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Résumé

On a constaté que l'emploi de la chaleur résiduelle des
centrales thermiques permet d'amplifier les taux de croissance en
hiver et en particulier celui des salmonidés qui peut ainsi passer
de zéro au point optimal sens chauffage coûteux de l'eau. Une
efficacité économique raisonnable peut être obtenue près de centrales
spécifiques, en élevant de petites truites arc-en-ciel ou tachetées
pour leur donner une taille commerciale, En ce qui concerne certaines
espèces acceptées par les consommateurs, la technologie au niveau
international est bien plus avancée que son application pratique. Il
est maintenant nécessaire de transférer la recherche faite a l'échelle
du laboratoire pour l'amener a l'échelle d'une installation pilote.
Des coûts élevés en capital vont nécessiter une collaboration financière
initiale entre Taquaculteur et le gouvernement.
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ABSTRACT

Utilization of waste heat emitted from thermal generating stations is
shown to increase the winter growth rates, particularly of salmonids, from
near zero to optimum without costly heating of water. A reasonable
economic efficiency can be achieved at site specific stations, rearing
fingerling rainbow or speckled trout to marketable size. For some
consumer accepted species the technology at the international level, is
well ahead of its effective application. The present need is to transfer
laboratory-scale research to pilot scale units. High initial capital
costs necessitate initial financial collaboration between the
aquaculturist and the government.
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Introduction

The objective in freshwater aquaculture, as in traditional animal
husbandry, is to produce a high quality, marketable product in the
shortest time and at minimum cost. In Canada, the major problem in
achieving this goal is the year-round maintenance of optimum water
temperatures required for maximum growth. Temperature, a major
controlling factor in the aquatic environment (1), governs metabolic rate
and directly affects feeding, digestion and growth rate. The growth rate
of fish for example, while influenced by other factors such as oxygen,
space, flow rate, etc., is generally more closely related to water
temperature and food supply. Controlled thermal enrichment of waters
might be a useful method for increasing production of commercially viable
fish and other aquatic organisms. Gibbons (2) for example, has reported
studies where temperature increases have influenced aquatic communities.
Phytoplankton productivity most noticeably has, in many instances, not
only increased in heat-receiving waters but has contributed as a food
source to population increases in primary and secondary consumers also
present in the heated ponds.

The use of low-grade heated effluent from electrical generating
stations for intensive culture of microorganisms (primary fish foods);
salmonids, shellfish or crustaceans might make an otherwise uneconomic
process economically viable.

Widespread interest in Canada within the last decade in possible uses
of low-grade heat resulted in publication of several interesting reports
and feasibility studies (3, 4, 5, 6, 7). Of particular interest was a
workshop at CRNL in 1975 to examine the possible beneficial uses of waste
heat. Participants included individuals from countries whose climatic
conditions were not unlike those in Canada. A published report (8)
considered the following areas:

1. the extent of Canadian knowledge and interest in the
subject;

2. information exchange on existing or planned research and
demonstration programs;

3. provision of a forum for accounts of research and
development work in other cold climates and

4. the prospects for success in the various subject areas.

In summarizing the comments on thermal aquaculture Dyne (9) suggested
that a long term economic advantage of waste heat is that it offers a way
of accelerating natural processes for converting protein from an
unacceptable form for human consumption to an acceptable one. In the
short term waste heat offers a route to supply produce, on a continual
basis, to a luxury consumer market.



- 2 -

Requirements for Agn-Tculture

Organic production in Canadian waters is limited by wide seasonal
deviations in temperature about the optimum required for growth of most
aquatic organisms. North temperate zone lakes normally go through a
distinctive seasonal cycle where surface water temperature ranges from 20
to 24°C in the summer to less than 4°C under ice cover. A vertical
temperature gradient also develops during the summer, resulting in
thermally stratified lakes having a vertical temperature range similar to
the seasonal cycle, with the colder waters near the lake bottom. These
temperature variations have a profound influence on biomass production.
During the summer fish migrate vertically, on a daily basis in some
instances, seeking a preferred temperature for optimizing growth, gonadal
development, etc. These activities are greatly reduced or absent during
colder months when minimum water temperature conditions exist. This
decrease in biomass production, due to seasonal temperature fluctuations,
is an obvious deterrent to the economical farming of fish or other aquatic
organisms on a commercial basis.

Waste-heat cooling waters could be used to provide a controlled
thermal environment for achieving maximum sustained growth of organisms.
Heated water, 10 to 12°C above ambient, can be obtained from the cooling
effluent of electrical generating stations (fossil-fueled or nuclear) or
as proposed for the Bruce Agropark (7) enriched "moderator" cooling water
at a temperature of 40.5°C could be provided. During the winter for
example, the water temperature of the heated effluent (13 to 15°C) (11) is
within the preferred range for the culture of Rainbow trout, a popular
consumer product. Under summer conditions, heated water from either
effluent or moderator cooling waters would require controlled mixing with
a cold water supply from a lake or a deep well. With the availability of
heated water for aquaculture, the basic problems associated with delivery
systems, temperature control and maintenance can be readily resolved by
conventional engineering methods.

Aquaculture, however, depends equally on the availability of
relatively cheap, abundant sources of protein as food for the cultured
species. Commercial fish-food costs at present account for 45% of total
operating expenses (10, 11). The fish farm can be a viable operation if
cheap food, such as trash-fish discarded by commercial harvesters, is
available or if through use of waste heat - a fish food consisting of
algae or micro-crustaceans can be inexpensively grown, year-round on a
large scale.

Possibilities for Protein Sources

Enhanced algae growth rates have already been demonstrated in field
experiments at CRNX through the combined use of elevated temperatures
(22°C) and defined levels of essential nutrients. This "batch" culture
system, using chemically defined substrates, is regarded as a "clean"
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process in contrast to the "wastewater" process which uses sewage or other
liquid media of elevated BOD as the culture media. The "wastewater"
process has been examined at CRNL with some success. However, possible
viral or toxicological problems associated with such an algae-bacteria
system are still unresolved.

Yields of autotrophic microalgae, grown in the open, have been
estimated to produce between 25 and 55 metric tons dry weight
ha~l a~* (12). Algae cultures grown on sewage liquor result in
still higher yields. Scenedesmus cultures in California produced about 70
annual tonnes per hectare (13) and studies in Bangkok (14) reported
maximum values of 170 t ha"*- a~^. These yields are
significantly greater than those for wheat (3-6 t.ha"'-), sugar beet
(15.30 t.ha""*) and soya beans (6-7 t.ha"1). Cultivated algae
are not only rich in many vitamins and essential fatty acids but possess a
high protein content. The algae Scenedesmus and Spirulina for example,
have an average crude protein content of 50-60 percent of their dry weight
compared to 3A-40 percent for soya seed (12, 15).

Algae obtained from intensive culture systems are used extensively as
food for aquatic organisms such as shrimp larvae, clams, oysters, forage
fish (tilapea) brine shrimp and fish larvae. Other microcrustaceans, such
as Cladocerans, rotifers and amphipods, also consume algae and could be
continuously cultured under temperature-controlled conditions. The
acceptability of these organisms as food for shrimp and salmonids has been
demonstrated in both the field and laboratory.

With the sole exception of brine shrimp, which is sold as a food for
ornamental fish (16) the commercial culture of these organisms has not
been attempted. Commercial harvesting has been proposed (10) for the
Amphipod Gammarus which abounds in Canadian prairie potholes and is an
excellent natural fish-food. Estimated food costs for trout culture in
Alberta, using locally harvested Gammarus as fresh fish-food, would be
40 percent less than that of imported prepared fish meal. Anticipated
yield was 500 kg dry weight ha~^.a~^. with a potential resource
base of one million kg of Gammarus annually. Mechanical harvesting and
seasonal productivity are possible limiting factors.

Through the use of low-grade heat, another Amphipod-Hyallela has been
maintained year-round in outdoor reservoirs (20 - 1°C) at Maskinonge lake
on CRNL property. This invertebrate, like Gammarus is an ideal fresh
fish-food for the culture of salmonids and freshwater shrimp. Hyaliela
actively grows and reproduces in this heated environment. Techniques for
the collection and sorting of Hyallela have been worked out. Information
is required on behaviour, growth and reproduction rates, nutritional
requirements, density dependent factors and temperature preference.

The culture of freshwater clams in heated water as a potential source
of food for crayfish or freshwater shrimp has also been investigated at
CRNL. The clam Elliptio complanatus, indigenous to area lakes and rivers,
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was maintained throughout the year in heated reservoirs (20 ± 1°C) on a
diet of natural phytoplankton supplemented with green algae cultured in
heated pools and carbohydrate rich starch and wheat flour. Clams were
maintained in stacked trays at densities of approxmately 15 cm^
animal" . Studies showed that the feeding behaviour of the clams
maintained in the heated pools was similar to fresh clams from the lake,
with filtering rates of approximately 1200 mililiters of water per hour
per animal. Economic disadvantages appear to be a complicated life cycle
(intermediate host required), slow growth rate and high labour intensity
for field collection, maintenance and preparation of this organism as a
source of food.

Possibilities for Marketable Products

An interesting candidate for thermal aquaculture is the Malaysian
prawn-Macrobrachium rosenbergii. It has been actively cultured in the
warmer waters of Hawaii and Florida (17) and In geothermal waters in Idaho
(18). Macrobrachium rosenbergii breeds year-round In captivity; its
growth from post larvae to marketable adults Is fast and takes place in
fresh or brackish waters. Because of its omnivorous habit a suitable diet
should be inexpensive and there is no market competition from established
fisheries. As the preferred temperature for these shrimp is 28°C an
inland-based operation using waste heat could provide a desirable consumer
pro-iuct that would command a high market price (17). Research is
currently being carried out at Guelph University on the effects of water
quality, population stresses, nutrition and light periodicity. Initial
results of this study (personal communication) indicate that the
development of an economically viable freshwater prawn industry is
seriously limited by Macrobrachium1s agressive behaviour pattern,
resulting in cannabalism. Despite the protection offered by specialized
substrate (pvc piping, plastic tubing) such population stresses
necessitate low stocking densities and hence an unacceptably low
production efficiency. The estimated production value of one post larvae
per litre of culture tank capacity In the Guelph study is however, well
below the reported average production values of 7-41 postlarvae per litre
of water (19) or the maximum level of 64 animals per litre obtained by
researchers in South Carolina (20). A production level of 15 to 20
animals per litre of tank capacity is the minimal required for commercial
viability.

The Guelph researchers successfully induced spawning and larval
growth in artificial seawater (Instant Ocean (R)) and developed a
nutritionally acceptable food formula. Unfortunately, commercially
processed foods cannot compete economically with the abundance of
nutritional and cheap trash fish which is readily available to
aquaculturalists located near marine fish processing plants. Thermal
requirements for the culture of M. rosenbergii would necessitate the use
of enriched moderator cooling waters, or 10 to 12°C heated effluent,
supplemented with an alternate source of heat during the winter.
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From an economic aspect, aquaculture has been a modest enterprise in
Canada (19) and is usually considered as two separate entities - marine
and freshwater. Only two freshwater organisms - Carp and Rainbow trout,
are regarded from a culturist's point of view as truly domesticated.
Despite increasing consumer demand for Rainbow trout government and
private hatcheries are mainly committed to meeting the demands of
recreational fishermen through stocking programs or pay-fishing operations
on private ponds (20). Mariculture, in contrast, has been stimulated by
over-exploitation and anticipated depletion of natural marine organisms
such as lobster, salmon, oysters, etc. which command premium prices in an
already established market. At present the aquaculture industry supplies
500,000 kg.yr~l of rainbow trout at the retail level. Import figures
for 1977 indicated that an additional 900,000 kg.yr"1 was imported
from Japan, Denmark and the United States. An optimistic estimate for an
expanded market to meet consumer demand by 1990 calls for an annual supply
of 4.5 million kg of trout (7).

Thermal aquaculture facilities in Canada, operating on a commercial
basis, are represented by a seaweed culture operation (3)) and a speckled
trout - Atlantic salmon rearing operation (11). This fish operation,
referred to as the Grand Lake project, utilized heated water from a
coal-fired generating station. Speckled trout were raised from fingerling
(93 g) to marketable size (230 g) in 90 days. Atlantic salmon fingerings
(5.2 g) grew to smolt size (26.7 g) in one year, thus completing a
transformation stage normally requiring 2 to 3 years in the natural life
cycle. It was estimated that the present facility could produce two crops
of brook trout (285-453 g mean weight) in 12°C water between September and
mid-June yielding 68,200 kg dressed weight to supply a potential Eastern
Canada market estimated at 1.4 million kg.a." . The fish flesh was
judged highly palatable and was readily marketed to the consumer at $5.50
kg~* in 1981 dollars. A second report dealing with hatching and
early rearing of Brook trout and Atlantic salmon in heated effluent from
the Grand Lake Coal-fired station has been recently published (23). The
facility has been expanded to include an outdoor hatchery , additional
growout ponds and a temperature controlled (18°C) water system utilizing
deep well, river and thermal discharge waters. Studies are currently
being carried out on the use of preheaters and cogeneration.

The Grand Lake project has resulted in the formation of a
provincially-owned Crown Corporation - Crand Lake Resources Company. In
co-operation with New Brunswick Coal this company has established a
thermal complex devoted to agriculture and aquaculture. At present two
acres of land are under greenhouse for the growth of tomatoes, cucumbers,
etc., throughout the year, using waste heat. The aquaculture facility,
exploiting the use of waste heat to enhance the growth transformation of
Atlantic salmon smolt, is presently committed to providing 100,000 sraolts
for private marine cage culture at a cost of $2.50 per smolt. Production
and demand is calculated at between 5 and 6 hundred thousand smolt by
1988.
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The apparent success of the Grand Lake project to date is attributed
to co-operation between government, university researchers and private
industry. Public response to fresh brook trout marketed in Fredericton
and St. John was enthusiastic. Even with a price differential of $2.2O/kg
in favour of saltwater-reared rainbow trout consumers preferred the Grand
Lake reared brook trout retailing at $9.22/kg. Similarly, smoked
brook trout marketed readily at a premium price of $12.78/kg in
Fredericton. The availability of cheap trash fish as a food source for
salmon and trout and low capital and operating costs at the Grand Lake
power station are also contributing factors. Economically, the pilot
project yielded an estimated 30 percent return on investment.
Unfortunately, the cost analysis did not take into account "user fees" for
the heated effluent.

The monetary importance of costing the use of heated water is
demonstrated in the 1977 proposal for the Bruce Agriculture-Aquaculture
complex on Lake Huron (7). Delivery costs for 220,000 1.min~^ of
40.5°C water to the Bruce exclusion boundary was estimated at $192,000 per
year in 1977; rising to $4.5 x 106 per year by the year 2000.

The break-even price per kilogram of Rainbow trout estimated for a
45,500 kg and a 227,000 kg.a"1 facility at Bruce was $4.13 and $2.26
respectively. With an initial required capital outlay of 10 million
dollars, the larger facility would increase the present market by 50
percent. Such an initial capital outlay will require a substantial
government commitment - possibly the facility could be constructed as a
government experiment to demonstrate the feasibility of an aquaculture
industry utilizing low-grade heat. Once the expertise necessary to a
viable industry is developed, the facility could be sold to private
individuals.

Conclusions

The commercial production of several freshwater organisms, (algae,
salmon and trout, eels, bullheads, shrimp etc.) using waste heat is
potentially viable. Research is required, at the "pilot plant" stage to
resolve engineering and biological problems involving continuous
production of aquatic organisms. Smaller controlled experiments are
urgently required to demonstrate heavy density culturing of salmonids
(raceways vs silos (24)), genetic selection of several organisms for
thermal tolerance, nutritional requirements and application of current
aquaculture technology.

Public acceptance of fish cultured in heated water has been
demonstrated regionally through the Grand Lake project. Continued studies
on radionuclide bioaccumulation by organisms cultured in heated effluent
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from nuc1ear generating stations, such as the Pickering r.tvrty (95) should
allay public concern over increased body burdens transferred through the
food chain.

As noted in a recent FAO symposium on utilization of heated effluents
for intensive aquaculture (26), the technology is well ahead of its
effective application. Kconomic viability is site specific, species
specific and product-use specific. However, there are now f-'X̂TiT'• es>
waste heat applications that could provide sufficient Infcreation for
investment purposes.

Effective application of the technology requires (1) comprehensive
evaluations (operational and economic) of current and proposed operating
systems and (2) quantified research on the tolerance of fish and other
aquaculture candidates to various environmental stresses i.e.,
contaminants, water quality, etc. as specifically related to aquacultural
applications.

An overall conclusion is that sufficient information is now available
on the temperature effects on fresh-water salmon and trout (rainbows and
speckles) to proceed with the development of a pilot plant to demonstrate
the economic viability of fish culture at a nuclear generating station in
Canada.
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