - 7

ppm - by discontinuous injection: for half the time (2 h / 4h) over 19 hours (Figure

Si.

Less frequent injections can also be effective. A test carried out over a period of 8

weeks in August and September 1992 on PVC plates used as mussel collectors,

injecting 7 ppm of MEXEL for 4 to 6 hours every 4 to 5 days (12 injections in all),

provided two conclusions:

- the treatment does not prevent larvae from settling on the treated surface,

as is indicated by the appearance of mussels smaller than 2 mm;

- the treatment reduces the density of young mussels (smaller than 2 mm) on

the treated surface by 56%.

Several toxicity tests were performed on Moselle water treated with this product.

The Microtox bacterial test indicated that toxicity is linked to the residual measured

in the water:

Water sample Microtox LC50 Residual equivalent

Demineralized water 5.56 ppm 5.56 ppm

Moselle water 9.94 ppm - 5.20 ppm

In continuous injection tests, fish (young pike-perch and bream) are not affected by

MEXEL residuals of less than 0.5 ppm for 30 hours, whereas they do die after

exposure to over 1 ppm for less than 20 hours. After disappearance of any

measurable residual of MEXEL, there is no toxic effect on fish.

18
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Figure 7: Disappearance of MEXEL 432 in Moselle water. Initial concentration: 7 ppm.
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Figure 8: Testing of three MEXEL treatments over 19 hours.
Injection: 7 ppm, residual: 3.5 ppm.

19



The absence of toxicity of MEXEL solutions in Moselle water, initially treated with 1

ppm to 100 ppm and weathered for 11 and 20 days, was recorded by Microtox and

a test on carp embryos.

Treatment with MEXEL can be effective with injection of 7 ppm for about 20 hours.

Even for flows of up to 1 m3/s, the product is easy to inject, and the cost would be

relatively low. The limits on this process relate to its environmental impact. In any

case, as for the above-mentioned treatments, it would be essential to adopt a

procedure guaranteeing that no toxicity remain in the Mirgenbach reservoir and no

measurable residual be released into the river.

Conclusion and prospects

Studies carried out at Cattenom during the past two years have first provided us

with precise knowledge regarding the periods of settlement and the growth rate of

settled populations in the circuits needing protection. A method for monitoring

infestations in the circuits was defined at the time, consisting in a bi-weekly count of

the mussels recently settled on PVC plates placed in an easily accessible section

of the conduit. This helps to determine the time for starting and stopping

treatments. The number of treatments needed during the period of settlement

depends on the maximum admissible size of mussels presenting no risk for the

heat exchangers. For a critical size of 5 mm, monthly treatment is sufficient; if the

critical size is 3 mm, two treatments are needed, given the rapid growth rate of

specimens recently settled.

The possibilities of video monitoring of the walls of the circuits during plant

operation, using a remotely-operated vehicle (ROV) is now being examined. This

should provide confirmation of the results of the biological monitoring on PVC

plates.

Tests in Moselle water on samples of Dreissena polymorpha collected either in the

conduits or in the river have helped to define the thermal or chemical treatments

best suited to supplement or replace mechanical cleaning of the walls.

If effectiveness is shown to be certain, the priority criterion for selecting treatment

must be environmental acceptability, which involves two obligations:
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- the absence of any release of undesirable substances into the Mirgenbach

reservoir and the river. It is essential that only degradable substances be released

at concentrations undetectable in the river;

- the absence of all toxicity for aquatic organisms, in the short and the long term.

Thermal treatment fully meets these criteria, as the temperature of the heated water

mass can be significantly lowered by means of dilution and/or transit through the

cooling tower. Technical feasibility is, however, uncertain, given the fact that the

necessary measures have not been taken in existing water intake and outlet

structures. A study is now under way to define the parameters for a device capable

of performing thermal treatment in the most critical part of the circuit and to

determine the cost.

As regards chemical treatments, chlorine dioxide is counter-indicated because of

the high demand in the Moselle water. While certain cooling systems fed by

seawater can be treated with injections at 0.2 ppm, concentrations of over 2 ppm

are needed to maintain a measurable residual after a few minutes contact time.

Should small isolated volumes of water be treated, mixture of the injected solution

would have to be almost instantaneous because of the rapid disappearance of

chlorine dioxide. Furthermore, chlorine dioxide must be produced on site, which

requires very specific precautions, first due to the risk of explosion inherent to the

process and second because CIO2 is a volatile, toxic gas. Lastly, the investment

and operating costs for an on-site installation for production of CIO2 are vastly

superior to those for other chemical treatments.

With regard to shock chlorination (200 ppm for 48 hours) and potassium chloride

(600 ppm for 48 hours), it is clear that the extremely high concentrations necessary

in the short term are incompatible with a flow rate of at least 1 m3/s. The evident

drawbacks are the enormous quantities which would be required and the release

into the river of organohalogenated compounds and potassium. The only possible

treatment is that of small volumes of non-renewed water in the most sensitive

sections of the circuit. This solution is now being examined. The difficulty lies in

the impossibility of total isolation of the conduits needing treatment, most probably

implying that one assume a low rate of water renewal during the course of the

treatment.
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In terms of both technical feasibility and cost, the organic compound we tested

figures in best position. It would be possible to treat Moselle water continuously for

some 20 hours with 7 ppm, for a flow rate on the order of 1 m3/s. Environmental

acceptability of such a treatment is nonetheless not certain: it would be necessary

to confirm that no concentration of the product is released into the reservoir at a

level toxic for aquatic fauna. In the case of treatment of a small volume of water

with little renewal, the product would probably not be detectable in the river.

Whatever the solution ultimately envisaged for chemical treatment, EDF will have to

submit an ecotoxicological assessment to the competent authorities, specifying the

quantities used and released and the concentrations required, indicating the

evolution of the products released and attesting to the absence of toxicity.
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