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- Industrial Applications
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*A11 sessions were held at the Chalk River Nuclear Laboratories, Atomic
Energy of Canada Limited, Chalk River, Ontario.
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- Comments
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12.30 Closing of Workshop
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FISH CULTURE IN HEATED EFFLUENTS (EASTERN EUROPE,

T. Backiel

University of Tromsp
Institute of Biology and Geology

Troms^, Norway

ABSTRACT

Dependence of growth and reproduction of culti-
vated fishes on temperature are briefly reviewed. Ex-
periments with and commercial-size operations of various
methods of fish culture with the use of heated effluents
are exemplified. Cage culture, earthen ponds, flowing
water culture have demonstrated possibilities of growth
increase in carp and rainbow trout and of controlled
reproduction of the former. Problems involved in util-
ization of various systems and several points of view
on the use of low-grade heat for fish culture are
considered„



FISH CULTURE IN HEATED EFFLUENTS (EASTERN EUROPE)

T. Backiel

University of TromscS
Institute of Biology and Geology

TromscS, Norway

1. TEMPERATURE IN FISH CULTURE

The past few decades have witnessed growing concern
with environmental problems, and heated effluents have
been considered first of all from that point of view.
Therefore, studies on temperature/fish relationships,
although dealing with many aspects, have been utilized
for the protection of natural populations rather than
for showing the possibilities of stimulating the pro-
duction of utilizable aquatic organisms. This does not
mean that the idea has been abandoned. Both in the
western and eastern hemisphere and in the countries
suffering from (or enjoying) cold seasons, the utiliz-
ation of heated effluents from electricity generating
stations has been attempted in various ways for many
years. But, somehow, it has not developed as fast as
would seem feasible.

There is little need for reviewing experiments
which show the dependence of metabolism and of the
growth of fish on temperature. Suffice it to say that
there are species and age specific limits of temperature
within which growth occurs. The relationship can be
roughly depicted as in Figure 1; the growth rate of
fish begins to increase with rising temperature main-
tained over a sufficiently long period at a level
above a certain lower limit, provided that other factors
and food supply do not conflict. The maximum growth
rate is observed at some distance below the upper lethal
temperature, after which it sharply decreases.

While considering the use of low-grade heat dis-
charged into lakes, reservoirs, and rivers one may
recall quite old evidence that relatively small year-to-
year fluctuations of "natural" temperature brought
about changes in the growth rate of fishes, e.g., in
bream (Abramis brama L.) as shown by Segerstrale [1],
in perch (Perca fluviatilis L.) as shown by Le Cren [2].



In central Europe where carp culture nas boon a
tradition for almost 1000 years, th? climatic factor has
L>een well recognised. The season during which common
carp grows is short (Figure 2). Usually about 80% of
the whole annual average weight increment in this fish
is accomplished within three months: June, July and
August. Therefore, in order to meet the demand of
markets in Czechoslovakia, E. Germany or in Poland for
carp of about 1 kg each, most of the pond farms have a
3-year production cycle. This cycle involves a series
of steps, i.e., for successive life stages there are
somewhat different grinds into which fish are transferred
and stocked at certain densities (Table 1).

Production of common carp in ponds shows conspicuous
dependence on temperature during summer. We have found
a close correlation (r=0.98) between the mean water
temperature in July and August and the so-called nat-
ural production of carp ponds [3], This was the fract-
ion of production per unit area which could be ascribed
to the production, of organisms grazed upon by carp after
deduction of the production due to addition of food-
stuffs, cereals in that case. The data embraced a small
range of average temperature between 17.8°C and 21.4°C
in July and August, and even so this factor explained
53.4% of variations of production. Obviously, temper-
ature affects utilization of the added food, hence,
relating fish production to the amount of food added and
to temperature separately is an oversimplification. Thus,
taking into account both of these variables we have come
to the conclusion that they explain 84.4% of variations
of production in ordinary carp pond farms, but temper-
ature during the summer months was very important.

Obviously, experiments strongly support the results
of field data analysis [4], [5], [6], but I am inclined
rather to refer to the practical side of fish culture
while illustrating the feasibility of utilizing heated
effluents.

With reference to the cycle of carp production one
should emphasize the problem of breeding this fish. In
the climatic conditions of Poland and some adjacent
regions, common carp does not reproduce in natural con-
ditions. Even if it spawns, the output in terms of any
appreciable quantity of surviving juveniles is very
exceptional. Temperature plays an extremely important



role and that is why efforts have been made to build up
holding ponds or tanks for breeders with somewhat con-
trolled temperature and then, hatcheries to incubate the
eggs in favourc?ible conditions. With the rather small
numbers of breeders and with the small amount of water
needed for the eggs, the problem of meeting their
temperature requirements is not difficult to solve through
technically feasible solutions. The breeders, to be
fully mature, require about 1300 degree days of slowly
rising temperature from, say, January when it is 2°C-4Oc
to about 18°C-20°C even at the end of February.

The usual spawning period is late May and June when
the temperature of the water in ponds can reach 18°C.
Although a much earlier spawning and incubation is feas-
ible there: is a serious problem as to what to do with
the fry. The food requirements of the carp that are
just starting to feed are not known sufficiently to
enable them to be supplied with any kind of manufactured
foodstuffs. They have to be transferred to an environ-
ment in which proper zooplankton forms have developed.
And that occurs rather late in spring unless the water
temperature is artifically elevated. Also, the temper-
ature requirements of carp fry are fairly narrow, because
they are quite sensitive to temperature changes; any
drop in temperature below 16°c usually results in mass
mortality.

The other cultivated species in central Europe which
we should mention here is rainbow trout, of different
temperature requirements and different production cycle.
In our climatic conditions where the summer temperature
does not reach dangerous levels above 20°C, the best
growth of the fish is observed between May and September.
To produce marketable fish of from 150 g to 200 g usually
takes from 1*5 to 2 years.

With that little illustration of traditional fish
culture one can see some opportunities for utilizing the
heated effluents from electricity generating stations.
The stations of large installed capacity (1000 MW and
more) discharge substantial quantities of water, the
temperature of which is something between 6°C and 11°C
higher than at the intake. An example of the temperature
regime of the effluents from a 2000 MW conventional fuel
station (Figure 3) shows that one could expect good con-
ditions for carp within a period from April to September,
i.e., during 6 months or twice as long as under the



_ I." _

conditions of ordinary carp farms. The next period:
October-March looks quite interesting with respect to
rainbow trout growth.

Experiments in flowing water tanks have shown that,
e.g., at a constant temperature of 23°C,
carp can reach a weight of 100 g starting from about 1
<j in 210 days (7 months) , provided that it is properly
fed with high quality pellets [4]. These and other
experiments of this kind prove that it is biolcgically
feasible to grow carp 4 times faster than in ordinary
pond farms. However, neither farming procedures nor
hi-dted effluents offer conditions like those created in
experiments. This is a truism, which is worth remember-
ing on this occasion.

2. SOME EXAMPLES

2.1. Cage culture

Experiments on growing carp in cages placed in
heated effluents began in the USSR in the early 1960's
[7], [8], Various initial sizes of fish, various
densities and feeding regimes were tried in rather small,
5-10 in3, floating or stationary wire cages. It was soon
realized thsit at high densities of stock (50-100 kg.m"2)
animal protein in food is necessary. However, the role
of zooplankton as food has been appreciated; Lyakhnovich
and Leonenko [9], reported that in their cage culture of
carp this component constituted about 30% of food and
similar proportions were found in another experiment
(located in Ukraina) with carp [10].

A fair-size experiment with a crop of about 35
tonnes of marketable carp was described by Belyaev [11].
Fish averaging 29.6 g each were stocked into 87 cages of
total area of 611 mz (depth about 1.5 m) placed in an
effluent channel of a power station on 20 May. Initial
stock densities varied between 120 and 320 fish per m2.
Each cage was provided with a "feeding table" and fish
were fed with mixed wet food (ground cereals, meat offals)

Current velocity in the channel was about 0.5 m.s~x

and the temperature was well above 20°C until mid-October;
the maximum recorded reached 35.2°C and even then the
"fish behaved normally". The oxygen content of the
water was never below 5.4 p.p.m.; it was about 0.1
to 0.2 p.p.m. lower down"tream of the cages than up-
stream of them. By mid-October, i.e. after 5 months,



during warm days only 2°C, higher than in normal carp
ponds. Even so the first results of rearing the fry
of common, grass and bighead carp were quite encouraging
[20]. On the average the first two species grew about
3 times faster than in unheated ponds.

Thus, it was decided to develop a centre near Konin
power station for producing fry and fingerlings of
Chinese and common carp. It now consists of a hatchery
with a capacity for 50 million eggs and has manipulation
tanks and 20 hectares of earthen ponds, of which abo'jt 8
ha are used to keep breeders, and the remaining 12 ha
to grow fingerlings. The hatchery building, howtp/er,
has its own heating unit because the temperature'fluctu-
ations of the effluent from the power station are too
large for the incubation of the eggs of the Chinese carp.
The ponds are supplied with heated effluents. Another
180 ha of ponds are under construction.

After the first year of operations in ponds it was
realized that winter temperatures (between 6°C and 15°C)
were too low for growing carp and too high to keep them
safe and healthy during that period. Hence, the finger-
lings produced have to be transferred to ordinary
"winter" ponds with temperatures between 2°C and 6°C.
This creates problems.

At about the same time as the commercial centre near
Konin, Poland,was constructed, the Inland Fisheries In-
stitute built an experimental unit consisting of a small
earthen pond fed with heated effluent from a power
station in Warsaw. This was the site of some ecological
basic surveys during the past 2 years and an investigat-
ion of the maturation cycle in tench (Tinea tinea L.)
kept for extended periods in different temperature
regimes resembling those of heated effluents. It is
premature to report on them except, perhaps, to note that
a rather small rise of temperature above the normal
resulted in a considerable extention of the spawning
period in that fish. Some specimens spawned up to 7 times,
while in nature the tench spawns up to 3 times in late
spring (Horoszewics, personal communication).

During the winters of 1971/72 and 1973/74, pilot
experiments with rainbow trout were conducted in one of
the small ponds [21], [22], In spite of the rather
poor quality of the water from the Vistula river and of
high and frequent fluctuations in the temperature
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all fish were removed, because from September 10 they
aid not grow; the temperature dropped then from about
26°C to 20°C and below. The fish weighed from 275 to
1200 g each, with a mean of 414 g (carp above 450 g
each are considered marketable in the USSR). One cage
with 115 fish was not fed and still the carp reached a
mean weight of 420 g.

Culture of fry of the initial size of 0.4 g each
was also tried, though in small (3.5 m3) cages located
in heated effluents [12]. The authors claim the experi-
ment was successful, with an output of 29.3 kg fish per
in" and survival of 77%.

Similar large-scale experiments were carried out in
Eastern Germany [13], 114], [15], [16], [17], [18], [19].
Cages of 6.3 m volume were attached to a barge anchored
in an effluent channel from a power station. A winter
experiment, with temperatures between 15°C and 18°C
failed. However, large specimens kept in temperatures
rising from 12°C in February to 22°C in April grew well.
The best results were obtained in two consecutive
experiments of growing carp from April to early December
at temperatures between 17°c and 27°C. From the finger-
ling size (about 30 g) to the marketable size of about
1000 g the fish were fed with high quality pellets
(33.6% row protein). The total output in these experi-
ments was 20 tonnes fish. With the conversion factor of
the pellets equal to 1.8 the results were considered
economically sound.

2.2. Earthen ponds

Another kind of utilization of heated effluents has
been tried in Poland, viz., earthen ponds supplied with
heated effluents from a big power station. The stimulus
to build these ponds came from work on the introduction
of Chinese carp which require - at least for maturation,
spawning, hatching and growing larvae - higher temper-
atures than, for example, common carp. According to
Soviet experience, from where the fry were imported, fry
and fingerlings should be reared in ponds with good
conditions for development of phyto- and zooplankton.
The ponds are supplied with heated effluent by gravity,
which is an important feature of the site, at a rate
which enables theoretical exchange of the water volume
(flushing rate) in about 4. days. This results in codling,
so that the Lemperature in these ponds was only 5°C, and



Figure 4), the fish grew very well. Over the last winter,
similar attempts were made at the centre near Konin and
they resulted in even better growth; starting wich
fingerlings in November, the manager offered marketable
rainbow trout (150-200 g each) in late March.

Although the centre is not in full swing yet it
exemplifies the concept of the use of low-grade heat by
cultivating fish having different teirperature require-
ments. The order of magnitude of these differences can
be illustrated by comparing changes of food ration and
of its conversion for growth in common ca^p with that in
sockeye salmon (Figure 5). In the latter the best
conversion occurs at 9°-14°C, while carp hardly grow at
that temperature. Its optimum is between 22° and 28°C,
at the level which is lethal for the salmon.

The Konin centre is developing a system of better
utilization of available installations by cultivating
common and Chinese carp and rainbow trout other than
merely warm water species. The system is roughly pre-
sented in Table 2. It can be seen that many ponds are
to be used almost all year round, which obviously reduces
costs per unit of installed capacity. Another advantage
is the production for sale of several kinds of fish at
different times.

Production per unit area of these ponds is not high;
in 1973 it varied from 825 to 2200 kg/ha with an average
of 1800 kg. It has been estimated that natural production,
i.e. without external food, reaches 1000 kg/ha and in
some ponds 1500 kg/ha, which is very high in Polish con-
ditions. About 50% of the production consists of Chinese
carp which are still more difficult to grow than common
carp. Heavy losses have been observed in some ponds
(up to 75%) without any obvious reasons. It is believed,
however, that along with enhanced experience of the staff
the fish production will be considerably greater.

2.3. Running water culture

The third kind of fish culture with the use of heated
effluents has been developed in East Germany. The State
Fishery Enterprise Wermsdorf can serve as an example.
Among others it has two specialized units built up for
growing fry and "footlings" (verbatim translation from
Polish) of common carp. The first one is a kind of green-
house with fibre glass troughs of 1700 1 capacity each
supplied with warm water from a paper plant plus a supply



Cf cool water from a pond. The troughs receive from 2
to 5 1/s of warm or mixed water depending on the avail-
able and required temperature - between 22° and 30°C -
and on the ?.ge of the fish. The troughs are stocked
with just-hatched larvae of carp, about 100 000 per
trough. The main problem - feeding - is solved by
catching zooplankton in a reservoir or a lake and by an
almost incessant supply of it to the fish [23]. This
unit produced in 1972 5.1 million fry of 0.4 g - 0.6 g
each, i.e., an amount sufficient to stock 130 ha of
fingerling ponds or - with moderate mortality during
later stages of growth - for the production of about
2000 tonnes of table fish.

The other unit utilizing heated effluents - in
that case from a briquette plant - consists of concrete
race-ways of several cubic metres capacity. Warm water
is supplied at a rate of about 2.8 1/s (flushing rate
10 times per hour). The race-ways are used for growing
footlings and table fish i.e., about 300 g and 1000 g
each respectively. Due to the high temperature of the
effluent the unit can be used even in winter. Here
fish are stocked at a high rate, up to 100 kg m3, and
fed with pellets [24], [25].

The Wermsdorf enterprise has also all necessary
installations with regulated temperature for breeding
and incubating eggs, as well as traditional earthen carp
ponds. All these units enabled the development of a
combined system of carp production (Table 3) which is
considered to be fairly efficient. In this system a
certain fraction of every cohort of carp is produced
for market in 1.5 years instead of in 2.5 years.
Another advantage of the breeding installations and
that for growing fry with regulated temperature is the
possibility of producing several batches of fry at
desired periods, which results in improved utilization
of traditional ponds.

The above-mentioned system can be used to illustrate
the growth of common carp in the production process
against that in near optimum conditions (Figure 6). The
growth curves explain, to certain extent, the necessity
of transferring fish. It can easily be visualized that
the change of standing crop is fast; starting with,
say, 1 g of just-hatched larvae, the biomass after one
month will be about 700 g, assuming moderate mortality.
In the later periods the change is not as dramatic as
in the first but for efficient utilization of rearing
space and food one cannot keep fish either too thin or
too crowded.
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The difference between the "laboratory growth" at
2 3°C and that in commercial size operations does not
mear that the latter do not take advantage of carp's
growth potential. In short, the fastest possible growth
at a certain temperature does not secure optimum produc-
tion.

Similar growth curves can be drawn for salmonids
showing the advantages of enhanced temperature conditions.
Here also growth optima depend on more factors than just
the temperature and several transfers are necessary.

3. POINTS FOR CONSIDERATION

A commission of experts on fisheries and on power
stations appointed by the Minister of Agriculture in
Poland presented last year a report on the possibilities
of the utilization of heated effluents for fish production,
The commission reviewed a number of existing power
stations and a few to be built. Several points from
this report seem to be of general interest.

There was some controversy between fishery repres-
entatives and "electricity" people, namely that the
latter were interested in methods of utilizing the heated
effluents which would result in cooling the water
discharged to rivers, lakes, or the sea. This view was
obviously supported by representatives of environment
protection. The fishery managers were interested in the
design and operation of power stations so that the
effluents are not polluted and their temperature is kept
at a fairly high and steady level.

There is no universal solution; therefore, in any
particular situation several possibilities should be
considered. Consideration began with defining objects
for cultivation and their general requirements with
regard to water quality. Because the Commission was to
advise on commercial-scale production, the criteria for
selecting the objects were fairly obvious, only those of
marketable value and of known rearing techniques.

General requirements with respect to the heated
effluents which have to be considered in any case are as
follows*

(1) the quality (chemical composition) of the
effluent water compared with the requirements
of the "cultivatable" objects.
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(2) the temperature of effluents must be within
the permissible limits and be within the optimal"
for the growth of the objects under consider-
ation during a sufficiently long period in each
year,

(3) accessibility to effluents either for abstraction
or for locating any installations within the
range of the heated water.

The Commission recognised three systems of fish
culture, exemplified in the previous section (2). They
are summarized in Table 4. Commercial or semi-commercial
cultivation in each system requires a supply of fish for
stocking and they cannot function as full-cycle, "self-
sufficient" fish farms. Although eggs and larvae can be
produced in hatcheries this production does not use
waste heat; this is considered too risky on one hand
and not very expensive, taking into account the small
quantities of water required by the fish at these stages.
Hence, while planning fish culture with the use of low-
grade heat from industry, the proximity of hatcheries
or farms which can supply fish for stocking or the con-
struction of auxilliary units for the production of the
necessary stock should be considered.

Although fish can be grown in cages and in earthen
ponds without external food, commercial cultivation in
each system requires supply of manufactured food, because
otnerwise they are likely to De economically unsound. In
intensive raceway culture the cost of food can be a
limiting factor.

Pollution is mentioned in Table 4 as a factor
affecting the fish culture itself. However, the culture
disposes of organic matter which from the point of view
of environmental protection can create problems. The
waste organic matter, faeces, excreta (ammonia mainly),
unconsumed food, dead fish, are not very dangerous poll-
utants in warm waters, but with the increasing size of a
culture in relation to the recipient v/aters their impact
should not be disregarded. To illustrate the problem let
us remind ourselves that often not more than 80% of the
food is assimilated and somewhat between 20% and 40% is
incorporated into fish body. In terms of BOD5 1 kg of
common carp produces from 2 g to 10 g waste per day and
from 40 mg to 1000 mg ammonia per day [25].



In the culture utilizing heated effluents as in any
traditional fish culture or - broadly - in aquaculture,
we deal with much more complicated systems than those
drafted above. Considering the use of waste heat to
improve or to build up a new way of producing utilizabie
organisms, we face not just one complicating factor,
waste heat, but several others which are inseperable
from utilizing this source of heat. Added to what is
known of traditional aquaculture, which still struggles
with a number of unsolved problems, these factors make
any new system more complicated and less reliable. That
is why, perhaps, development of commercial waste heat
aquaculture is slow, and why analyses of whole systems -
using large-scale physical models - and the monitoring
of all major variribles are to be desired.

The last recommendation results from the assumption
that the enormous quantities of heat wasted by industry
can and should be taken advantage of in producing fish.
Even if there is no desperate need for table fish, as
in this country (Canada), an argument for increasing
the production of fish can be found in the growing spore
fishery which requires fish for stocking inland waters.
An acceptance of that point of view does not indicate
any direction of search into the best possible solution.
One of the possible propositions arises from the fact
that there is a vast literature on temperature dependent
phenomena in fish and therefore there is little need for
research in that area, but for a review and synthesis
with the problems of aquaculture in mind. Biologists
can supply basic information, making proper use of the
existing data for designing schemes for the cultivation
of fish in any particular waste warm water. They will,
perhaps, postulate some adjustment of the waste disposal
for that production, after which engineers should do the
job. In brief, there are chiefly technical problems,
and, perhaps, economic ones and they should be given
priority.

Another view steins from the practice with fish
culture in heated effluents, e.g., some of them exhibited
considerable short-term fluctuations and their effect on
fish is not sufficiently known. Also, the long-term
effects of elevated temperature on fish requires further
study. The use of earthen ponds fed with warm waste
water form specific environments in which the development
of biocenoses can hardly be predicted. One may think of
other problems of a biological nature and, hence, post-
ulate that that kind of problem not merely the technical
ones, should be dealt with in the search for the utiliz-
ation of low-grade heat in aquaculture.
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The third approach of those who accept the reasons
for developing fish culture in waste warm waters is that
one should first of all investigate the question how to
incorporate the technique into a greater system of the
multipurpose use of the low-grade heat. Aquaculture
should enter as a sub-system with its relevant parameters
into complex studies of socio-economics,, technical pro-
blems and ecological aspects of waste heat. The sub-
system should be worked out as a conceptual model, then
research on the defined relationships within it and
between the sub-system and other components of the
yreater system should follow in the field and in experi-
mentally created situations.

There remains the straightforward question, "Why
bother with aquaculture at all?" The power stations
cannot, after all, adjust their operations to the small
business of fish production. The few commercial warm
water cultures are not convincing evidence of the sense
of such endeavours. The more so in that some of them
do not cooperate with power stations but with other
industries. Would it not be better to direct our efforts
into investigations on how best to protect aquatic
environments affected by waste heat or, perhaps, on how
to enhance their various functions for human beings,
including those related to biological processes.

A few apparently controversial propositions look
trivial; they have not been made to be defended but,
hopefully, to be developed or transformed into more
realistic ones during the discussions to follow.
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Table 1. Production :ycle of cannon carp in ponds. Consecutive stages of fish are ;>
many transfers of fish (arrows).
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''able ?. Utilization of several nonds and a hatchery a» t^e
fish culture centre Konin, Poland, for growinr common
carp, Chinese carps and raibow trout.
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Table 3. Combined system of carp production: Utilization of heated effluents and of traditional

ponds. (Compiled from data of Sauberlich 1972, Sassmann 1972, Seidlitz. Seidlitz ^9 72).

Year Stage of fish

Breeders

Larvae -

- Fry

Fry -

- Fingerling

Fingerling -

- Footling

Footling -

- Marketable

fish

Oct.- March April May June October

Winter ponds]

tanks

5-10 day?

Hatchery
22-25 C
2-3 days

V Rearing troughs
22-30*0
10-25 days

Nursery ponds
ambient temp.
ca. 30 days

Fingerling ponds
ambient temperature

130 days
75 days

ca.
or ea.

Warm water tanks
«-20°C

ca. 7 months

Winter ponds

Growing/Footling/ponds
ambient temperature

ca. 5 months

Warm water tanks

Growing ponds
ambient temperature

Growing/marketable/ponds
ambient temperature

ca. 7 months

I

(1i year cycled

Market (?•? year eye', t



Table 4 Three kinds of utilization of heated effluents for fish culture.

Easic unit

Cage in
effluents

Earthen ponds
(moderate in-
flow of water)

Race ways
(large flow
of water)

Requirements
re. site

accessibility, no in-
terference with other
uses (navigation,
sports etc.), moderate
current and waves

fair size lot nearby,
of elevation enabling
water supply by gravity,
access to unheated water
desirable, isolated

small lot possibly
below the outlet of
heated effluents,
access to unheated
water

Factors likely to limit
size of culture

pollution (BOD and NH^
in particular) by
culture itself

size of avail-
able lot

site specific
technical problems

Temperature
control

by moving cages
within thermally
affected area

by regulating
inflow, by mixing
with unheated
water

as above, plus
extra heating
(desirable)

Utilization of bio-
logical productivity

depends on fish
species, size
(organisms carried
by current)

extensive

no

Snnp nr*oh 1 f?nc'

fouling of
cages, tempe-
rature fluc-
tuations,
l'ood waste

control of
biocenosis
limited, either
too high or too
low temp, du-
ring winter

labour con-
suming mor.i-
toring and
control of
envirorment
and of fish

i

o
1

NB. It is assumed that quantity of heated water is far above possibilities of total utilization in fish culture.
Economic factors are not taken into account being rather specific to particular situations.
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Figure 3. Mean temperatures of heated effluents from
Konin power station and in carp ponds in
Poland (data of Inst. Meteo. Water Manage.,
and Inl. Fish. Inst.).
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After Bontemps [21]
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Figure 6. Growth of common carp in laboratory con-
dition (broken line, after Huisman, [4]),
in ponds (solid line) and in installations
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according to Polish and E. German data.
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COMMENTARY ON KEYNOTE PAPER BY T. BACKIEL
FISH CULTURE IN HEATFD FFFLUF.NTS (EASTERN FUROPF;

A. H. Kooyman

Canadian Wildlife Service
Environment Canada

Winnipeg, Manitoba, Canada

Traditionally, in Canada at least, most fish culturists have been
concerned more with obtaining adequate volumes of cold water for salmonid
culture than pursuing warmwater fish culture. This conference on the use
of heated waste water is, therefore, a welcome addition to our thinking. , ,
With little more than a 100-year history of fish culture in North America, '
we have much to learn from our European colleagues who can trace their
history back 1000 years or more.

Dr. Backiei's introductory remarks on the role of water temperature
in the growth, feeding and culture of fish admirably set the stage for his
review of both experimental and commercial fish farming with heated efflu-
ents from thermal power generating stations in Eastern Europe.

Dr. Backiei's review must of necessity lack many details that are
probably relevant when considering the scientific requirements, the prac-
tical implications and the economic realities of utilizing heated water
from power plants in aquaculture projects. Since the manuscript is
labelled "Notes" perhaps Dr. Backiel intends to expand his presentation
with oral comments. If not, the following questions and comments hope-
fully will reflect the workshop's interest and give Dr. Backiel an oppor-
tunity to consider how best to elaborate on some of the studies which he
has reviewed and to share with the group his knowledge from personal
research and from close familiarity with other work in Eastern Europe.

In the geographical area under review, carp are apparently the most
important cultured species, although reference is made to other fishes.
Production of fish directly for human consumption is undertaken commer-
cially on a large scale and also on a smaller scale in farm fish ponds.
Could Dr. Backiel briefly describe this industry in Eastern Europe? How
important is fish as an animal protein in the diet of the European people?
How much fish is produced by the fish culture industry? Is carp the most
important species and, if so, why? In Canada it is doubtful whether carp
will become important in fish culture since they can be harvested from the
wild in greater quantities than present markets will buy. Are other
species such as rainbow trout becoming important? Are there different
markets for each species? In what form is the production marketed: ALIVE?
FRESH? FR0ZEN7 PROCESSED? Where are the main markets and how is the
production transported and sold?. How does fish compare in price to similar
animal proteins such as poultry, pork, beef and mutton?

What are the usual sources of water for a fish culture operation?
Where do large commercial operators as well as small farm pond operators
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obtain young fish to stock their waters? Who produces the feed used in
intensive fish farming? Oo large fish farmers use automatic feeding equip-
ment or is feeding still done mainly by hand7 How much manual labour is
involved in an operation?

Does the government control the fish culture industry by any licen-
cing system? What assistance does the state give to fish farms7 Is the
state doing research and developmental work in aquaculture as is done in
agriculture? Who is doing research to produce better strains of fish for
aquaculture? Is there any culture work being done with Crustacea or other
groups of plants and animals?

Do you anticipate that practical experiments with the use of heated
effluents will enable the fish culture industry to increase production sig-
nificantly? If nuclear-fuelled thermal generating plants become more
widely used, do you think it will be economically feasible to utilize the
hot water in fish culture operations using pumps to mix hot and cold water
for controlled environmental conditions? What do you think of radiation
hazards infthe fish produced? There has been concern expressed over this
in Canada.1 J

Concerning the economic aspects of fish farming, Or. Backiel has
noted that different operations or experiments were economically sound or
successful. In order that the workshop might examine this important
aspect more critically, could Dr. Backiel provide some data or. operational
costs, production figures and selling prices for various species and
grades (quality) of fish?

For example, referring to Balyaev (1969) and the production of 35
metric tons of carp from a power station channel, are data available on the
operating costs and the market value of the fish produced?
(e.g.) -number, size and cost of fingerling carp (price per 1000)

-amount and cost of wet food used (price per kilogram)
-cost of depreciation on cages and other equipment
-number of man/days of labour (cost per man/day)
-cost of processing and marketing production (transportation,
storage, selling fees, etc.)

-value of production (price per kilogram for different grades and
sizes of fish)

There are some other questions concerning this study. Has any explan-
ation been proposed for the cessation of growth in September when water
temperatures were still favourable for growth? Is there an explanation for
the good average growth of carp in the cage which received no Food7 What
was the percentage survival of fingerling carp initially stocked? Did
stocking densities affect mortality rates in different cages?

With reference to fry culture by Ivakha et al (1972), was feeding
attempted or did naturally occurring phytopiankton and zooplankton provide
the only food source? If only natural foods were available, were the
amounts more than adequate for good growth? How long did the experiment
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last? What was the size range of the fingerling fish which were produced?
What was the cost of carp fry stocked (per 1000 or per kilogram) and the
value of the fingerlings produced (per 1000 or per kilogram)? Is 23 percent
mortality considered to be low, normal or high? Did water temperatures have
a bearing on mortality? In what way was the experiment successful?
--economically? or operationally (proving the practicability of rearing fr
in cages on natural food)?

Examining the studies in Eastern Germany by Steffans, Albrecht and
Menzel, was there any explanation for the failure of the winter experiments
at 15°C and 18 C? What happened? If small carp died in this temperature
range, is there some physiological reason for such mortalities that might
have a parallel in other species?

From his own knowledge and experience can Dr. Backiel describe more
fully the experiments in Eastern Germany? What i-; the cost per thousand
of 30-gram fingerling carp? Are the fish fed by hand or some automatic
machine? What was the cost of the high quality food pellets? Was there
any natural food available that could be partly responsible for the apparent
high food conversion rate? In cage rearing experiments like this, is there
any grading or sorting of fish by size as growth proceeds? What was the
value per kilogram of the carp produced?

Some very intensive cage culture work with carp is being done in
Russia. Can Or. Backiel tell us about it? What materials are used to make
the cages and what size are they? What densities of fish are being stocked
and how great are the fish densities when the crop is harvested? What
volumes and velocities of the water are used? Are some innovative tech-
niques being used?

Concerning the use of heated effluents in earthen ponds, can
Dr. Backiel describe the operation more fully? In North America, we culture
pike and walleye in a somewhat similar manner under natural temperature
regimes. How big are the ponds? Are they fertilized to increase algal
growth? Did the 4-day flushing rate allow adequate development of phyto-
plankton and zooplankton? Was the good growth of fish attributed to both
favourable water temperatures and more abundant food?

Can Dr. Backiel describe the fish culture operation at the Konin power
station more fully? How is the spawn taken? Are the eggs incubated in
specially designed fish hatchery jars (glass or plastic containers with a
constant flow of water through them)? What are "manipulation" tanks? Why
do carp fingerlings not remain healthy at "winter" temperatures of 6 to
15°C? What are the problems associated with transferring fingerlings to
winter ponds? Do they require a small flow of water? Is feeding necessary?
Is there any growth?

The work of the Inland Fisheries Institute in Warsaw sounds important.
It appears to be similar to experimental work proposed in Western Canada'31.
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We would be pleased to know more about the Institute. Does Dr. Backiel
have anything more to report on the recent experimental work? Are tempera-
ture fluctuations illustrated in Figure k examples of daily maxima and
minima or the extremes over 10-day periods? If the former, it hardly
seems possible that rainbow trout can tolerate the stress of such fluctua-
tions. What is the reason for the fluctuations? Is there an oxygen decline
in the heated water? Is there a need for oxygen replenishment or is the
water saturated at any given temperature? Rainbow trout would eppear to
have the potential for growing to marketable size in a shorter period than
carp. Do the experiments with rainbow trout suggest that this species may
find a place in commercial fish culture production in Poland? What is the
selling price of marketable (150 to 200 gram in size) rainbow trout? Is
there a limited market for such a product in Poland? Is it a product that
can be exported? What is the origin of the rainbow trout stock being used
in the experiments? Has any selective breeding for fast growth under fish
culture conditions been done? Has any experimental work been done with
either carp or rainbow trout to determine the most favourable temperature
for high metabolic rates? Do you think this rate will vary, depending upon
whether the food is plant or animal in nature? Is anyone doing research on
fish nutrition, especially at elevated temperatures?

Dr. Backiel's section on raceway culture in flowing water touches on
an area with which Canadian fish culturists are more familiar, at least
when it means culture of trout species. Can Dr. Backiel provide any more
information on this ieemingly very intensive fish culture? Are extensive
engineering works required? It hardly seems possible that stocking rates
of 100 kilograms per cubic metre are feasible. How big are the raceways?
"Several cubic metres" does not sound very big. Raceways in Canadian trout
culture range from 25 to 100 cubic metres in size. Are the raceways compart-
ment ed? What happens as the fish grow? Are the numbers per cubic metre
reduced so that poundage remains constant or can the weight per cubic metre
be allowed to increase considerably? Is the physical condition and appear-
ance of the fish impaired in any way? Is there any rubbing of fins or other
body parts that may allow disease organisms to infect the fish? Highly
intensive fish culture of this nature would appear to have the potential
for creating problems. Traditionally, fish culturists warn against crowding
fish if they are to be held under such conditions for more than a week or so.
Is there something unique about the species or strains of fish being used in
this work that allows them to be reared so intensively?

Dr. Backiel's section entitled "Points for Consideration" is reas-
suring. Fishery workers in North America also have differences in point-of-
view from engineering and environmental colleagues or associates. Have
fishery managers considered the use of heated effluents from nuclear-powered
generating plants? If so, will potential consumers of the fish be concerned
about contamination from radioactive materials?

Perhaps there will not be time at the conference table for details to be
presented but hopefully there will be an opportunity during the less for-
mal hours to hear more about the Institute's objectives, facilities, the
species of fish being studied and the progress of investigations to date.
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Members of the workshop will agree with the description of and cotmtni'
about three main systems of fish culture for utilizing heated effluents and
the factors which might limit their applicability. One point that does not
come out clearly in ponds and raceways is that pumping to mix heated and
unheated water to achieve optimum temperature (or some other favourable
parameter) may be practical. How is food wastage reduced in raceway cul-
ture having extremely high flushing rates? The need for large-scale demon-
stration units has been recognized in CanadaL3J.

Dr, Backiel uses the word ''footling" in his paper. It's an approp-
riate companion to the better known word "fingerling" which has a long
history in the language of fish culturists. What a delight to find a pair
of words with such expressive meaning wherever they are translated liter-
ally. May this workshop also find expressive and effective words to trans-
mit the results of the deliberations.
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National Board of Fisheries
Goteborq , Sweden

Introduction

For successful aquaculture it is necessary to produce _>
high quality of product in the shortest possible time and at
minimum expense. For species to be suitable for culture tnt
following must be valid:

1. High priced product.

2. Rapid growth with a cheap and easily available food.

3. Easy to grow in all life stages.

Temperature is a controlling factor in fish farming and
increased temperatures can cause an increase in growth rates
of desired species.

Heated effluents - Special problems

Using heated water from a thermal power plant can be
said to be just a special technique of traditional aquaculture
where temperature control within certain limits can be
maintained. This means that many questions are common to all
types of aquaculture, but using heated water creates some
special problems, which have been discussed by Coutant(2):

1. The relationship between temperature, food utilization
and growth.

2. The effects of changes in water temperature.

3. The influences of temperature on diseases and parasitism.

4. Tolerances of organisms to substances added to the
cooling water.

5. Gas supersaturation in the heated water.
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1. Temperature and growth

Under laboratory conditions, Brett et aid) found for
fingerlings of sockeye salmon that there is an optimum
temperature for growth at any feeding level. For "excess"
feeding the peak of the curve is at about 14.5°C. The growth
rate is less at temperatures above or below this optimum
temperature. If the food ration is reduced, the optimum
temperature for growth will decrease. Data of this type are
not available for many species. It is obvious that this
information is of great value for aquaculture, in selecting
the best species when heated effluents will be used.

For one species there can also be different growth-curves
for the various life stages. Saunders(4) has summarized data
for salmon. Eggs can be hatched without high mortality in
temperatures up to 12°C. Pre-smolt growth will be optimal
at 14-16°C and post-smolt a*. 14-15°C.

Higher temperatures will reduce the mass of organisms
which can be held in a certain volume of water. The oxygen
consumption of the organisms will increase at higher temperatures
because of increased metabolic rate. Also, at higher water
temperatures less oxygen can be dissolved.

2. Changes in water temperature

If heated effluents from power plants will be used in
aquaculture, the thermal limitation must be considered. In
cold climates the temperature of incoming cooling water can
be about 0°C during winter and 20°C at summer time. The
increase of temperature in the condensor of a thermal power
plant varies, but an increase of about 10°C is common. As
mentioned above, many species have well-defined temperatures
for optimal growth. This means that the optimal temperature
cannot be held during a one year cycle of culture.

In a thermal power plant there can be rapid fluctuations
in temperature when the plant is shut down. Rapid changes in
temperature can be dangerous for cultured organisms specially
near their lethal temperatures.

3. Temperature and diseases

It is not only the cultured species that have their thermal
optima, but also disease organisms and parasites; thus, in
heated water, warm-water disease organisms will be favoured.
Another problem can be that areas affected by heated water
during winter will attract sea-birds. Many birds are hosts
for parasites on fish, which can infect the cultured species.
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4. Added substances to cooling water

In power plants using sea water for cooling, it is comnon
to use chlorine in the cooling water system to prevent
fouling. Continuous chlorination or intermittent high-level
dosages can be used. In Britain low-level dosages have been
used without any damage on cultured plaice and sole if the
concentration is below 0,1 ppm(3).

Other chemicals may also be added to the cooling water
to prevent corrosion.

Most atomic power plants add small amounts of radioactive
isotopes to the cooling water. Organisms can concentrate these
isotopes, but even if the levels are below harmful concentrations,
it can be difficult to market these cultured products.

5. Gas supersaturation

When water temperature is increased,less gases can be
dissolved in the water. A 10°C rise in temperature will
increase the saturation of oxygen and nitrogen from 100% to
about 125%. If the solution will not be equilibrated with the
atmosphere there will be gas supersaturation. Supersaturation
of nitrogen can cause gas bubble disease in fish. Free gas
bubbles can occur in blood vessels (embolism) and cause damage
and eventual death. Salmon fry can survive up to 105%
saturation of nitrogen and bigger fish about 110%.

Aguaculture in heated effluents under Swedish conditions

The possibilities of using heated water from thermal power
plants for aquaculture has been investigated in Sweden. Ail
constructed and planned power plants are situated in coastal
areas and therefore use sea water or brackish water for cooling.
The temperature of incoming cooling water is about 0-2°C during
winter and 18-20°C during summer. The increase of temperature
is about 10°C in the condensor. This means that the water
available has a temperature from 10-12°C to 28-30°C during a
year. It was concluded that salmonids would be the most suitable
species on condition that the water temperature would not
exceed 2Q°C during the summer.

Concerning the water supply to a landbased fish farm it
was concluded that:

1. To get a safer supply of heated water, water must be pumped
from at least two power units.
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2. Unheated water must be pumped into the farm so it can be
mixed with heated water to get temperatures for optimal
growth.

3. Incoming heated water must be aerated to avoid gas super-
saturation.

To test the possibilities of using heated water, a pilot
fish farm using cooling water from the nuclear power plant in
Oskarshamn has been constructed. The fish farm started to
operate in January 1975. The water supply is 4 000 £/min of
brackish water (7 °/oo). Heated and unheated water will be
distributed to troughs, where the two types of water can be
mixed. The species farmed will be salmon Mid sea trout, and
also rainbow trout and eel.

The research programme will include:

1. Temperature and growth.

2. The effect of rapid changes in temperature.

3. Diseases and parasites.

4. Farming-technique in troughs and net cages in the outlet.

5. Economy.

6. Accumulation of radioactive isotopes.

7. Testing of produced fish.

The aim of this pilot fish farm is to compare traditional
farming with farming in heated effluents, where produced fish
can be used for consumption or stocking.
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ABSTRACT

The present demonstrable use of heated effluents from thermal generating
stations for the culture of finfish, shellfish and seaweeds is reviewed in
the United States and Japan. Studies in Canada are summarized. An
examination of the relationship between the species selected for study and
the operating regimes of the plants, in terms of optimum growing temperatures
and discharge temperatures, indicates that maximum utilization of available
heat will not be achieved. A strategy to improve heat utilization is presented
involving the use of exotic species during warm seasons as part of a multi-
crop system to more fully exploit discharge temperatures. The following
criteria for species selection are proposed: (1) all stages of its life
history must be absolutely controllable; (2) potential diseases and parc.sites
must be known and be treatable; (3) a market opportunity must be identified;
(4) realizable return, must justify investment. A list of some 10 suitable
species is presented. Site criteria are also given, as follows: (1) plant
must be multi-unit; (2) plant must be a system base-load operation. The
future of aquaculture in Canada is examined, and suggestions for the stimu-
lation of thermal aquaculture are put forth. These encompass: (1) aggressive
marketing for fisheries products to heighten consumer awareness and demand;
(2) the encouragement of power authorities to make more efficient use of
fuels; (3) a policy decision and dedication of funds by senior government to
demonstrate feasibility through pilot plant operations.
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AQl'ACULTURE: A PERSPECTIVE I N THE WESTERN HEMISPHERE AND
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INTRODUCTION

The title of this paper is in all likelihood perfectly self-explanatory
to the individuals assembled at this work-shop. However, it- is well to
define the key words precisely prior to developing the topic, as I have
on occasion heard varying interpretations of them.

"Low-grade heat" is a rather loose, non-specific term, but a reasonable
working definition is the heat energy contained in a process or a component
thereof '.chich operates at less than 65°C (150°F)above ambient. The principle-
source of such heat is in effluents from the condenser cooling systems of
thermal generating stations, although certainly some other industrial
processes could qualify under the above definition. The latter are insig-
nificant by comparison, however, and in the following discussion only
power plant discharges will be considered.

"Cold climates" have been interpreted for purposes of this perspective to
include those areas in the coldest of two groups of the five major climate
groups of this world, as delineated by the widely-used Hoppen - Geiger
system of climate classification (1). These are characterized as follows:
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Snow (microthermal) climates - coldest month average temperature
under - 3 C, wannest month average temperature abov.
10 C, that isotherm coinciding approximately with
poleward limit of forest growth;

Ice climates - warmest month average temperature below 10 C, no
true summer.

In addition, it is only logical to include that portion of the dry class
north of »10 north latitude, characterized by a mean annual temperature
bo low 18 C and by the fact that annual potential evaporation exceeds
precipitation. These areas, in the portions of the globe considered
herein, include most of Canada and the northern United States of America^
(with the exception of the Pacific north-west and the highlands of the
North American cordillera), the extreme southern tip of South America,
and, roughly, the northern half of Japan.

"Aquaculture" refers to the culture of ultilizable aquatic organisms
(finfish, shellfish and seaweeds) under controlled conditons. In this
instance the concept is deliberately kept broad, and does not distinquish
between the various possible uses of the product. The ultimate uses fall
into three categories:

(i) the direct consumption by humans as a foodstuff;

(ii) the provision of stock for planting in bodies of
water either to augment existing populations, to
establish self-sustaining new ones, or to indulge
in the luxury of creating a "put and take" angling
fishery;

(iii) the extraction of polysaccharides such as agar and
carrageenan from marine algae for various industrial
uses.

THERMAL PLANT DESIGN AND OPERATION

A brief discussion of the design and operation of thermal generating plants
is in order.

Thermal plants can be powered by any of a number of fuels; the most commonly
used fuels, and their efficiency of conversion into electrial energy, are
listed below:

FUEL CONVERSION EFFICIENCY (%)

COAL
OIL
GAS TURBINE
GAS TURBINE COMBINED

STEAM TURBINE IN
WITH
SINGLE CYCLE

38
40
25 -

42

30
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FUEL CONVERSION EFFICIENCY I')

NUCLEAR

- pressurized heavy water (PHW) 2>i - _"i
- pressurized water reactor (PWR) 3 3
- boiling water reactor (BWR) 33
- hiqh temperature gas reactor(HTGR)40+
- fast reactor 40+

It should be noted that the efficiency varies with the unit size; t.h<
values given above are for the large steam units of 500 Megawatts or
qreater in common use today. Also, there are many ways of defining
the conversion efficiency, and figures quoted in the literature may
not always be consistent. Nonetheless, for general purposes the above
rates are adequate.

In simple thermodynamic terms, in order to drive the generating system
it is necessary to have both a heat source (steam at high temperature
and pressure) and a heat sink (the condenser). The steam is fed into
the turbine unit, where a portion of its heat energy is transformed
into mechanical energy, and the then degreaded heat is discharged to the
condenser. The higher the vacuum (i.e. the lower the presisure) in the
condenser., the more efficient is the transformation process in the turbine.
This condenser pressure is directly related to the ambient temperature of
its cooling medium. In the cold climates which we are considering, it is
possible to achieve a vacuum of 724 - 737 mm of Hg with a back pressure
of 25 - 38 mm of Hg, assuming a normal atmospheric pressure of 762 mm of Hg.
The condensor discharge temperature, using the conventional double pass
system, is then within the range of 5.6C - 11.1C above ambient, although
in cases of extremely cold intake temperatures this temperature differential
(AT) may be as great as 16.7C . For example, at the Coleson Cove
generating station currently under construction on the Fundy coast of New
Brunswick, the design AT is 15.6C . The design A T is based on the average
annual temperature established through the use of weekly averages, weighted
to reflect seasonal variation.

Whether this A T is maintained consistently (apart from down time for routine
maintenance or unscheduled failure) is a function of the operational mode
of the station. If the plant is a base load plant, as, for instance, nuclear
plants must be, then the A T is reliable; if the plant is a peaking operation,
as are many fossil fueled plants, then the A T is often less than the design
maximum.

In general terms, then, we are dealing with a temperature differential, and
a heat energy content, which, even, by the conservative definition of low-
grade heat used above, is very low indeed. Nevertheless, the fact that the
vast majority of aquatic organisms are adapted to grow within rather narrow
temperature limitations, and that the discharge temperatures of thermal
station cooling systems approximate the optimum ranges of some commercially
valuable species for at least part of the year, suggests that aquaculture is
indeed one means of utilizing this wasted energy.
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At this point it is well to consider briefly the problem of thermal pollution.
A few years aqo, when tht; proliferation of large multi-unit stations bc-earn-
apparent, there was expressed considerable concern about the potentially
adverse environmental effects upon receiving waters of vast amounts of heated
effluents. In the climates which we are considering here, this problem has
not been as significant as had been anticipated; although in certain situations
where the heat sink is a river or a small lake, thermal discharge may prove
disruptive, when the plant is situated on a large lake or on the open sea-
coast, there is no evidence of anything but extremely local biological effects,
even from the largest of stations. In any event, even if the dissipation of
heat through some other use prior to the effluent's return to the receiving
waters were a consideration, aquaculture would not be the answer. Very
little heat is actually used up by the process, particularly in systems
requiring a rapid circulation of water, and the volumes of effluent available
froax a large station far exceed the requirements of even the largest aqua-
culture facilities.

A final point to be considered ir. the operation of thermal power plants is
the possible addition of various chemicals to the condensor intake to
prevent fouling and corrosion, and their effects upon organisms cultured in
the effluents. Chemicals commonly used are chlorine or sodium hypochlorite
as anti-fouling agents, and ferrous sulphate as an anti—corrosive agent.
Again, such concern seems to have been exaggerated; recent experience has
indicated that when low continuous amounts of such additives are used,
they are not detrimental to aquatic organisms, and when more concentrated
periodic applications are required, appropriate protective measures can be
easily implemented with respect to the aquaculture facility.

AMERICAN EXPERIENCE

There are a number of facilities in the northern United States and in climatic
areas warmer than the ones defined herein which are actively utilizing
thermal effluents for aquaculture purposes, of either commercial, pilot plant
or research nature. In addition, there are a number of feasibility studies
with respect to this technology in progress. In the following summary, only
those facilities actually in operation, as opposed to those under consider-
ation, will be discussed. Instances from the southern U.S.A. are generally
not included.

(i) WISCASSET, MAINE

Maine Salmon Farms Inc., with the cooperation of the Central Maine
Power Company, is utilizing the effluent of the Mason Power Station
in the Sheepscott River estuary to culture coho salmon commercially.
Fingerlings are placed in net enclosures below the plant outfall;
a series of booms and baffles maintains the temperature about the
nets at some 3C° above ambient. Growth is accelerated during summer
months, and facilitated through a longer season than could naturally
be achieved. Eventual production is aimed at an estimated local
market of 90,000 kg annually.
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NORTHPORT, NEW YORK

Another commercial facility, Long Island Oyster Farms Inc., utilizes
the cooling lagoon of the Northport Power Station of the Long
Island Lighting Company to raise oyster spat to seed size. The
effluent is some 9C above ambient, and can be used directly since
the power plant employs only mechanical means to prevent fouling of
the condenser tubes. Ambient temperatures range from 1 C in the
winter to 22 C in the summer. Mixing is used to insure that the
nursery areas do not exceed 19.5°C at any time. The length of the
nursery period varies from 6 weeks in summer to 4 months in winter.
Oysters can be raised to market size in the effluent, but this has
not proven economical; they are transferred to oyster beds where
they grow under natural conditions.

(iii) TRENTON, NEW JERSEY

The Public Service Electric and Gas Company has donated both a site
at its Mercer Generating Station and $ 1/4 M "seed money" to support
a pilot plant thermal aquaculture facility, with the operational
aspects carried out by a team from Trenton State College and Rutgers
university. The operating budget is supported by the "Research
Applied to National Needs" program of the National Science
Foundation (2). This pilot plant, supplied with two ponds and a
raceway, utilizes the effluent from the coal-fired station year round.
The ambient river temperature ranges from 0°C for brief periods in
the winter months to 27°C in the summer, although it may occasionally
rise above this; the effluent is 4C° above ambient. Rainbow trout
are raised from mid-November to the end of April at about 10°C; they
grow from 40 - 50 gm to a marketable size of 200 gm during this period
During summer, from late May to late October, freshwater prawns
(from Southeast Asia) are grown in the same facilities, at a maximum
temperature of 32°C.

(iv) SAN DIEGO, CALIFORNIA

The Centre for Marine Studies at San Diego State University has
established research facilities at two power stations, the Redondo
Beach Generating Station of the Southern California Edison Company,
and the Encina Power Plant of the San Diego Gas and Electric Company.
The companies supplied both space and funds, and the research work
is also supported by the Sea Grant program of the National Oceanic
and Atmospheric Administration. The focus of the work has been on
the culture of the American lobster in heated effluents. The ambient
temperature range is 11°C - 22°C, and the effluent temperatures are
about 7°C and 10°C at Encina and Redondo, respectively. As the
optimal temperature for lobster is about 22°C, the effluent cannot
be used at the hottest time of year, but it is used for as much as
11 months at the Encina facility. A number of research projects are
underway, the principal one investigating the possible accumulation
in and effects upon the lobsters of chemical additives to the cooling

• system (3).



- 45 -

(v) MOSS LANDING, CALIFORNIA

A commercial culture venture, International Shellfish Enterprises,
Inc., utilizes a portion of the effluent from the Pacific Gas and
Electric Company's plant at Moss Landing. The emphasis is on the
production of oyster seed in a totally enclosed hatchery facility,
although some are retained and eventually moved to natural conditions
for growth to the size required for the "half-shell" trade. Other
species such as clams and scallops have also received attention.

JAPANESE EXPERIENCE

Japan is faced with the uncomfortable- situation, particularly in today's
economic climate, of having to import virtually all of its fossil fuel for
generating plants. The cost of these imports, of course, is enormous; any
process which can benefit from the 60 •- 70% of the energy content in this
fuel currently lost must be considered a valuable process indeed. In view
of Japan's long history of sophisticated fish culture, it is not at all
surprising that there are a number of efforts underway to marry that
technology with the technology of power production (4).

Strictly speaking, according to the definition of cold climates used for
this paper, none of these efforts have a place in this perspective, as they
are all situated in that portion of Japan which enjoys a humid subtropical
climate. However, since they contribute to the development of points
raised at a later stage in this paper, these facilities will be included as
examples.

(i) TOKAI - MURA, IBARAGI PREFECTURE

The Tokai Atomic Power Station of the Japan Atomic Energy Power
Company supplies heated effluent to an experimental facility
operated by the Tokai Branch of the Warm Water Aquaculture Develop-
ment Association. This facility, which began operations in 1972,
was financed by the government through the Science and Technology
Agency. Its objectives are to experimentally culture fishes in the
thermal effluent, and to determine the effects of radiation upon
such fishes.

The effluent varies from 7 - 10C° above ambient, ranging from 16 c
in winter to 35°C in summer; it is not used in the experimental
facility during the summer. During winter temperature is controlled
by mixing with ambient sea water, and the mixture pumped through
covered ponds where prawn, crimson sea bream, eels and abalone are
raised.
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(ii) HAMAOKA CITY, SH1ZUCKA PREFECTURE

A small culture facility is operated by the Shizuoka Prefectural
Centre for Utilization of Warm Water, using the effluent from tiu-
Hamaoka Atomic Power Station of the Chubu Electric Power Company.
Species cultured include abalone, sweet fish, scorpion fish, and
seaweeds (wakame, nori).

(iii) TSURUGA CITY, FUKUI PREFECTURE

At yet another nuclear power station, the Tsuruga Atomic Power Station
of the Japan Atomic Energy Power Company, the Fukai Prefect.ural
Fisheries Experimental Station cultures red sea bream, yellow tail,
and prawn. This facility uses tanks to experiment with the spawning
and culture of red sea bream and prawn, and raises yellow tail in
net enclosures in Urasoko Bay. The effluent is 7C° above ambient,
and in the area about the nets where the discharge is received,
water temperature is 3 - 4 c° above ambient. During winter, this
water goes down to about 10°C, which, although not sufficient to
promote significant growth, allows the species to survive in an area
where otherwise it would not be found. This part of the operation
has proved feasible; small fry are put in the nets in April and May,
and are marketed at sizes of 30 - 50 cm during the winter and sprincj,
through local fishery associations.

(iv) SHICHIGAHAMA CITY, MIYAGI PREFECTURE

The Tohuku Electric Power Company uses the effluent from its;
Sendai Power Station (a fossil fueled station) to head a pond where
it spawns and raises abalone to a seed size of 20 mm. The effluent
is 9C° above ambient, and ranges from 13°C in January to more than
35°C in summer, when it must be mixed with a separate supply to
maintain a 30° level. The controlled conditions improve survival
of spat, and provide a secure source of seed, via fishery associa-
tions, for fishermen throughout the country, who then set them out
to reach market size under natural conditions in 4 - 5 years.
Some 2 million seed abalone are produced annually. It has been
demonstrated that the time required to reach market size can be
reduced to 3 years if the entire cycle is maintained under elevated
temperatures, but this has not proven economic. Oddly enough, the
company, which began this facility in 1963, runs it on a non-profit
basis.

(v) KUDAMATSU CITY, YAMAGOCHI PREFECTURE

The Tsurugahama Aquaculture Company uses the effleunt from the
Chugoku Electric Power Company's Kudamatsu Power Station to
culture prawn and sweet fish in ponds covering some 70,800 sq. m.
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(vi) OMURA CITY, NAGASAKI PREFECTURE

The same two species, prawn and sweet fish, are cultured by the-
Kyushu Rinsan Company, in ponds supplied by the effluent from thr-
Omura Power Station of the Kyushu Electric Power Company.

(vii) OWASE CITY, MIYE PREFECTURE

The Chuba Electric Power Company utilizes the effluent from its
Owase-Mita Power Station to culture a variety of species including
red and crimson sea bream, yellow tail, prawn, spiny lobster, and
blue crab.

(viii) MATSUYAMA CITY, EHINE PREFECTURE

The Shikoku Electric Power Company uses the effluent from its
Matsuyama Power Station to culture prawns in ponds covering
9000 sq m.

CANADIAN EXPERIENCE

The original concept of this paper was to present an overview of the
state-of-the-art of thermal effluent aquaculture in the Western Hemisphere
and Japan. Because of the climate restrictions, it was to be hoped that
a significant portion of this overview would concentrate on Canada.
Unfortunately, however, this proved not to be the case; although the concept
has been considered since 1962, in actual fact, the art is non-existent in
this country, with possible exception of a small operation in New Brunswick
which is more a "polishing" operation than one of a culture. Not only
are there no economically viable industrial operations, neither are there
pilot plants nor even strictly experimental facilities in place. To date,
we have produced only a number of studies under the various appellations of
preliminary feasibility, preinvestment, feasibility, and preliminary design.
In the one instance in which significant capital funds have been committed
to an experimental facility, that by way of provision of pumps and tanks for
the diversion of water from the discharge canal at the Holyrood generating
station in Newfoundland, the aquaculture facility has never been used. The
plant, an oil-fired station with two-150 Megawatt steam turbines, completed
in 1970, was premature; the projected rate of increase of load demand upon
which it was based did not materialize, and it has been used on a intermittant
basis only, primarily during the winter. In 1972, it operated at just over
10% of capacity and in 1973 at 12ls%. For the 12 month period ending July
31, 1975, it operated at 18.4% of capacity and it is expected that from this
winter on the plant will provide a permanent input to the system on a base-
load basis. It is truly unfortunate that this venture which appeared to
be well planned in one respect was rendered unusable due to some rather
poor planning in another respect.

This overview, then, will take the form of a review of those studies carried
out to date, since they actually represent the state-of-the-art in Canada,
and will describe the single operating facility currently on line.
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(i) GRAND MANAN, NEW BRUNSWICK

The operation of Atlantic Mariculture Ltd., utilizing the heated
effluent from a small generating station on Grand Manan, New
Brunswick, is really a "finishing" operation, in that it uses the
thermal discharge to supply tanks for the maintenance and cleaning
of naturally harvested "dulse" (a red alga). During the process,
which may last for several days, the plants do gain weight to some
degree. The facility is also used to hold the plants for suitable
drying weather. The heated effluent is used only in winter, as
ambient water temperatures in summer are ample without augmentation.
The N.B. Department of Fisheries has funded some research and develop-
ment work at this facility with respect to the culture of other
seaweeds (5).

(ii) LORNEVILLE, NEW BRUNSWICK

A large industrial development plan just west of the City of Saint
John is centered upon a 945 Megawatt thermal power station currently
under construction by the New Brunswick Electric Power Commission.
The feasibility of using the effluent (1,091,000 liter per minute
at 15.6 C° above ambient) for aquaculture was investigated (6).
After initially considering a broad range of species from both the
technological and market points of view, the study quickly focussed
on Atlantic salmon, rainbow trout and, peripherally, coho salmon.
While concluding that under present conditions and at that site a
large scale production facility was not viable, the study did establish
the magnitude of production which would optimize economies of scale.
It suggested a number of approaches to bring down identifiable costs,
and proposed the development at the site of an applied research pilot
plant to carry out relevant research and test operating details on
a larger than laboratory scale. The study noted that considerable
capital outlays could be avoided in future if an aquaculture facility
were considered at the design stage of the power facility.

The N. B. Department of Fisheries has proceeded with the concept-
ualization and preliminary design of such a plant for two different
scales of magnitude. As presently visualized it will be a very
flexible arrangement allowing for independent yet related work on
several different species, not just the ones identified by the
MacLaren report. This list has expanded to include flatfish, salmonids,
seaweeds and shellfish. No funds have yet been committed for final
design or construction stages.

The landlord of the industrial park, the New Brunswick Development
Corporation, has recently entered into negotiation with an industrial
client, Marine Colloids of Canada, with a view to developing a
commercial Irish moss culture operation adjacent to the site currently
considered for the pilot plant. The landlord would deliver the
effluent to both plants, in return for a user charge. The effluent
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can be used directly with no treatment, although it may be necessary
to aerate the tanks with either steam or air. A separate salt-water
intake and mixing facilities will be required, as the wanner water
is required only during the winter season.

The culture technique for Irish moss has recently been perfected,
and the company is presently testing water quality on site prior to
full scale development. Some 20 hectares of a total area of about
50 ha will be devoted to culture tanks, with the aim of reaching
a production of 1.8 million kg annually within 2 years. The
harvesting of Irish moss has become increasingly more expensive
recently, and with a projected annual increase in demand for its
extract, carrageenan, of 15%, its culture now appears economically
attractive. The industrial strategy of the company calls for the
eventual culture of finfish, possibly Atlantic salmon, in the algae
tanks; to this end, the company has agreed to take a participating
position in the pilot plant under consideration (7).

(iii) POINT LEPREAU, NEW BRUNSWICK

The site of New Brunswick's first nuclear-powered generating station,
also on the Fundy coast, is currently being developed. The
University of New Brunswick was commissioned by the New Brunswick
Electric Power Commission to conduct a study to assess the potential
for utilizing the thermal effluent at this site for aquaculture.

The first phase of this study (the only phase which has been funded
to date) has been completed, and is very optimistic (8, 9). It has
found no compelling reasons which would preclude aquaculture at the
site, and using the scale established by the MacLaren Report (G)
as a basis has developed preliminary cost figures for a full-scale
production facility. With the advantage of being able to integrate
with the power station at the design stage, and with some rather
more optimistic assumptions than were previously made, this study
indicated that economic feasibility was a very real prospect. It
addressed itself mainly to Atlantic salmon culture, but also rated
a number of other species, of which the American lobster was
considered on a par with salmon. Criteria used in the rating were
culture experience, market availability, security from strong
competition, and potential return on expenditures. The study took
the innovative approach of considering the discharge from a salmon
production facility as being equivalent to the secondarily treated
sewage of a municipality, and assumed that this could be further
utilized for polyculture in a manner similar to that demonstrated
at Woods Hole, Massachussettes (10). In this "tertiary" treatment
plant, secondary sewage treatment effluent, mixed with seawater,
is used to grow mass cultures of unicellular marine algae, which
in turn are fed to oysters and to secondary crops of flounder
or lobsters. Dissolved wastes produced by the animals are assimilated
by commercially valuable seaweeds.
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The study presents a detailed proposal for carrying out a thorouqh
feasibility study, desiqr.ed to refine all estimates of variables;
this will define species, culture strategies, water, space and food
requirements, and anticipated yields. The plan calls for possible
inputs from the Saint Andrews Biological Station, and testinq of
models at the proposed Lorneville pilot plant, leading to final design
by late 1980, when the first unit of the nuclear plant comes on lino,
and construction during the following year.

There are a number of imponderables relative to this study, not the
least of which is a source of funding for the next stage of the
analysis. Also, it relies upon the pilot plant proposed at Lornville,
to which no firm commitment has been made at this time.

(iv) LENNOX, ONTARIO

Some three years ago, the Ontario Ministry of Natural Resources
appeared about to proceed with the first real demonstration of the
utilization of a thermal effluent for the husbandry of fish. A
large production hatchery had been designed and was to be built
in conjunction with Ontario Hydro's oil-fired Lennox generating
station, on Lake Ontario not far from Kingston. Salmonids and
other cold water species for the stocking programs of the Ministry
of Natural Resources were to be produced, and an experimental facility
designed primarily for selective breeding was to be installed.
However, the project has floundered over reasons concerned with the
proposed operation of the plant, and with funding, and to date only
some minor modifications to the condenser water supply and discharge
system have been effected.

(v) BRUCE, ONTARIO

A recent assessment of the potential of three nuclear sites in
Ontario for aquaculture selected Bruce-B as the most economic
location at which to develop a joint salmonid production hatchery
and applied research facility (11). The need for a separate cold
water intake and mixing facility was stressed. The study established
the economically feasible scale at which salmonids for lake rehabilita-
tion programs could be produced; interestingly, it showed that pro-
duction was not economic if the fish were held to pan size in the
facility. This study has just been completed, and as yet there is
no indication as to possible follow through on its recommendations.

(vi) PINAWA, MANITOBA

A proposal for a pilot plant to culture salmonids using the effluent
from the Whiteshell Nuclear Research Establishment has been jointly
prepared by the Atomic Energy of Canada Limited and the Fisheries
and Marine Service of Environment Canada (12). Specifically, the
plant will raise rainbow trout from fingerlings to pan size over
an 8 month period, in a raceway system. A separate freshwater
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supp ly drawn from g r o u n d w a t e r s o u r c e s , w i l l be r f i u i n - ' i fo r r ^ :•:,;.'.
p u r p o s e s d u r i n g t h e wanner m o n t h s . I t i s e n v i s a q ' - d th<i r , ••<:. • ':,<
sys t em h a s been s u c c e s s f u l l y d e m o n s t r a t e d u s i n g r a i n b o w , j ' . w i l j .-.•
s c a l e d up by an o r d e r of m a g n i t u d e , and t h e p i l o t p l a n t p o s s i b l y
used a s an a p p l i e d r e s e a r c h f a c i l i t y fo r o t h e r s p e c i e s . Aga in , re-
funding a c t i o n has been t a k e n t o d a t e .

TOWARDS MAXIMUM UTILIZATION OF AVAILABLE HEAT

When the var ious d e t a i l e d s t u d i e s which have been c a r r i e d out in Cdnadd ar.
examined, i t becomes apparent t h a t the v a r i o u s p ro j ec t ed u t i l i z a t i o n s of t:i<-
waste h e a t a v a i l a b l e do not approach the f u l l p o t e n t i a l . For example, a t
the Lorneville s i te , the init ial study quickly chose Atlantic salmon and
rainbow trout as the species for culture, and established an optimum rjrowir.c:
temperature of 12.8 C, a temperature which is always exceeded by the cfflue..!
and which is closely approached by the ambient during August and September.
The facility proposed at the Bruce-B plant, again for salmonids, established
an optimum temperature of 14.0 C, a temperature exceeded by the effluent
from May through November, with the temperature over 20 C for 4 of those
months. The facility at the Lennox Station, while not specifically
restricted to salmonids, is intended for cold water species and i t can be
expected that optimum rearing temperatures will be in the same range, i .e .
12.B - 14.0 C. Temperatures of the effluent could be expected to exceed this
range for at least six months of the year. Thus i t is necessary in each
case to pump large amounts of ambient water for mixing purposes. This is
nut only expensive, but when one does i t for up to half of the year,
i t seems somewhat a retrograde step if the original reason for locating a
facili ty at a particular s i te was to capitalize on an available heat source.
Of course, the reason is simple; salmonids are the preferred species, both
for angling and table purposes, and command the lion's share of our fisheries
management programs. However, they are also adapted to relatively cold
water and although the duration of the natural growing season can be
extended, they will never be able to ut i l ize on any but a seasonal basis
the heat from power plants.

If the basic objective is to util ize as efficiently as possible the available
heat, then a multi-species type of operation suggests i tself as the only
possible solution. The temperature regimes of the cooling water source
must be carefully appraised, on a site-specific basis, and the correspondirig
effluent temperatures determined, taking into consideration the operational
requirements of the generating station. As i t is highly unlikely that one
would ever find a species which would correspond exactly in i t s optimum
growing temperatures to the annual cycle so determined, i t becomes necessary
to select a combination of species which can best utilize the waste heat
around the calendar. (The need for a separate intake and mixing facil i t ies
is not obviated by such an approach, as short term variations in ambient
temperatures must s t i l l be regulated). The pilot plant at Trenton, N.J., is
an excellent example of this approach; i t cultures rainbow trout in the winter,
when effluent temperatures are near optimum growing temperatures for that
species, and switches to a more tropical species in the summer, thus taking
advantage of the available source for a much greater period of time than would
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be possible with either one or the other. Another experiment incorporating
the same principle was carried out in southern Georqia, where channel cattish
wore qrown in enclosed raceways durinq summer, and rainbow rrout in the s.inw1

facility durinq winter. When the raceway reservoir water foil bo low 10°l",
it was mixed with 2l°C qroundwater to maintain raceway temperature near
il°C (13).

In general, it would appear that such a strategy would incorporate species
native to warmer climes than that prevailing during the warmer half of the
year, and native species, or even species from colder climes, during the
colder half of the y<?ar.

CRITERIA FOR SPECIES SELECTION

The fact that one is using a heated effluent for a culture facility really
has no bearing on some very basic considerations which must be made when
selecting species, assuming of course that the temperature criteria discussed
above can be met. In fact, these are rather general considerations which
can probably be applied to any competetive manufacturing or agricultural
industry.

(1) All stages of the process must be controllablei the life history
of the species must be well known and experience with raising
the species through its entire life history must be demonstrated.
This will insure a reliable supply of eggs, and nutritional and
other requirements will be defined;

(2) Potential diseases and parasites of the species must be known,
so that early recognition of symptoms and thus remedial treat-
ment can be instituted to avoid catastrophe;

(3) There must be an identifiable market opportunity for any species
to be grown, and that potential market must not be highly
susceptible to competition from external sources;

(4) The realizable return on the product must justify the investment.

CANDIDATE SPECIES

The criteria listed above are nothing more than a statement of the obvious
and yet when taken together the range of available species for a given
project must be very limited indeed.

In the table that follows, of course, only the first three criteria are
considered; the last one must always be determined through a thorough
feasibility study and possible a pilot project. And I do not suggest that
the list is an exhaustive one.
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Environment Species Opt imum 'Vampf; r.j t. i

Marine or Brackish

Marine or Brackish

Marine or Brackish

Marine or Brackish

Marine or Brackish

Marine or Brackish

Freshwater

Freshwater

Freshwater

Freshwater

American Oyster

Kuruma Shrimp

American Lobster

Dover Sole

Coho Salmon

Atlantic Salmon

Giant Prawn

Channel Catfish

American Eel

Rainbow Trout

25

25

22

20

15

12

26

21

20

15

- 29°C

- 28°C

- 2 3°C

- 22°C

- 16°C

- 13°C

- 30°C

- 27°C

- 28°C

- 16°C

CRITERIA ^OR SITE SELECTION

The use of thermal effluent from power stations poses a few unique problems
to the aquaculturist, although many obstacles which are frequently discussed
in this light are those common to any culture operation. The unique problems
are as follows:

(1) reliability of heat source;

(2) gas supersaturation;

(3) possible effects of additions and contaminants.

Of these, the latter two can be mechanically or otherwise disposed of, and
are of no significance with respect to site selection. The only true site
related consideration is the reliability of the heat source. Those plants
which offer the most reliable source of heat are plants which have more than
one unit, and which are operated on a base load basis. These two consider-
ations should be criteria for site selection; plants failing to meet either
should be eliminated.

There is one further consideration with respect to certain species, such as
Atlantic salmon; that is the availability at a coastal station of a fresh
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water supply. However fiis is a very specialized instance iiiul should not
bo a qenerul criteria for site selection; it i:; T.ir better to select a specie:,
or combination of species which are suitable for a qiven site, rather than
start with a species and then look for a site at which it might be grown.

PROMOTION OF THERMAL AQUACULTUKE IN CANADA

Prior u making an aralysis of the state of thermal aquaculture, and to pro-
posing methods for stimulating its development, it behooves us to look at the
future for aquaculture per se. There can be no argument that the first listed
use, the production of small fish for stocking programs, will continue to
expand; hence in view of the benefits of higher temperatures upon growth
of desirable species, it seems logical to explore the potential use of
thermal effluents to enhance this production.

The second end product of aquaculture, table fish for direct human consumption,
is perhaps somewhat more of an imponderable. Arguments respecting the
global protein shortage have no place here, for the cost of cultivating fish,
or indeed of almost all other foodstuffs produced in Canada, make it
prohibitive except in affluent societies. As long as there is a reasonable
profit to be made, albeit through the marketing of a luxury item, this
component of aquaculture should not be too lightly dismissed. From a
marketing point of view, a top quality product which can be delivered around
the calendar, fresh upon demand, and from a reliable source, will enjoy
a distinct competitive advantage over the fruits of the hunt upon which we
presently rely.

As to the third product, the polysaccharide extracts, recent marketing
and cost studies would indicate that the projected demand for such products
justifies investment at this time. Thus, as far as aquaculture is concerned,
it would appear that its continuing development is indicated, from several
points of view.

Comparing the state of the art of thermal aquaculture in the three countries
considered herein, it is apparent that Canada is well behind the other two.
Whereas both the U.S. and Japan have active research, pilot and commerical
operations, we are still carrying out feasibility studies. To my knowledge
there is nowhere in this country, as of this date, a significant commitment
of funds towards even an applied research facility, much less a pilot plant.
Mind you, I do not deny the requirement to carry out feasibility studies,
but it seems to me that we have been tardy in taking advantage of the oppor-
tunity which so clearly presents itself.

It is difficult to determine why this situation exists; the three areas
explored below suggest possible reasons, but there may well be others.

Firs'c, in Canada there appears to be a relative lack of interest in, or lack
of awareness of, fisheries products. When compared to other protein sources,
fish products are extremely under-utilized relative to their value as a
foodstuff. The average annual per capita consumption of a number of protein
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sources over the past five years gives some idea of the; rolativ, :;:',':..!; -.-
of fish products in the Canadian diet; beef - 41.1 kg; pork - :.!.''•, k;,-
poultry - 20.7 kg; eggs - 13.9 kg; fish - 5.6 kg; veal - l.H kq; lanh - !./ • :
(14). This may be attributable to a lack of promotion; the fish industry .:
extremely conservative in this sense, and there is an almost total lack of
aggressive marketing of fisheries products. Such marketing could do much
to increase demand for fish/ to the extent that aquaculture might appear a
much more serious opportunity than it now seems to be regarded by those who
must invest. And strong fish markets can exist in North American; the- U..S.
pan-sized rainbow trout market, created through vigorous development of a fr-v.'
companies, has resisted attempts at penetration by a cheaper, albeit lessor
quality, Japanese product.

Secondly, there is a significant difference between the U.S. and Japar. on
the one hand, and Canada on the other, with respect to the structure of the
power generation industry. In the former case, such generation is in the
hand of private companies; in Canada, for the large part it is in the hands
of crown corporations. While I am not certain as to how this should be-
in terpre ted, I cannot think that the relative vigor with which thermal a .jua-
culture has been pursued in the two situations is entirely a coincidence.
It may be that the private company, not having the comparative insulation
from public opinion which seems to be enjoyed by the crown corporation, is
more concerned with its image. Or it may be that thermal aquaculture is
qenuinely considered a potential profit centre by those companies which have
taken an active position in developing the technology.

This is not to suggest that the structure of the industry ought to be
drastically altered just in order to encourage the culture of fish. However,
it may }>e possible to modify the operating mandates of the power authorities
in such a way as to stimulate upper management to investigate peripheral uses
of their fuel, thus increasing the efficiency of the consumption. An
examination of some representative power acts may illustrate the point.

(1) Nova Scotia Power Commission Act 1963

may generate, accumulate, transmit, distribute, supply
and utilize electric power and energy and may do everything
incidental thereto or deemed by the Commission to be necessary
or expedient therefor

(2) New Brunswick Electric Power Act, 1961-62

to provide for the continuous, efficient and economic

supply of adequate electric energy for the Province

(3) Ontario Power Commission Amendment Act, 1965

purposes and business include the generation,
transmission, distribution, supply, sale and use of power
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(4) British Columbia Hydro and Power Authority Act, 1964

to generate, manufacture, distribute aind supply power

Clearly, there is no incentive in these operating mandates to pay attention
to anything but the basic principle of supplying power for the Provinces'
needs. The Ontario hydro Commission comes closest, perhaps, in that it is
authorized to "undertake and carry en investigations, experiments, research,
development and other work in or for the generation, transformation, trans-
mission, distribution, supply, sale or use of power ", where power is
defined as including energy, and it is further authorized to "sell or other-
wise dispose of any commodity produced as a by-product
and any revenue so obtained shall be applied in reduction of the cost of
power " However, perhaps it is time to spell out clearly in the mandater,
of the power institutions that the role of the utility should be to provide
energy in a variety of forms which will maximize the efficiency of conversion
of the prime fuel to utilizable commodities.

Lastly, however, it seems that the strongest impetus can still be qiven by
senior government in the form of a clearly stated policy decision to develop
this technology, supported by a dedication of funds to pilot plants with
specific objectives (if these objectives can accomodate regional priorities,
so much the better). Also we should draw upon agreements such as that for
Science and Technology Exchange, which exists between Canada and Japan, to
import expertise with respect to exotic species which can best utilize
effluent discharges at a time of year which our endemic species cannot. 1
am convinced that aquaculture can and will play a role in making better use
of generating fuels, if we will only get on with it.

We need no more research in this field, other than that which can benefit
aquaculture in all its forms; we have the capability of successfully culturing
many species and we can quickly absorb the knowledge necessary to culture
others. What is required is the immediate transfer of this technology
to the pilot plant stage, to demonstrate to potential investors that the
concept is viable.
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ABSTRACT

At the current rate of increase the world demand for
fish protein will soon far exceed the supply. The culture
of aquatic organisms in low-grade waste heat could be a
significant source of animal protein. There are at pre-
sent thriving trout culture and catfish culture industries
in North America. There are a number of small-scale re-
search and commercial aquaculture projects currently in
operation and numerous studies have been carried out. How-
ever, the knowledge gained has not had a significant impact
on waste heat aquaculture development.
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1. INTRODUCTION

The world demand for fish products is expected, by
some, to increase to 107 million metric tons by 1985. it
is not expected that this demand can be met by increased
exploitation of wild stocks- There has been an increasing
trend toward aquaculture as a means of supplementing the
production from the wild. In the major aquaculture area
of the world. Southeast Asia, the main emphasis has been
on species with a wide acceptance, but in the more indus-
trialized north temperate regions aquaculture production
has tended to be in the form of luxury high-cost food pro-
ducts [1] .

If aquaculture products are to gain wide acceptance
and make a significant contribution to the world's protein
requirements production must increase and costs of produc-
tion must decrease. The dependence of growth and metabo-
lism of poikilotherms on temperature has been well docu-
mented. One of the major constraints to aquaculture in
colder regions is the low water temperatures prevailing
during most of the year. The use of low-grade heat pro-
vides an opportunity to decrease costs and increase pro-
duction by greatly extending the period during which opti-
mum temperatures for growth prevail.
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2. CURRENT STATUS OF FISH CULTURE IN NORTH AMERICA

The estimated world production of fin fish through
aquaculture is approximately 3.7 million metric tons of
which Canada and the United States contribute about
45.000 metric tons [1]. Most of this is in the form of
catfish or trout although there is some production of
other species in some areas (particularly bait fishes).

2.1 Commercial Production

Catfish production is largely restricted to the south
central United States. The industry expanded very rapidly
until 1973 when it reached a state of over-supply. Pro-
duction decreased in 1974 and in the first six months of
1975 about 3700 metric tons were produced at an average
wholesale price of $1.17/kg [2], Most catfish are raised
in farm ponds (16,000 ha in 1969) with artificial foods
used to supplement natural feeding, but there is a marked
trend toward the more intensive cage rearing and raceway
rearing systems [3].

Over 80% of the commercially produced trout marketed
in the United states come from five major producer-
processor farms and several much smaller farms in the
Snake River valley of Idaho. The trout farm as an indus-
try there has also expanded very rapidly from 1100 metric
tons in 1963 to 9,000 *netric tons in 1974 [4]. The average
wholesale price in 19/4 was about $3.30/kg [5], Trout are
produced in a variety of facilities, including farm ponds,
but most are grown in very intensive, flowing raceway
systems [6] .

Aquaculture production for human consumption in Canada
is negligible and in 1972 only 354 metric tons were produced
[7]. The only unique production system of note is the small
industry which is based on the extensive culture of trout
in prairie pothole lakes (100 metric tons in 1974 [8]).
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2.2 Government Production

Government fish culture programs in North America
are largely for the enhancement or establishment of wild
fish stocks either for sport or commercial purposes.
Government hatcheries release large numbers of fish from
a wide range of species but because most of the fish re-
leased are juvenile the total weight of production is
not as large as one might think. For example, in 1972,
52 government hatcheries produced an estimated 96.7% of
the total Canadian production of 380 million fish but
only 48.7% of the total weight of 910 metric tons [7].
Government programs tend to use facilities and techniques
similar to those of commercial operators though I feel
capital and operating costs of government operations are
rather high.

3. THE EFFECTS OF TEMPERATURE ON FISH PRODUCTION

Prevailing temperatures have a profound effect on
many aspects of fish activity. It has been shown repeat-
edly that temperature is one of the most influential en-
vironmental factors affecting growth [9, 10]. in general
the optimum temperature for growth, when rations are not
limiting, is close the mid-summer mean temperatures
prevailing in the fishes' native habitat [7]. in colder
regions this may be a very short time. For example the
Winnipeg River is the source of water for a proposed
trout culture facility using waste heat from a nuclear
generating station [11]. Fish cultured at ambient
temperatures would have growth rates in excess of 70%
of the maximum for only 3^ months of the year (Fig. 1)
and for 4^ months, when ambient temperatures are 1-2°C,
growth would be virtually non-existent. It is estimated
that at ambient Winnipeg River temperatures it would
take fish over twice as long to reach market size as it
would if temperatures were maintained near the optimum
[11]. It is unnecessary to expand further on this except
to say that the beneficial effects of warm water on
aquaculture production have been documented many times
[12, 13, 14, 15].
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4. CURRENT STATUS OF LOW-GRADE WASTE HEAT AQUACULTJRK
IN NORTH AMERICA

4.1 Research Operations

As of this date research on the use of low-grade
waste heat as a method of enhancing aquaculture produc-
tion has failed to stimulate a substantial industry.
Although numerous groups are carrying out research on
the potential benefits of thermal effluent, relatively
few field studies are under way (Table 1). The work in
progress has ranged from simple basic studies on growth
and feeding of caged catfish in heated effluent [17]
to detailed research on reproductive physiology of
shrimp [16]. Several conceptual designs for large-scale
aquaculture operations have been presented [19, 20, 21,
22] but not implemented.

4.2 Commercial Operations

There is a paucity of definitive information con-
cerning commercial aquaculture operations. Reports in
newspapers and trade journals tend to be glowing and
optimistic but hopes are apparently often not realized.
The known commercial aquaculture operations in North
America using low-grade thermal effluent to enhance pro-
duction (Table 1) are generally still in the formative
stages and only nominally commercial.

Catfish are the most commonly cultured species and
to take advantage of the heated effluent the more in-
tensive rearing techniques of cage and raceway culture
with their higher capital and operating costs are used
rather than the more common pond rearing. The only
commercial production of a salmonid is at the Mason
Generating station in Maine where coho salmon are cage
cultured in the discharge channel.
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Apparently successful aquaculture firms. Shellfish
Enterprises Inc. [19, 20] and Long Island Oyster Farms
[221 are involved in mollusc culture using thermal ef-
fluent. Although not mentioned in Section 2 above, the
culture of molluscs is quite common in North America
(355,000 metric tons in 1972 [13]). Shellfish Enterprises
produces culchless oysters and clam spat in their hatchery
and warm water lagoon while Long island Oyster Farms pro-
duces market size oysters by growing them in a heated
lagoon for 8 weeks, then transferring to deeper and colder
water for maturing.

5. BIOLOGICAL PROBLEMS SPECIFIC TO THE USE OF THERMAL
EFFLUENT

There are a number of biological problems specific
to the use of thermal effluent from power generating
stations. The presence of acid wastes, domestic wastes,
biocides, toxic metals and low level radioactive wastes,
in light water reactors, are potential environmental
hazards [30] which could conceivably affect organisms
cultured in the effluent. There have been no reports of
any projects suffering losses from any of the above fac-
tors although one operator did suffer fish kills from an
unknown pollutant [13]. It is surprising that these pro-
blems have not been examined but perhaps this must await
a report from a carefully researched pilot project. It
is perhaps pertinent to remember that many problems could
be avoided by designing and operating the thermal generat-
ing static.s with the aquaculture project in mind.

Two additional problems associated with the use of
heated water may also hinder certain types of aquaculture.
Non-baseline plants are often shut down and the aquacul-
ture operator is faced with ambient water temperatures
and since a thermal shock of 5°c can be lethal this can
be troublesome. Secondly, since the difference between
ambient and effluent temperatures is as much as 15°c
and since mid-summer ambient temperatures are already
close to the optimum for enhanced species (See Section 3)
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the mid-summer effluent temperatures are generally well
above the optimum and often above the upper lethal level.
The former problem can be solved by choosing only base
load plants, heating the water at times which is generally
prohibitive, or if cages are used locating the fish where
the AT is less than 5°C. Marine salmon farms solved the
problem of peaking by locating where the AT was only 3°C
[15] but of course the benefits of the thermal effluent
are much less. The latter problem was encountered in the
culture of striped mullet [13] where the operations were
ended and in the culture of catfish [23] where the fish
failed to grow. This problem can be solved by relocating
cages in the thermal plume or in the case of raceways hav-
ing a supply of cold water for tempering [13, 15].

6. ADDITIONAL COMMENTS ON AQUACULTUFE IN LOW-GRADE WASTE
HEAT

One wonders why the development cf commercial aqua-
culture in low-grade waste heat has been so slow. Based
on 10% water use in the United States in 1965 there was
a potential production of 5.6 million metric tons. From
the size of the catfish and trout fanring industries one
must assume that lack of suitable techniques and industry
infrastructure are not a major problem. The trout farming
industry in the Snake River valley is in reality an in-
dustry built upon the use of low-grade waste heat, water
flows from the canyon walls from the Snake River aquifer
at a temperature of 15°C [4] which is several degrees
above ambient. It is the prudent use of this heat source
which has made the valley what it is today.

One would assume from the above that the techniques
and costs of trout culture are known ind once the speci-
fic problems associated with effluent from thermal generat-
ing plants were solved development would be straightfor-
ward. I would like to present the results of four Cana-
dian feasibility studies that, to me at least, indicate
that the way is not so clear.
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The four studies (Table 3) are generally similar in
that they propose raising trout in ponds or raceways using
waste heat from thermal generating plants. However, the
estimates of total cost/kg/year varied tremendously, rang-
ing from $1.58 CAN. to $13.21 CAN. per year and estimated
revenues were just as variable, $1.16 CAN. to $3.96 CAN.
per year. One of the studies [32] is suspect, but the
estimated capital and operating costs and the variability
of same from project to project don't generate much con-
fidence when the current wholesale price of dressed
frozen packaged Japanese rainbow trout in Winnipeg is
$2.50/kg [33] .

Proposals and feasibility studies are cheap and nu-
merous and one could debate the various merits and demerits
of each forever without reaching a definitive conclusion.
I feel that the only answer is a pilot project which will
provide a baseline on which we can develop or ignore fur-
ther aquaculture projects using low-grade waste heat.

A final comment is based on the possibility that
waste heat aquaculture could make a significant contri-
bution to the alleviation of the world protein shortage.
At present we feed low-cost plant and animal protein to
fish to produce high-value animal protein. This may be
economically sound but I don't think it is environmentally
sound. Capital and operating costs are far too high for
anything but luxury food products. Capital costs may be
reduced by better design and engineering of projects and
biological changes such as utilization of different species.
To reduce operating costs, 50% of which are for food, and
the dependence on other protein sources will require a
system of aquaculture in which the fish food is supplied
from an otherwise unutilizable source, e.g., from sewage
wastes. This is the only system of waste heat aquacul-
ture which could significantly add to the world's pro-
tein supply.
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Table 1. l -xpcrimental and r e s e a r c h o p e r a t i o n s in North America us inn
ftrade t h e r m a l e f f l u e n t from power g e n e r a t i n g s t a t i o n s n inl
p r o d u c t i o n .

LOCATION

Horseshoe Lake Gen.
Sta. , llarrah,

Oklahoma*"'1^

Mercer Gen.Sta.

IJuc k InNiJ

Turkey Point Power

PARTICIPATING
AGENCIES

Oklahoma Gas & Electric
Oklahoma Health Dept.

Public Service Electric
& Gas
Trenton State College

Florida Power 5 Lt. Co.

SPECIES
CULTURED

catfish,

Tilapia,
buffalo fish

trout and
shrimp

pink shrimp

TYPE OF STUDY
OR OPERATION

pilot

pilot pond culture

hatchery, laborator

F l o r i d a

T r i n i d a d ,

Texas

Baytown,

n[16]

llumbolt Nuclear
Power Plant,

California"[15]

Hutchinson Gen-
erating Plant,
Hutchinson,

Big Bend Power
Plant, Tampa Bay,

Florida

Texas Power and Light
Co.
Texas A S M Univ.

Houston Lighting 5
Power Co.
Texas A S M Univ.

Univ. of Washington

Kansas Power 6 Lt. Co.
Kansas State Univ.

Tampa Electric Co.
Conservation
Consultants Inc.

ponds and tank-" •
research on reproduc-
tive physiology,
nutrition and culture
methods

catfish cage culture in
effluent channel;
research on feeding
rates and intervals;
rations, growth and

strain differences

striped mullet earth ponds receiving
pumped effluent waters;
research of culture
and production
techniques

oyster experimental

catfish plastic-lined earth
pond; research on
enhancement of early
spawning

crabs, oysters, plastic-lined aluminum
finfish DOOIS receiving pumped

effluent waters; study
on feasibility of
culturing various
species in thermal
effluent.

f - fossil fuel generating station
n nuclear generating station



Table 2. Commercial aquaeulture operations in North America using low-grade thermal effluent from power
generating stations to enhance production.

LOCATION
PARTICIPATING
AGENCIES CULTURED TYPE OF OPERATION PRODUCTION

Morgan Ck. Gen. Sta.,
Lake Colorado City,

T e x a s ^ 1 2 " ^

Fremont, .Nebraska '"'

Texas Electric Serv. Co.

Fremont Municipal Power
Aquarium Farms

Sanford, Florida1'25^ Florida Power 6 Lt.Co.

catfish

catfish, with
plans for shrimp
and Tilapia
(polyculture)

catfish

Gallatin Electric Plant

Mason Gen. Sta.
Sheepscott River
., . f[15]
Maine l J

Moss Landing,

California1 '"^ '

Northport Power Sta.

Long Island ,N.Y. f I'9^

Castilian Thermal Plant

Grand Manan Is.,N.B.f^1:

Tennessee Valley Authority catfish
Cal-Maine Food Co.

Central Main Power § Lt.Co. coho
Maine Salmon Farms Inc. salmon

Pacific Gas S, Electric
Co.
International Shellfish
Enterprises

New York Power Comm.
Long. Island Oyster Farms

Atlantic Mariculture

culchless oyster
seed, clam feed
oysters and clams
with plans for
scallops and
abalone

oysters

cage culture in channel
effluent, with raceways
being constructed

plastic-lined earth
raceways

cage culture in cooling
lake

cage culture in discharge
channe1

hatchery, tank farm and
tidal slough

seaweed

hatchery and open sea beds
for grow out

large tanks

32,000 kg- 19T4
135,000 kg-proposed

57,000 kg- 1974
(projected)

N.A.

45,000 kg- 1974

114,000 kg-proposed

15 m. oyster seed
10 m. clam seed
adults N.A.

N.A.

N.A.

I

f - fossil fuel generating station



Table 3. Canadian studies or proposals on use of low-grade thermal effluent frora power generating stations
for aquaculture purposes.

PROPOSED LOCATION PARTICIPATING AGENCIES PRODUCTION SYSTEM PROPOSED

Lorneville, N.B.
Coleson Cave Gen.Sta.

Lorneville,N.

Dept. of Fisheries and Environment,N.B.
Environment Canada
MacLaren Atlantic Ltd.
Arthur D. Little Inc.

Using thermal discharge to heat salt
water and injected steam to heat fresh
water and using circular rearing tanks
up to 227,000 kg trout or salmon/year
could be produced.

Whiteshell Nuclear Res.
Establishment, Pinawa

Manitoba

Atomic Energy of Canada Ltd.
Environment Canada

H.M. Milner Power Plant Ferguson, Harrison and Associates
Grande Cache, Alberta Dept. of Agriculture

Pilot project to produce 34,000 kg of
trout/year using concrete raceways and
direct thermal effluent.

Approximately 1,000,000 kg of trout/year
would be produced in earth raceways
using heat exchangers and thermal
effluent.

to

I

Ontarion[15]

Bruce Generating Station Underwood McLellan fi Assoc. Ltd.
Environment Canada
Atomic Energy of Canada Ltd.
Ontario Hydro
Ontario Ministry of Natural Resources

On site there would be applied research,
production brood stock and waste
treatment facilities plus fish out
ponds. Up to 227,000 kg of trout/year
would be produced for provincial
stocking programs.

n - nuclear generating station
f - fossil fuel generating station



Table 4. Estimated costs and revenues per kilogram of commercial sized trout production using low-grade
thermal effluent. Data taken froni proposed Canadian operations.

LOCATION

Pinawa

Bruce B a

Grande Cache

Lorneville

(.alternative

TOTAL
PRODUCTION

340 ,000 kg

227 ,000 kg

1 ,230 ,000 kg

277 ,000 kg

product ion methods)

OPERATING COST
YEAR

$1.94

$3.20

$1.51

$2.27

$1.23

CAPITAL COST
YEAR

$ . 3 3

$10.02

$ .07

$2.05

$ .70

TOTAL COST
YEAR

$2.27

$13.21

$1.58

$4.32

$1.93

REVENUbb

YEAR

$2.75

$3.96

S2.ll

$1.16

Si.16

production methods and revenues in this operation were for a trout enhancement program (re-stocking),
not for commercial production.

round weight FOB the site
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COMMENTATOR'S PAPER
POTENTIAL FOR USE OF CONDENSER COOLING WATERS FROM

FOSSIL FUEL AND NUCLEAR POWER GENERATING STATIONS FOR
FRESHWATER AQUACULTURE IN COLD CLIMATES

G.C. Armstrong

Ontario Ministry of Natural resources
Toronto, Ontario

ABSTRACT

Some limiting factors to the future development of
freshwater aquaculture are considered. The most import-
ant of these are the need for new and improved technology
for the production of better quality products at lower
cost and for the promotion and establishment of new
markets. The use of relatively small amounts of heated
effluent water from power generating stations to optimize
water temperatures is one feasible method for increasing
growth and lowering the cost of production.
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Much concern has been expressed about the alarming
rate of growth of the world population and in particular
that in many of the more depressed developing countries.
Fisheries products constitute a major source of protein
in many of these areas and shortages are commonplace.

Considerable attention and publicity has also been
directed recently to the precarious state of a number of
the fisheries throughout the world. Declining supplies
of naturally produced fish stocks and other fisheries
products have prompted more stringent control measures
and the curtailment of the fishing effort and harvest in
a number of areas in an attempt to conserve dwindling
stocks and, hopefully, to restore them as viable,
productive fisheries.

Over-exploitation is a major problem with many of
the declining fisheries but, as noted in the proceedings
of the international symposium on Salmonoid Communities
in Oligotrophic Lakes (SCOL), it is frequently not the
only limiting factor in most situations. Other important
stresses, such as environmental degradation and the
introduction of new species can be equally troublesome
and, individually, or collectively, can seriously alter
the status of a fishery. [1]

The need for more effective measures for the pro-
tection of the environment and for the management of the
natural fisheries resources is of prime concern and
importance. Although not all of the fishing areas of
the world are presently exploited (e.g., Indian Ocean,
Indonesian Archipelago, and Australian waters) it is
clear that the resource is finite. Current estimates
indicate that the total available production from all
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areas of the world is probably not more than double the
present level of harvest, or approximately 120-125
million metric tons. [2], [3].

Future supplies of fish and fishery products will,
therefore, undoubtedly become increasingly dependent
upon production from aquaculture. Although the cultured
stocks are not likely to replace the natural products
they will unquestionably augment the supply and alleviate
some of the dire need for high quality protein in a number
of the more densely populated areas of the world. For
example, in countries bordering the South china Sea,
where fish and fish products provide the major source of
protein for some 242 million people, it is estimated that
a production of some two million metric tons of fisher-
ies products will be required to fill the gap between
supply and demand by 1980. [4].

The development of the aquaculture industry in the
western world and the potential for expansion is demon-
strated for the most part by the sequence of events in
the United States. Here, as in most of Europe, the
demand or, more correctly, the market is for fishery
products which are luxury or gourmet items. They are
generally high-cost products which are relatively
limited in natural supply and which can be cultured and
sold at a reasonable margin of profit.

Currently, it is estimated that some 65,000 metric
tons of fish and other aquatic products are produced by
the aquaculture industry in the United States. This
includes about 27 million tons of salmon from hatchery
origin stock, almost all of the trout harvested, 40 per-
cent of the oysters, and about half of the catfish and
crawfish produced in the country. It is about three
percent of the total landings and about two percent of
the total consumption of fishery products in the United
States. [5].

Aquaculture in Canada is at present mainly fresh-
water, and these operations are mostly managed intensively
and on a relatively small scale. The industry is
presently involved largely with the propagation and
rearing of high value fish species (i.e. salmonids)
produced either in government hatcheries for planting in
public waters or, to a lesser degree, in licenced private
hatcheries for the purpose of sale for planting in
privately controlled waters for human consumption. How-
ever, considerable research and experimental development
is being directed towards the marine culture of fish,
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aquatic invertebrates, and seaweeds on the east and west
coasts; as well as towards the advancement of new
and improved methods for freshwater, operations.

The foregoing provides some background and general
reference and sets the stage for consideration of a few
salient points with respect to the future development and
expansion of the industry in cold climates , and to the
potential use of heated waters from thermal power generating
stations.

Although the degree and scope of future development
of aquatic farming will depend on a number of variables,
in final analysis the success or failure of most ventures
will ultimately be determined by the acceptance and
marketability of the product. Within this context, the
market demand, supported ostensibly by the quality and
price of the product, is the prime requisite. Such
criteria may not apply to operations designated for the
extensive production of subsistence foods in depressed
areas but, within the range of the north temperate zone
of the western world, they are likely to continue to
regulate the operation of the industry. Consequently,
within this region the potential for expansion,at least
in the freshwater environment, is probably limited to
production of high-value species; until a better quality
or more acceptable product is produced at a lower price.
An example of the problem is the high cost of production
currently being experienced by the catfish farmers in the
United States. In this instance the price-sensitive
market is reported to have depressed the price to a point
where less than 10 percent of the farmers are making a
profit. This is resulting in a move towards consolidation
and to the development of fewer, larger and more efficient
operations. The present supply of catfish would appear
to be reaching a saturation point as a luxury food item
and the potential for further expansion of this industry
would now appear to be contingent on this development of
further improvements in the methods of production and on
the success of a large-scale promotion in marketing to
gain acceptance of the product by the American people as
a staple food. Otherwise, further major development and
expansion of the industry is likely to continue to be
limited. [3].

New and improved technology is urgently required on
a containing basis if the aquaculture industry is to
realize its full potential. Two key areas of major
importance to the freshwatfir industry at present involve
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the improvement of the quality of the environment and
the health of the stock. Although many limiting factors
are associated in these areas,the most obvious and
pertinent of these are the improvement in water temper-
ature regimes, preferably to optimum levels for growth,
the development of more efficient and less costly diets,
and the elimination or control of infectious diseases in
the aquaculture facilities.

The importance of water temperature as a growth
factor cannot be overemphasized in freshwater aqua-
culture, particularly in cold climates. Although
growth rates of fish vary with the species and are
influenced by a number of other related factors, i.e.
diets, oxygen, space, flows, etc., they are generally
more closely related to water temperature than to any
other single factor, except possibly food. Therefore,
any improvement which can be made to optimize water
temperature supplies at reasonable cost should be
considered. The use of small amounts of unpolluted
heated discharge waters from fossil fuel or nuclear
power generating stations for mixing purposes to obtain
preferred water temperatures for aquaculture is one
solution which is currently being practiced in a number
of areas with reportedly good success. [6], [7],

Two feasibility studies for similar type projects
have been undertaken in Ontario and it is expected that
the construction of at least one of these facilities
(i.e. Lennox Fish Hatchery) may be undertaken commencing
in 1976/77.

Fish nutrition and fish disease are two technical
fields of fish culture which have a highly significant
influence on the quality of stock produced, the
operating cost, and the ultimate success of the entire
operation. The health of the stock may also influence
the quality of the environment and stocks in adjacent
waters unless such operations are confined within a
self-contained or recycling system. The type of
operation, or the degree of confinement (i.e. intensive
or extensive culture) may, therefore, be of concern to
the responsible administrative agencies as well as to
the aquaculturist.

In summary then,it would appear that the prospects
for major development in aquaculture in the future are
favourable but that progresr will depend largely on the
rate of advancement in technological development, the
design and implementation of more efficient operations,
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and on the establishment of appropriate markets.

The urgent need for high quality protein food for
nourishment in many of the more densely populated
countries is currently stimulating the development and
expansion of aquaculture in these areas. Elsewhere,
the demand for staple fish food products is less evident.
The industry is mainly oriented to the production of high
value species. However, there is some indication that
this situation may be changing and that some of the
present-day so-called luxury foods (i.e. catfish) may
indeed become a staple food item of tomorrow.

Three areas which require significant improvement to
increase efficiency, lower costs, and provide for the
production of a better quality product are:

(a) water temperature - adjust to provide for
optimization of levels
for yrowth and other
biological processes
(i.e. reproduction)

(b) nutrition - develop more complete
and less costly diets

(c) disease - eliminate or control
infectious pathogeiB in
aquaculture facilities.

The use of relatively small amounts of heated effluent
water from thermal power generating stations for mixing
and obtaining optimum water temperatures for aquacultural
purposes is an established practice in some areas and is
recommended for consideration in planning and siting new
aquaculture facilities. However, it is note^ that such
plans require formulation in conjunction with the advanced
planning for the design of new power stations if approp-
riate provision is to be made for the incorporation of
plans for a separate water supply.
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SUMMARY REPORT; AQUACULTUkE

S.J. Slinger
Department of Nutrition
University of Guelph

Guelph, Ontario

The morning session centered around Dr. Backiel's
keynote paper, "Fish Culture in Heated Effluents". He-
pointed out that all species of fish have specific
temperature ranges for optimum performance. In the case
of carp in Eastern Europe about 80% of the annual weight
gain is accomplished in three months, June, July and
August. Different temperatures are also needed for
various stages of growth and development within the
same species.

Waste heat can extend the period of rapid growth
for both carp and rainDow trout beyond these normal
periods giving markedly larger fish in shorter times.
Evidence also suggests that slightly elevated temper-
atures can extend the spawning period of some species of
fish.

In spite of a number of experiments supporting the
feasibility of using waste heat for fish production in
Eastern Europe, development of commercial aquaculture
ventures has been slow. Still required are large-scale
model operations where all systems involved in the
integrated operation can be monitored and assessed.

In commenting on the keynote report, B. Holmberg's
paper indicated some special problems associated with
the use of heated effluents in aquaculture where more
information is still required:

(1) The relationship between temperature, food utiliz-
ation and growth

The optimum temperature for growth is related to
the level of feed intake. Data are required in this
area for a number of species.

(2) The effect of change in water temperature

A reliable source of both warm and cold water is
needed to achieve the optimum growth at a given time.
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At some seasons no additional heated water may be re-
quired. Rapid temperature changes can be dangerous.

(3) The influence of temperature in disease and
parasitism

Parasites are more liable to be a problem in wanner
waters. Birds are attracted to warm waters and they may
carry parasites which infect the fish. Cage culture can
overcome most parasite problems.

(4) Added substances to cooling water

It was agreed that while means to alleviate danger
from chemical additions are available and radioactivity
is not a problem, there may be some psychological
resistance to the purchase of such fish by the consuming
public.

(5) Gas supersaturation

Higher temperature may result in supersaturation of
the water with nitrogen causing "gas bubble disease" or
embolisms in the blood vessels; thus incoming heated
water must be aerated t- avoid N supersaturation.

A pilot fish farm has been built in Sweden using
heated waters from a nuclear power plant. The species
farmed will be salmon, sea trout, rainbow trout and eel.
(The results will be compared with those on traditional
farms. The fish must be compared both for purposes of
release and for food). They can produce smolts in one-
half the time, with heated water.

More information is needed on the costs involved in
aquaculture using low-grade heat. It is important to
remember that low-grade heat comes from a number of
industries, not just power plants.

D.M. Cauvin
Freshwater Institute
Environment Canada
Winnipeg, Manitoba

The afternoon workshop session centered around the
paper prepared by Mr. Fred Meth, "The Use of Low-Grade
Heat in Cold Climates for Aquaculture: A Perspective in
the Western Hemisphere and Japan".
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The present demonstrable use of heated effluents
for thermal generating stations for the culture of fin
fish, shellfish and seaweeds in the United States and
Japan was reviewed. An examination of the relationship
between the species selected for study and the operating
regimes of the plants, in terms of optimum growing
temperatures and discharge temperatures, indicates that
maximum utilization of available heat will not be
achieved. A strategy to improve heat utilization involv-
ing the use of exotic species during warm seasons as
part of a multicrop system to more fully exploit discharge
temperatures was presented. The following criteria for
species selection were proposed:

(1) All stages of life history must be absolutely
controllable.

(2) Potential diseases and parasites must be known
and be treatable.

(3) A market opportunity must be identified.

(4) Realizable return must justify investment.

The future of aquaculture in Canada was examined and
suggestions for the stimulation of thermal aquaculture
put forth. These considerations encompassed:

(1) agressive marketing of fisheries products
to heighten consumer awareness and demand,

(2) the encouragement of power authorities to
make more efficient use of fuels, and

(3) a policy decision and dedication of funds
(by senior government) to demonstrate feasibility
through the operation of pilot plants.

Mr. G.C. Armstrong commented on the use of thermal
discharge for aquaculture in cold climatesj he noted
the importance of water temperature as a factor influencing
the rate of growth in fish production. Mr. Armstrong
also noted that, although the potential for an aquaculture
industry has been demonstrated in the western world,
intensive aquaculture in Canada has been conducted on a
relatively small scale. Major technological problems
include the development of more complete and less costly
diets, and the elimination or control of infectious
pathogens in aquacultural facilities. The success or
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failure of aquaculture was considered to rest on the
acceptance and marketability of the final product.
Thus an assessment of the extent of the market and
product development is considered desirable.

Dr, G.B. Ayles, in his commentary on the current
status of aquaculture in heated effluents in North
America, observed that the use of low-grade heat provides
an opportunity to decrease costs and increase production
by extending the period during which optimum temperatures
for growth prevail. Dr. Ayles noted that there is a
paucity of definitive information concerning commercial
aquaculture operations. The known commercial operations
in North America using low-grade heat from thermal dis-
charge are generally considered to be still in the form-
ative stage and are only nominally commercial. A need
was expressed for a pilot project in Canada to assess
the feasibility of aquacultural production utilizing
thermal discharge to produce water temperatures of 15°C.

In summing up the afternoon discussions it was
concluded that the use of thermal discharge to increase
growth levels and other biological processes (repro-
duction) in fish could benefit aquaculture in Canada.
The use of heated water for aquaculture would do little
to reduce the effect of thermal discharge on receiving
waters. Heat would not be dissipated, but rather utilized.
Further, the amount of water employed for aquacultural
purposes would be negligible in comparison with the po-
tential volume of thermal discharge. Therefore, if
thermal discharge is to be fully utilized, aquaculture
must be regarded as only a small part of a total system
of utilization.

The future development of aquaculture will require
assurance that it will be profitable. In addition to an
assessment of the financial feasibility of individual
enterprises, market analysis and market development is
considered to be necessary. This may necessitate a
review of the growth and development pattern of other
food industries to establish if such patterns of success
can be applied to aquaculture. Finally, a need was
identified to improve efficiency in the production of
fish in order to lower production costs. Improved tech-
nology is required in the fields of nutrition, species
mix, loading density (production per unit of water),
disease and parasite control. The need for a pilot plant
associated with a thermal generating station was con-
sidered to be an important issue.
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ENERCY IN GREENHOUSE CULTURE IN FINLAND

V. P u u s t j a r v i

Peat Research I n s t i t u t e
R i i h i k a l l i o , Hyryla, Finland

ABSTRACT

Countries in northern latitudes such f-.s Finland are verv r.uch
concerned with increasing the efficiency of heating their greenhouses.
Since the end of World War II, there has been an accelerated development
of intensive crop production under controlled environments. The greenhouse
grower is faced with increased costs for labour and especially heating fuel.
To offset these problems, there has been much research and development of
the relationship between solar and other energy to plant growth of the -ore
important greenhouse crops.

At the Peat Research Institute near Helsinki, the Finnish Basin
System of growing was developed. The bed is 120 era wide and 20 cm deep.
A layer of polyethylene to a depth of 5 cm is placed in the bottom. When
water is added to completely saturate the bottom layer, it acts as a water
storage basin - hence, the term "Finnish Basin." Sphagnum moss provides
close to the ideal growing medium. While it has a high exchange capacity,
it also has the ability to hold both water and an adequate supply of air.
The net energy requirements for the more important greenhouse crops have been
established. Also, the watering and fertilizing is scheduled according to
the level of solar energy as measured by solarimeters By combining such
techniques, world yield records for greenhouse production have been made;
this in spite of Finland's northern location.

The use of low-grade heat from power plants is not being used,
nor is it even being seriously considered. However, returning hot water
from district heating plants could become important. The use of low-grade
heat from nuclear power plants does not appear promising at this time. The
differential between sea water, for example, and the waste water is so little
as to make its use highly unlikely. However, the potential heat energy which
could be used for agriculture is sizable.

This paper was translated and edited respectively by Dr. S. 0. Salminen
and Dr. J. D. Campbell, both of the Plant Science Department, University of
Manitoba, Winnipeg, Manitoba, R3T 2N2
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ENERGY IN GREENHOUSE CULTURE IN FINLAND

V. P u u s t j a r v i

Peat Research Institute

INTRODUCTION

Finland i s the northernmost country In the world where commercial
greenhouse cu l tu re i s p rac t iced . I t s southernmost p a r t i s at the same
l a t i t u d e as Alaska and Greenland. I t s winter i s long and cold. The cost
of heat ing i s , t h e r e f o r e , considerable compared with count r ies c loser to the
equator . The win te r i s also charac te r ized by a low amount of l i g h t . I n s u f f i -
c i en t radiant energy w i l l , t h e r e f o r e , l imi t the growth of p lan t s during the
long winter season.

Commercial greenhouse growers must compete with imports from the
South where hea t ing expenses of these competitors are low. These coun t r i e s
a l so receive an ample amount of r ad ian t energy needed by the p l a n t s . The
growing season i s l ong , in some cases, the whole yea r . I t i s , t h e r e f o r e ,
understandable tha t in the greenhouse cu l tu re in the nor thern r eg i cns , spec ia l
a t t e n t i o n has to be paid to a l l aspec ts of energy use in order to success fu l ly
compete against imports from fur ther south .

The development of large cen t res of popula t ion and the inc reas ing
standard of l i v i n g have created p o t e n t i a l markets for greenhouse crops a t the
cost of those grown in the open. In p a r t i c u l a r , *;he per iod since World
War I I has been charac ter ized by rapid changes and developments in many fac tors
which affect the growth of p lan t s i n cont ro l led environments for commercial
purposes.

On the o the r hand, the inc rease in the grower ' s c o s t s , p a r t i c u l a r l y
those of fuel and labour brought a need for increased ef f ic iency in the use
of fuel and labour and for increased produc t iv i ty per un i t area of greenhouse.
In p a r t i c u l a r , i n northern Europe with i t s long, cold w i n t e r , i t has been of
grea t importance to t r y to develop r a t i ona l i zed and e f f e c t i v e methods of
growing. To achieve those aims i t has been necessary to study the p l a n t
growth from the b i o l o g i c a l as well as from the t e c h n i c a l point of view. In
Finland a great dea l of work has gone in to providing growing condi t ions for
optimum plant growth. For example, the use of sphagnum peat moss (Finnish
Basin System) i n s t e a d of s o i l as a growing medium has resu l t ed in inc reas ing

This paper was t r a n s l a t e d and ed i t ed respec t ive ly by Dr. S. 0. Salminen
and Dr. J . D. Campbell, both of the Plant Science Department, Univers i ty of
Manitoba, Winnipeg, Manitoba, R3T 2N2



yields and quality of greenhouse crops such as romatres. I, ht-1 •. r
the nutrient status of crops, soil and tissue are tested rout i i., .• • •,•.
fertilizer formulae have been developed for use in liquid feeding. F.
and watering are being tied to solar energy.

A. THE USE OF ENERGY IN GREENHOUSE CULTURE

1. Need for

1.1
The following

Ene rgy

Heat Energy
table shows the annual net

greenhouse plants on a quarterly

Time Interval

1/1 - 31/3
1/4 - 30/6
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-2
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104,

537

.44
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.40
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.90
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•1 h y

16! .1
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Besides heat energy, the greenhouse also requires electrical energy such as
for the operation of the heating systems, lighting and pumping water. The
figures for electric energy needed in a medium size commercial greenhouse
are given below:

—2 —1
Heating using heavy oil 27 - 30kWh.n ̂.a
Heating using light oil 23 - 26kWh.m~ .a"

1.3 The Maximum Need for Heating
The maximum need for heating in the greenhouse is 450 - 500 W.n "" and the length
of maximum heating is about 1900 - 2000 h.a .

2. Present Production of Heat

Every commercial greenhouse has its own central heating. Boilers
are used for heating. The majority of them use oil. The heat is transferred
to the greenhouses as water at 80 - 90 C, which circulates both in aerial and
surface pipes.

At present, the cost of fuel oil amounts to almost 30% of t.ie selling
price of the product. It is, therefore, understandable that efforts are being
made to find less expensive solutions to the heating problem. Long distance
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heating has begun to receive special attention in these considerations because
it offers the possibility of combined production of electricity and heat.
This s!i "Id l suit in considerable savings in fuel.

3. Long Distance Heating of Greenhouses in Connection with Power Plants

The state owned energy company (Imatran Voima Oy) has made a
preliminary survey on long distance heating of greenhouses connected to the
power plants. A considered opinion is that the connecting of greenhouses
to a long-distance heating network of power plants is feasible and may well be
quite economical.

By increasing the amount of heating pipes (radiators) in the greenhouse,
the temperature of the circulating water can be lowered. This is more economical
from the standpoint of the production of electricity. The space required by
additional heating pipes, however, sets the lower limit of the temperature
state as 60-40 C in the greenhouse and, correspondingly, a temperature state
of 65-45 C in the long-distance heating network.

The long-distance heating of the greenhouses in connection with power
plants can be handled in two ways:

(a) Heat is taken from the pipe connecting the power plant and the long-
distance heating network.

(b) Heat can also be taken directly from the power plant which would preclude
long-distance heating. It: that case, a special heat bleed is needed for the
hot water of greenhouses. Equipping the power plants for heat bleed means
additional investments.

Connecting the greenhouses to the long-distance heating network is
especially advantageous because it is possible to use a lower temperature of
the circulating water in the greenhouse than is generally used in long-distance
heating. This makes the use of the return water of the long-distance heating
system possible. When hot water is taken from the return pipe of the long-
distance heating system, it is not necessary to place the greenhouses in the
vicinity of the power plant. The amount of water flowing in the return pipe,
however, sets the limit to the beating effect that can be achieved. The maxi-
mum cooling of water in greenhouses is about 20 C.

If relatively large amounts of circulating water is in the same
return pipe for the greenhouses, they should be connected in parallel, so
that heat is taken from a single place; because the same return water can
not be used more than once. The temperature of the water after a single use
is already so low that it can no longer heat up the greenhouse. If it is
desirable to use the cheap return water heat as far as possible, the green-
houses should be located in the place in the long-distance heating system
where there is always sufficient water flow in the return pipe.
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In general, It appears that:

(a) Greenhouses will not likely be able to use directly low-grade waste i.L.'t
of thermal power plants.

(b) Taking heat from a long-distance heating system of a power plant, on thc-
other hand, seems to be a realistic solution.

(c) By cooling the return water in the greenhouses, more electricity is
obtained with the same thermal load than viithout such cooling of the water.

(d) There are no great technical cifficulties in connecting the greenhouses
to the return water pipe of the long-distance heating i stwork. The realiza-
tion of the utilization of the return water heat will thus be primarily
determined according to the ability of the heat of the return water, with all
additional factors, to compete with conventional heating with respect to '.he
price of energy.

4. The Placement of Greenhouses in the Vicinity of Nuclear Power Plants

No restrictions have been placed for the practice of agriculture
and gardening in ^he immediate vicinity of the nuclear power plants. Good
possibilities do, therefore, exist for greenhouse culture near nuclear power
plants. These plants must naturally monitor the radioactivity in the surround-
ing area. Should the level of radioactivity sometimes happen to rise above
the allowed standard, it would lead at most to a loss of the harvest of one
year. The investments made in the greenhouse culture would not suffer because
of this.

B. THE ENERGY USE OF PLANTS

The requirement for energy in the greenhouses is basically determined
according to the energy needs of the plants. Energy requirement of greenhouses
and the energy use of the plants are thus intimately linked.

The aim of plant production is the conversion of radiant energy
into chemical energy and its storage in this form In the plant material. The
energy efficiency of this conversion can, therefore, be used to express the
efficiency of culture. As the rate of growth is determined according to the
radiant energy, so will also all the more important cultural practices. These
are mainly watering, fertilizer use, and temperature control, i.e. heating
and cooling. The whole practice of greenhouse culture is, therefore, quite
intimately linked to the energy considerations. The problem becomes those
laws according to which various factors are interrelated. These laws should
be clarified.
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1• The Water Use of Plants

The plant stores only a relatively small portion of the radiant
energy absorbeu. The remainder is converted into heat. As a consequence,
the temperature of the plant would soon rise to harmful, even lethal level.
To avoid this, the plant relies on water cooling (transpiration). In the
light of the investigations carried out at the Peat Research Institute, i t
appears that the following relationship exists between the water need of the
plants and radiation:

Radiation Water Need

120 mWh.cnf2 1 i.m~2

In taking up water from the so i l , the plant does work. The performance
of work slows down the uptake of water. In order for the plant to take up
water at a sufficient rate, the amount of work to be performed has to be mini-
mal. On the basis of the results at the Peat Research Inst i tute, i t seems that
the water holding strength of the growing substrate should not exceed that pres-
sure which is exerted by a 50 cm long water column. This pressure wil l , therefore,
in practice, determine the minimum height of the growing substrate.

For the performance of work, the roots need oxygen. For supplying
oxygen at an adequate rate, the air space of the substrate - again according
to the Peat Research Institute - must be at least 50%.

The water requirements of plants and the moisture level of the
substrate can then,in accordance with above relationships, be easily calculated.

2. The Nutrient Requirements of Plants

A given amount of radiant energy will result in a certain amount of
growth. This growth again implies certain amounts of various nutrients. The
requirement for the levels of fer t i l izer use can, therefore, be determined
according to the amount of radiant energy. In addition to the nutrient require-
ments of plants, the amounts of nutrients bound by microorganisms must also be
taken into account. These in turn are determined by the nature of the growing
substrate. The amounts of nutrients bound by the microflora, as well as by the
growing substrate i t se l f , can be experimentally established. Therefore, in
knowing the kind of growing substrate used, the amount of fertilizer can be
estimated from the radiant energy.

Using these principles the nutrient requirements of some of the more
important greenhouse plants have been determined as a function of radiant energy
at the Peat Research Inst i tute.
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3- The Level of Nutrients

In addition to satisfying the nutrient requirements, it is alr;o
necessary to consider the plant's ability to take up sufficient amounts of
nutrients. The rate of uptake of nutrients is determined on one hand bv the
capacity of the plant for the uptake, and by the activity of the nutrient i:.
the substrate on the other. The level of nutrient in the plant, e.g. in the
leaves, can be used as an indication of sufficient uptake of nutrient. A-<rrd-
ing to the results of the Peat Research Institute, the following rarrel.T i:-.
between the nutrient level of the plant and the substrate has pr< v'ed ust-f :1:

l g Cplant ' k ' l g Substrate

The value of 'k' has been determined for the nutrient content - f
the! more important greenhouse plants. This, of course, implies that the
optimum nutrient content of the plant is known.

4. Programmed Fertilization

In light of the considerations above, fertilizer application rind
watering can be programmed if the radiant energy is known. For the valuer
of the radiant energy, the Peat Research Institute uses monthly mean values
of radiation. These are obtained at local measuring sites of the neteorolo-
gical office.

5. Efficiency of Plant Growth

The optimum energy efficiency in the use of radiant energy is considered
to fluctuate between 7A and 16% of the visible radiation. The energy effici-
encies of this magnitude are based on the assumption that excepting radiation,
all other factors influencing growth are optimal. This is seldom the case.
The energy efficiency in practice thus generally falls well below the optimum.

In the experiments at the Peat Research Institute, considering only
the light period, the energy efficiency has fluctuated according to the radiant
energy. During the summer when the amount of energy is at its peak, the energy
efficiency has been about VI. During the time of low light, it has reached
its maximum, or 18%. The low energy efficiency during the summer is mostly
the consequence of the fact that no effort has been made to keep the tempera-
ture sufficiently low.

The grower, however, is only interested in the total growth. From
the daily growth, the respiratory losses occurring during the night have to
be subtracted. Net growth has been achieved only when the amount of daily
radiation has exceeded 65 mWh.m" . In practical culture, where additional
growth has to be achieved in order to make the culture profitable, the critical
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-' -1limit has been considered to be 80 mWh.ctn ~.d . This means that in southern
Finland (60tn degree of latitude) the growing season in the gi eenhouse culture
begins in the middle of February and ends towards the end of October.

The grower is more interested in the net growth than in the energy
efficiency. In the experiment with carnations at the Peat Research Institute,
the maximum net growth value has been (in June) about 18g.m~ .d . The dry
matter production for the whole year in this experiment has been 3360g.m~ .a~'.
The energetic efficiency in the utilization of radiant energy in this case has
been 3.6% {.The total amount of radiation of the growing season 9282OmWh.cra""-1-).

The grower calculates his crop as kilograirs of vegetables, numbers
of flowers, etc. In the carnation experiment mentioned ibove, the harvest
result was about 460 flowers per square metre of be I per year (the carnation
crop probably corresponds to a tomato crop of about 30kg.m~2 gross). The
result is in world record class. In spite of this, the energy efficiency in
the utilization of radiant energy has still been relatively modest. This can
be considered to indicate that in the greenhouse culture, there are still
possibilities for quite considerable increases in crop yields.
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COMMENTARY ON KEYNOTE PAPER BY V. ITUSTJAPVI
ENERGY IN GREENHOUSE CULTURE IN FINLAND

Arnold M. Hikke

Department of Agricultural Engineering
Department of Minnesota

St. Paul, Minnesota

I have read Dr. V. Puustjarvi's paper wirh interest as it inrsenis
problems in greenhouse culture somewhat different than ours lui.iii.-d .u
the 45th parallel. It is evident from reading this keynutc papt r tli.it
techniques are available that wiLl improve the efficiency u! growii;,:. i;
a greenhouse. The concept of supplying nutrients and water according t.
the level of solar energy is very interesting as it does provide b^th ttu
grower and the greenhouse designer a method of conserving energy from .M
growth standpoint. The development of an energy balance derived from a
combination of plant energy needs, water use and nutrient requirements
plus the ability of a plant to absorb these needs, does provide a valu-
able management technique.

The problem to be discussed today is that of integrating this grow-
ing system with a method of utilizing low grade heat u optimize growing
conditions for a plant. Dr. Puustjarvi states that greenhouses are
not likely to be able to use directly low-grade waste heat from thermal
power plants. It is questionable whether he means that greenhouse cul-
ture will not solve the waste heat problem or that the process itself
is unworkable. I interpret his statement as a combination as he does
state that district heating would be realistic.

Greenhouse heating with this water is mainly a problem of heat trans-
fer. 85°F water is not conducive to easy heat transfer as it requires
either large transfer areas or moving great amounts of air to achieve
success. Since there is an overabundance of heat units in this warm
water, we cannot expect to use a major portion of this energy in the
greenhouse industry. However, greenhouses can use this energy and the
amount used will be determined by the economics of each application.
It appears that only specialty and floral crops will be able to use
this system of heating.

The author acknowledges the contributions of Gary Ashley, Northern States
Power Company and Evan R. Allred, University of Minnesota, who were
leaders of the two projects being described.

-1-



- 98 -

Heating is a major part of the total cost in operating greenhouses
in colder climates. In the time available, 1 want to report on our studies
at Minnesota using low-grade heat tn greenhouses and for soil warming and
irrigation. Our studies have employed a simulation approach using water
heaters todevelop parameters for use in designing a half-acre greenhouse
now under construction adjacent to a new generating plant being built
near St. Cloud, Minnesota.

The greenhouse project ia in cooperation with Northern States Power
Company, our local power supplier. In March of 1974, we began operation
of a warm water heating system for a 22 ft. x 100 ft. plastic covered
greenhouse owned by a local florist. The purpose of this study was to
confirm that warm water can heat a greenhouse satisfactorily, even in the
severe weather of Minnesota winters. Warm water refers to water between
temperatures of 85°F and 115°F which are the winter design minimum and
summer design maximum temperatures, respectively, of circulating water
leaving a power plant condenser in a closed cycle wet cooling tower
system.

The heating/cooling system for the research greenhouse was designed
to maintain at least 50°F space temperature at ambients as low as -30°F
during the winter and to limit the summer greenhouse overtemperature to
within 10°F of the outside ambient air temperature. The calculated peak,
heating load was 215,000 Btuh (63Kw) and the peak cooling load was 275,000
Btuh (80Kw). It was assumed that one half of the 3D lar flux would appear
as a latent heat load.

The experimental heating/cooling hardware consists of:

1 - 2 - 54 Kw electric water heaters

2 - Commercial air handling unit (25,000 cfm) with a centrifugal
fan powered by a 10HP motor

3 - 2 - 3 3 inch by 109 inch single row fin tube coils with 14 fins
per inch

4 - Evaporative pad (trademark Celdek) 5 feet high, 15 feet wide

and 6 inches thick

5 - Centrifugal water pump - ] HP

6 - Polyethlene supply air ductwork
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Figure 1 shows the air handling system scheinat it al ly. I'ori inns .1!
outside air and return air are mixed ahead of the evapor.-it i vi- <io!,r r
control air temperature. The air is humidified by passing through tn.
cooler and reheated or bypassed around the fin tube coil to control r> -
lative humidity. Air is discharged from the fan and supplied to the
greenhouse in three 30 inch diameter olastic ducts. The air supplied (. <
the greenhouse either returns to the air handling unit or is vented out
of the house through gravity pressure relief dampers in the far wall oi
the structure. The motorized dampers controlling the air flow are act'.i.itr
by temperature and humidity sensors via proportional controllers which
provide a wide range of temperature and relative humidity control in-
dependent of the waterside control system.

Figure 2 indicates schematically the water flow system. Ci n i,i at i<.-,/
water enters the water heaters and is then supplied to the fir. tube oui;
and/or evaporative cooler. Water passing through the coil tan return
directly to the circulating pump or continue through the evaporative •.<•. i.
into the collector trough and then back to the pump. Water flow r. 11 •. is
set manually at the pump discharge and measured by using a ve"t".ri. '.viu r
temperature is controlled automatically by a motor driven mixing v.tlvc
which blends hot water from the water heaters with return water fre-ir; thi-
coil or cooler. The mixing valve position is determined by sensing the
mixed water temperature and sending this signal to a proportional con-
troller which activates the valve motor. This system provides very fine
automatic temperature control.

In addition to the experimental heat transfer system, the greenhouse
has its own gas fired unit heaters (rated at 120,000 Btuh output), which
heat the greenhouse when warm water testing is not in progress. These
gas heaters do provide a margin of safety as backup in case the experi-
mental heat transfer system should fail.

We have been pleased with the results of this study, particularly
the heating phase. The warm water system kept the house above 55°F durin;
the coldest weather. Our experience and results are summarized in Table

TABLE I

EXPERIMENTAL GREENHOUSE WARM WATER HEATING

WINTER OPERATING EXPERIENCE

* 1680 Continuous Heating Hours from December 13, 1974
to February 21, 1975

* Lowest Ambient Temperature -25°F

* Corresponding Greenhouse Temperature 56°F

* Fin Tube Coil Entering Water Temperature 85°F
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BLIZZARD OF THE CENTURY
January 1L i, 11!, 197'J

* Weather Conditions wore Cloudy, Severe Winds, and
Extremely Cold

* Greenhouse- Temperature History —

Temperatures Outside TemperatureH I n * i dc

January 11

January 12

Averages

0°F

-b°F

Rar

-8

-11

lge Average;

29°F 62°F

0°F 6-°F

COLDEST DAY OF THE WINTER

Time of Day

Midnight

4 a.m.

8 a.m.

Noon

4 p.m.

8 p.m.

Midnight

Averages

February 9,

Outside
Temperature

-16°F

-23°F

-24°F

- 4°F

+ 1°F

- 3°F

- 1°F

-10°F

1975

Inside
Temperature

57°F

56° F

56°F

72°F

70°F

60° F

61°F

62°F

nO h;

Clear
Sunny
Day

HEATING EXPERIENCE CONCLUSIONS

* 85°F Water is Satisfactory for Heating Space to 55°F
at -25°F Ambient

* Heat Exchanger Size Suitable for "Standard" Type
Installations

* Fan Power Requirements are Large

-5-



- 102 -

Our experience with summer cooling has shown that using 115 F water
is not vury practical. We were abie to reduce the water temperature iO !•'
or more, but then.- is little sensible cooling provided to the RreenlioLi.se.
Warm water cooling, as we designed it, doesn't differ from thai which
could be provided by mechanical ventilation. We feel that providing a
greater fall over the evaporative pad would improve air conditions. Our
distance was five feet and eight or nine feet may do better. A summary
of our results are shown in Table II.

TABLE II

EXPERIMENTAL GREENHOUSE WARM WATER COOLING

SUMMER OPERATING EXPERIENCE

* 200 Hours of fooling Data

* Peak Greenhouse Temperature Recorded 95°F

* Sensible Cooling of Air Achieved with Evaporative
Cooler Entering Water Temperatures up to 1L0 F

* Relative Humidity Varied Between 60 - 85°F

TYPICAL TEST RESULT FOR "COOLING"
(Based on July 25, 1974 Solar Noon)

* Evaporative Pad Conditions (14 GPM/22,000 CFM)

Entering Water Temp °F 100
Leaving Water Temp °F 72
Entering Air Temp °F 81
Leaving Air Temp °F 81

* Ambient Air Temp 81°F Relative Humidity 72%

* Greenhouse Air Temp 95°F Relative Humidity 72%

WARM WATER COOLING - CONCLUSIONS

* At Design Point of 89°F Entering Air (50% RH) and
115°F Entering Water No Sensible Cooling of Air
Was Achieved

* Cooling with 115°F Water is about as Satisfactory
as Ventilation Only
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As one reviews the operation of this exper imenta 1 greenhouse, i uiii •. v
may be expressed about the large volumetric air t low in a relatively >:-:,;;
greenhouse as the air flow exchange rate was 1.5 times per minuU'. Iiu-
movement did not affect L lie geranium crop and created a uniform teT.;»« r r. . r •
in the house. Cost wise, it was expensive. However, this m..y r>e . ,n :
l hi- penalty attached tc use of low grade heat energy. Improvements :r-.:v
he possible tn coil performance and in the reduction of greenhouse ne.it
losses which would help reduce the fan power requirements.

We are also concerned with the problem of maintaining the greeiitmusc
space temperature above 55°F at very low ambients using 85°F water .is .
heat source. This problem needs further study as it does have ,i tiire i
bearing on types of crops being grown In the iuu.se.

tytremes of relative humidity in the greenhouse were not j si-rL .
problem. Drying did occur during heating periods when significant ven'. ;-
Lit ion heat load was introduced to maintain a constant waterside lie.n
rejection. However, it did not .show any adverse effect on the plant-..
llif'.h moisture levels, feared during overnight operation of the ev.iji. r.i • i •
exchanger have been controlled within limits by a combination ol v<.-:it i ; .-
Lion and fin tube reheating. It was our observation that condensation
was less of a problem in the research unit compared to a conventionalIv
heated, nonventilated structure adjacent to it.

We are optimistic about theis application of warm water to greenhouse
heating. It does not contribute a great deal to the overall problem of
utilizing great amounts of energy available in waste water but it does
appear to have merit in greenhouse production. We are receiving inquiries
from the industry as their fuel costs increase.

A large scale greenhouse is being built to demonstrate the technical
and economic feasibility of using warm water to condition greenhouses in
Minnesota. The house is 1/2 acre in size and is a gutter connected style
with a double piastic wall. It has a warm water forced air heating designed
for 600 gallons per minute and 100,000 cfm air flow capacity. Evaporativ..
cooling pads will also be installed. The house will have soil warming in
it to control root zone temperatures.

We have also studied the use of waste heat for soil warming and irri-
gation. It does provide a method of using this energy without environ-
mental damage and at the same time provide crop benefits to the grower.
It is a seasonal use and does not provide the complete solution to using
this energy, especially in the more temperate climates.

Both a soil warming system and a subsurface irrigation system were
installed as shown in Figure 3. The irrigation system added water to
the soil to control its heat transfer characteristics as moisture migrates
from warm to cold areas due to the temperature gradient. Any drying of
soil near the heat source tends to inhibit heat transfer.
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Our procedure was to begin soil warming on March i with plan: i :\^ ,J;
potatoes on March 19—25 - Planting in the check plots was nn April !!.
irrln.it ion water was applied to meet needs as indicated hv :;\ii! -..-1nj> 1 i •,, .
Ha r vi"-. t i n>; of this crop was completed by .Inly 5. A second crop va-,
inmit'ti i.ilt-ly planted and harvested by October 18.

Yield observations of the potato crop for 197'i are shown in iiyun. -
These data suggest that a harvest date prior to July 1 would maximize tii.-
benefits from the soil warming process. There is a market price adv.-tnta:.;<
as well as greater yield from the second crop through earlier harvest i !.;_•.
The second crop does not yield as much as the first although tin- s t o n :
crop may be considered as a bonus to the grower.

Our conclusions for this study are:

* Soil wanning can provide some extension of the growing season
for field crops in Minnesota. Maturity date for early potato
varieties grown in heated soil was advanced between two and
three weeks, as compared to potatoes jrowr. in unheated field
soils.

* Artificial warming of a field soil by utilization of waste
heat energy does not provide a significant protection for
potatoes against frost at temperatures below 28°F.

* From a standpoint of potato production, only small quanti-
ties of waste heat energy can be utilized by an agricultural
field soil in Minnesota during July and August.

* Second crops are possible with heated soils in Minnesota.
However, experience suggests that the choice of a second
crop should be made on the basis of the adaptability of the
crop for growing conditions prevalent during the late summer
and fall seasons. On the basis of this study, for examplt,
it appears that the potato may not be most ideal for use as
a second crop in Minnesota, since the late blight conditions
experienced in 1973 and the excessive heat and early frost
conditions in 1974, resulted in reduced yields.

The study has demonstrated the energy in waste water is beneficial
to increased crop production, either through a longer season or a
better marketing schedule. The problem is that our power plants require
a closed cycle in their waste water system which changes the type of
application used by a grower. Soil warming may have merit as an addi-
tion to greenhouse heating as discussed in this commentary.
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COMMENTARY ON KEYNOTE PAP UP- BY V. Pt.'l.'.STJARV
ENERGY IN GREENHOUSE CULTURE ::; Yr.iLh'Alj

H.A. Jackson
Engineering Research Service
Agriculture Canada, Ottawa

It is interesting to note the approach taken in Finland
to deal with increased fuel and labour costs in greenhouse
production. Their efforts have been concentrated on increasing
the productivity and efficiency of greenhouse crops through
improved watering and fertilizing programs. They are usinj a
peat moss instead of soil as the growing medium and have related
watering and fertilizing levels to available solar energy in
this growing medium resulting in world yield records for green-
house production.

Another aspect of increasing efficiency in greenhouse
production is improved greenhouse design. Conventional greenhouses
in Canada and other northern countries are covered with transparent
glass or plastic and are exposed to extensive heat losses during
cold winter nights. At the Brace Research Institute, McGi11
University, an improved greenhouse design has been developed which
results in reduced heating requirements of 30 to 40 percent over
a conventional double-layered polyethylene greenhouse. The Brace
greenhouse "is oriented on an east-west axis, the south-facing
roof being transparent, and the inclined north-facing wall being
insulated with a reflective cover on the interior face. The angle
of the transparent roof and the rear, inclined wall are each
designed to permit respectively optimum transmittance of solar
radiation and maximum reflection of this radiation on the plant
canopy". There is the possibility of higher yields in this green-
house due to the higher level of solar radiation.

A further extension of the Brace greenhouse for use in cold
climates is to provide the transparent south-facing roof with an
insulated night-time cover to further reduce heat losses during
cold winter nights.

It seems that there is only minor interest in using low-grade
heat from power plants in Finland. A preliminary survey has
concluded that heating greenhouses by connecting to a long-distance
power plant heating network is feasible and may be economic. Since
there is little difficulty in connecting greenhouses to a heating
network, I think further study is warranted to determine the
economics of this greenhouse heating system.
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THK ( T F til-' LOW-ORADK UK AT I \' AfJR I CULTUi-h
WITH .SPECIAL IJI:H;I<T:NCK TO THF OPEFNHOCRK ;•;!;!

M.J. Trudpl
drtmt'nt of Phytoloqy
La Veil University
Qi.iobi'c , Canada

ABSTRACT

Heat from thermal discharges may find several uses
in agriculture and particularly in the greenhouse industry.
The most significant experiments done on the subject both in
the United States and Canada are briefly reviewed and discuss1- :..
The current situation of the Canadian greenhouse industry is
analysed and the possibility of greenhouse heating for making
use of warm waste water is considered. It is concluded that the
single use approach is of little value and consideration should
rather be given to integrated agricultural systems to dissipate
excess heat from power plant rejected waters.

RESUME

La chaleur des eaux de rejet peut servir a plusieurs
fins agricoles et de fagon particuliere a l'industrie des ser-
res. Les experiences les plus importantes effectuees sur ce
sujet tant aux Etats-Unis qu'au Canada sont passees en revue
et discutees. La presente situation de l'industrie canadienne
des serres est analysee; le chauffage de ces structures est
considcre comme moyen de valorisation des eaux chaudes de re-
jet. On conclut toutefois que la priorite cevrait etre accordee
a 1" etude de systemes agricoles integre's pour la dissipation de
la chaleur contenue dans les eaux usees des centrales d'e'nergie.
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THE USE OF LOW-GRADE HEAT IN AGRICULTURE
WITH SPECIAL REFERENCE TO THE GREENHOUSE INDUSTRY

M.J. Trudel
Department of Phytology

Laval University
Quebec, Canada

Current agricultural production relies very much on
energy in order to bring to the consumer the food, the fiber
and even the flowers needed in everyday life. That energy
may be brought under the form of labour, mechanical energy,
thermal energy or electrical energy. Its flow to support
agriculture is shown in Figure l l " .

Most of the energy used in agriculture is derived from
the burning of fossil fuels, whose exhaustion is predicted
by the years 2005 to 2010, when the earth will have to support
the life of double the present population. That does not mean
that we are facing a total energy shortage; that is just
implying that the world will have to adjust to new sources of
energy, fortunately plentiful as seen in Figure 2^1J. With
10% efficiency at the surface of the earth, solar energy alone
could provide more than 2 x lO** BTUyyear, while direct thermal
energy brought by the lowering of the ocean surface water by
only 1°C would represent more than 2 x 10l8 BTU/yeart2J. That
is a great deal: total fuel burning, today, for all uses,
represents about 10^7 BTU/year or about 50 million barrels of
oil a day.

Without describing at length all new sources of energy
we will be using in ten, twenty, or thirty years, it is quite
evident that new facilities to produce thermal energy, to be
itself converted to mechanical or electrical energy, will be
used more and more in the future. The most important source
of energy in the near future will certainly be nuclear energy,
which will gradually replace the chemical energy of fossil
fuels as they become scarcer, and hydraulic energy; in fact,
the hydro-electric potential of Canada is approaching its
ceiling because of the remote location of the remaining suitable
sites.

Canada has been fortunate because of its hydro capacity,
that in 1965 was accounting for 82% of the Canadian electrical
energy production; in 1975, the hydro capacity has dropped to

*BTU - 1 British Thermal Unit = 1055.06J.
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68% and it is expected to be down 50% in 1980. Even the
Province of Quebec with its 95% share of electricity produced
by hydro power has recently decided to go nuclear, as
officially announced by the President of Hydro-Quebec last
Julyl3* .

The Federal Power Commission of the U.S. indicates a
need to double electric power generating capacity each decade.
A similar trend will probably be taking place in Canada.
Consequently, a great number of nuclear power stations will
have to be active in order to fulfil the demand that will not.
be met by hydro power.

A major problem is that, while hydro energy can produce
electricity directly by the use of a turbine, nuclear energy
must use steam-power-cycle technology to do the same. That
last method is not "clean", meaning that steam-electric power
plants, using either fossil fuel or nuclear fission, reject
nearly 2/3 of their total energy output as heat in the condenser
cooling water. Unless that rejected heat is tapped for some
beneficial uses, the hot water must be run through cooling
towers or ponds to cool to a temperature acceptable for reuse
or for return to the source. Failure to do so would cause
thermal pollution of large bodies of water.

Even the extensive use of cooling towers could cause
localized environmental disturbances in the atmospherei •.
In the long run, the high level of heat rejection could produce
slight climatic alteration that could be sufficient to create
enormous stresses on the earth. The climatic effects of a
global warming have been apocalypsely described by Idso J.

"If the mean global temperature were to increase by cnl^ a
few degrees, we would witness some large scale readjustment .--
in several other meteorological parameters, in addition vc
some more extreme temperature variations in localized arear.
With increasing temperatures, for instance, would come ccy:-
comitant increases in evaporation, humidity, cloud cover,
and precipitation. Many glaciers would melt, and the s-:a
ice and snow covers of the earth would undergo vast redis-
tributions. Sea levels would rise, and the circulation of
the oceans would be disturbed. Even the pattern of the
global atmospheric circulation would be affected, perka^c-
leading to the cooling of some regions in spite of the
general warming trend. Many other changes would undoubtedly
take place too."

Deleterious effects of thermal impact caused by the discharge
of the heat contained in the cooling water either in water bodies
or in the atmosphere could be avoided in making that heat do
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useful work. It is understood that it can be done by the
generation of steam or electricity as a by-product in dual-
purpose power plants, thereby reducing the percentage overall
thermal discharge without eliminating it completely.

Other ways of utilizing that low-grade waste heat are
discussed in this workshop. Among them, agriculture could be
a very important factor to consider, when the growing pressures
by the public, and the future more-stringent regulations, will
force the planners of electric utilities to incorporate
beneficial-use concepts into power plants.

According to a Bechtel report , electric utilities
actually tend to take a cautious attitude toward the incorpora-
tion of beneficial-use concepts in power plant planning. The
authors relate this conservative attitude to a hesitancy to
commit valuable utility resources to projects currently involving
much technical and economic uncertainty.

In that respect, Canada seems to be in a good position
since most of its electricity generating plants are government-
owned. Governments are more sensitive to public pressures than
private corporations and governments should also favor public
well-being over the mere making of more money. Of advantage to
Canada in respect to beneficial uses of waste heat are the
various experiments and many trials conducted in the neighbouring
United States during the last few years. Consequently, we will
now review some of the agricultural applications currently used
or planned in various U.S. programs of waste heat utilization.

Agricultural applications of low-grade heat from cooling
water could include:

1. Soil warming to lengthen the growing season

2. Irrigation of cropland to increase yields

3. The spraying of fruit trees to protect them from frost
injury

4. The heating and cooling of greenhouses or commercial
growth chambers

5. The heating and cooling of animal shelters

6. Seed grading and drying

7. Microbiological processing of crop and animal waste for
reuse or easier disposal.

All or most of these applications could be integrated among
themselves or with others such as aquaculture or fish farming
facilities or even recreational uses (parks, fishing or boating,
lakes, etc.). In this paper, we will mainly concentrate on
the use of low-grade energy to heat or cool greenhouses.
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The first significant low-grade heat utilization o:<wr:r..
done by U.S. workers took place in the early 60 's at the
University of Arizona, with the University of S^nora. Tr.r-v .. a •
operated an experiment for several years at Puerto Penasco,
Mexico, to use sea water at about 2 7°C for greenhouse heatirvj
and cooling. However, most of their work was centered on dc-sji:::
sea water and recovering waste heat from diesel engines to run a:
integrated power/water/food facility. Such a. facility has .;•:;.— ••:
since 1965 as a pilot plant at Puerto Penasco , and on ,±
commercial scale in Abu Dhabi, Arabian Peninsula, where the :
group developed in the early 70"s a two-hectare greenhouse,
complex producing an average of one ton/day of vegetables ° .

Another important program was supported by the lT.S. Ator.i-
Energy Commission at the Oak Ridge National Laboratory to
determine how the heat in waste warm water could be economicallv
transferred to greenhouses^ -. Since the temperature of the
rejected water is usually 11°C or more above natural water
temperature and is often 37.8°C or warmer even in the coldest
months, the ORNL program first studied the various methods of
heat transfer at that low level of temperature. Most of the
conventional heating systems used in agriculture are designed
with a heating surface-above 100°C (as compared to 37.8C in
the case of rejected warm water).

The spraying of warm water either as an air-water contactor
or directly on the plants as a heat transfer method has not been
considered as interesting as in previous work in Arizona1^ .

The method of using the glass roof surface as the heat-
transfer area with a flowing film of water did not appear
useable and was also eliminated.

The underground pipe method was particularly,studied as
a heat transfer device in soil-warming systemsl-H , and was
used with relative successes at various times. It is attractive
to heat greenhouses because of its low price ($25,000.00 -
$30,000.00/hectare) but it would take a very dense piping
pattern to do the job because of the low temperature of the
waste water.

The next method studied was the finned tubes commonly
used in greenhouses. Since the surface of the radiator plates
has to increase as the temperature of the circulating water
decreases, this method by itself did not appear to be economically
feasible with water around 37.8 C.

The workers involved in the ORNL program finally chose a
pad and fan system as the minimum-cost heat transfer method.
Figure 3 shows the assembly of the evaporative heat exchange
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pad and Figure 4 shows a typical greenhouse arrangement witi.
the air and water flow systems1^]. The figure shows that a
clear plastic sheet separates the attic from the grow in-.: ana
and permits the fans to recycle a certain percentage oi
circulating air depending on whether cooling or heating is
required. To reduce the 100% humidity prevailing under the si.-
conditions, a bank of fin tube heater coils was installed a
few inches downstream of the pads, thereby reducing the relative
humidity to 80% or lower.

.. , _w..**.~* *. ̂  _7 ~^~~j
 X Z j of the ORNL for replacing the

cooling tower of a nuclear power plant (330 MW) located near
Denver with this low-cost evaporative heat exchanger for
greenhouses showed the following: greenhouses could be cooled
to 24°C by evaporating 34°C condenser water with once-through
air. With winter temperature of -17°C, greenhouses could be
maintained around 19°C by circulating air warmed by the
condenser water. It was concluded that 0.404 ha could utilize
up to 5 MWt of waste heat. The projected Denver plant could
then heat at least 40 ha of greenhouses located in its exclusion
area.

In a conceptual effort, the ORNL group also suggested how
the proposed heat exchange system could be applied to an
intensive food production complex which might be constructed
near a power station!9]. The result is shown in Figure 5.
Even if it is quite speculative, this diagram would be very-
interesting to develop at length (that we will not do here)
because it can have by its size a noticeable impact on thermal
and animal waste disposal.

Another major U.S. thermal agriculture experiment program
was developed by Oregon State University. Most of the experi-
ments had to do with soil warming and they led the Oregon group
to prompt the development of a system of components that could
beneficially utilize waste heat, allow multiple use of cooling
water, and achieve a high degree of efficiency,in the production
of food and fiber without causing pollution^^ J •

Figure 6 reproduces the various components of a system
utilizing the waste heat (2000 MW generated by a 1000 MW station)
of a large power station. The system includes the power
generating facility, a cooling cycle with a soil warming loop
and an evaporative cooling basin loop, a processing plant, an
animal rearing facility, and a greenhouse complex. The soil
warming stimulates crop production used either for processing
or animal meat production. The warm water is used in the
evaporative cooling basins to accelerate decomposition of the
organic wastes from plants or animals, and these wastes are
used as substrate for the growth of organisms (shrimps) to be
fed to animals.
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This scheme foresees a feed lot of 20,000 animals and
nearly 700 hectares of heated greenhouse; the greenhouse
operation alone would spend only 10% of the waste heat. That
is to say that the operation scale in this work is huge and
could possibly be difficult both to manege and finance, at
least according to today's standards.

In such a scheme, all calculations should be carefully
verified and all prevailing conditions specified. For
instance, a Purdue Ph.D. thesisll*J- showed by computer simu-
lation that a 1000 MW plant could only supply the heat require-
ments for a maximum of 180 hectares. That is very different
from the figures shown by the previous work, where 10% of the
waste heat of a same size power plant was said to heat 700
hectares.

Other U.S. projects include the Minnesota Agricultural
Experiment Station and the Northern States Power Co. experimental
greenhouse built in July 1975L1 5J. It will use warm waste water
from a nearby electric generating plant. Dr. Allred will
probably give us all the details during the present workshop.

Also known is the Vitro Engineering project in Springfield,
Oregon, to evaluate the use of warm water (from a pulp and paper
plant) for frost protection and irrigationL16]. That work
showed that frost damage could be avoided in orchards even
though severe problems such as branch breaking by ice were
encountered.

Several other projects or studies are presently being
conducted in various U.S. universities, such as Washington
State University. University of Arkansas and North Carolina
State University^'. Economic analyses of various agricultural
uses of warm water resulting from electric power generation

117 jhave also been completed117 j m ^^.1 that is to say that our
southern neighbours have already done an important amount of
work and that we should take advantage of the knowledge and
the relatively high level of technology attained in that
country. The time for application has come in the U.S., as
shown by the Minnesota project'-15^ and others, such as the
Muscle Shoals project, in Alabama, where a greenhouse is
heated by water discharged by a nuclear plant and where several
tomato and cucumber crops have already been grown^ . Of
course, action is needed in the U.S. since there are presently
53 active nuclear plants and construction permits have been
granted for 63 more119J.

In Canada, the relatively short growing season could lead
one to believe that the greenhouse industry is a very important
one. Is that so? Statistics Canadat20] tells us that the
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greenhouse industry amounts to about 330 ha of which 75% is
under glass and 25% under plastic. More than 240 ha are
loc?.ced in Southern Ontario, about 35 ha in British Columbia
and between 15 to 20 ha in both Quebec and Nova Sootia. Of
course, those 1971 data may have changed locally in certain
Provinces such as Quebec, where the growth of the industry has
been fast in the last few years. However, the global situation
remained quite the same since the Ontario industry did not
change much. Growers producing only flowers account for about
40% of the total area, the remaining being mainly devoted to
vegetables.

The Canadian greenhouse industry is employing a total of
nearly 7,000 workers, at a total yearly payroll of close to
$20 million. Approximately 60% of these workers are full-time.
Today, the total investment in the greenhouse industry amounts
to over $100 million, of which flower producers have at least
60% invested. The industry has total sales of around $75
million with flower sales amounting to about 80% of the total.

By North American standards, the Canadian greenhouse
industry is fairly well developed: the U.S. total greenhouse
area is probably less than 1,000 ha. However, our industry
does not stand comparison with the European greenhouse industry
which had a total area of more than 41,000 ha in 1973, with
about 50% under glass and 50% under plastict21]# Approximately
naif of the covered area is used for flowers, the other half
being primarily devoted to vegetables. Table I shows that the
characteristics of the European greenhouse industry vary much
from one country to another'•^l J .

It seems that the growth of the European greenhouse
industry has come to a nearly complete stop with the recent
energy crisis. Many of the largest operations are in a very
bad position and they have to adopt less heat-demanding crops
or cropping schedules, even if that means less profit. Many
European growers await technical answers to their heating
problems. Much work has recently been done on the "heat pump",
that is simply an inverted refrigerating unit (evaporator,
condenser, compressor and freon gas) that can take water at
12°C and heat it up to 50°C. That water can then be used to
heat greenhouses by circulating as a thin film on the inside
of black plastic tubing running on the ground[22,23].

Compared to the European greenhouse industry, that goes
back to the 16th century, our own is still very young. Except
for the Ontario greenhouses which have been operating for the
last 60 years, most of the industry development in Canada has
taken place during the last 10 years. Today, the same industry
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TABLE I; Structure of the European greenhouse industry
(partial listing)

Countries

Germany

Belgium

Denmark

France

Italy

Total

Glass

2,222

1,736

615

2,070

1,900

Jersey & Guernsey 550

Great Britain

Netherlands

Sweden

Bulgaria

Finland

Norway

Poland

Romania

Hungary

1,670

7,455

415

1,200

275

207

500

950

25

area., ha

Plastic

500

375

1,850

4,250

12

15

500

1,100

1,000

2,000

Vegetables,

ha

1,522

1,483

235

1,650

3,800

479

1,130

5,225

175

2,150

200

150

340

1,875

1,865

Flowers,

ha

1,

2,

2,

2,

,200

428

380

,270

,350

83

552

,730

240

150

75

57

160

75

110
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is threatened by ever-increasing fuel prices. For light fuel
oil no. 2, the prices have increased in the following manner:

October
July
May
October
January
May
December
June

1970
1971
1973
1973
1974
1974
1974
1975

$0.13/gal ($.13/US gal
0.14
0.18
0.22
0.24
0.33
0.35
0.38

= $.0343/2.) $25,000

Yearly
heating

per ha

$70 - 75,000

For the Ontario greenhouse industry, with its large
initial investment due to the glass structure, the heating
cost increase could mean catastrophy. According to an officer
of the Ontario Greenhouse Vegetable Marketing Board, a recent
study indicates that total production costs of vegetables
(including labour, interest and depreciation) are higher than
sale values, leaving a negative income^4 .

In other provinces such as Quebec or Manitoba, cheaper
plastic structures giving better insulation are reducing the
costs of heating and, as a consequence, the global situation
might not be as bad. Growers having a reasonable yield can
still make good money. Adjustments in the cropping schedule
are also being made in order to save fuel, either by later growing
or using cooler crops such as lettuce or certain new tomato
varieties thriving well at lower temperatures.

The potential market for a strong Canadian greenhouse
industry is very large. Just in the Province of Quebec, the
value of flower 3ales is estimated to be around $40 million,
most of it coming from importations. A similar situation might
exist in most provinces, except Ontario where production is
relatively much higher. The proximity of the heavily populated
Northeast U.S. also represents a huge potential market for
Canadian greenhouse-grown flowers or vegetables, if we can be
competitive on prices.

As far as greenhouse vegetables are concerned, the
Canadian industry has just begun to explore its possibilities.
Besides tomatoes and cucumbers, it could also grow lettuce on
a large scale and why not green peppers, celery, cabbage and
other vegetables grown in other countries of the world? It
is not really a matter of economics, but rather a matter of
mentality; we are not used to thinking in terms of intensive
farming, because we always had so much land to spend and to
use, mainly for beef and dairy production. But, as was said



earlier, that way of producing food depends a lot on fossil
fuels and the time has come to consider alternative methods
of food production.

Of course, greenhouse crops actually depend also on
fossil fuel burning for heating, but the greenhouses could
easily be converted to electrical heating or warm waste-water
heating. As fuel costs cause transportation costs to rise,
locally grown greenhouse products will become more competitive
with the field-grown imported products. Furthermore, as the
population increases in the southern parts of the world that
often furnish fresh food to northern countries, an always
larger share of those products will no longer be available in
large quantities and at low price. It might then become
justified to make the expenditure of the necessary capital to
achieve environmental control of sufficiently large areas to
grow a much higher percentage of the plant products we use in
the north.

In those conditions, could Canada and other northern
countries make good use of low-grade waste energy to heat
greenhouses? The answer is yes, but the industry growth
should be carefully controlled to avoid setting the market
off an already precarious balance.

The worst resistance to the application of such a scheme
could come from the utilities themselves. Since greenhouses
should function as cooling towers, the utilities might be
reluctant to rely on greenhouses over which they cannot
exercise full control for power plant cooling 161. Standards
would be required to assure the dependability of greenhouses
specially designed for this purpose. Such greenhouses could
be expected to be more expensive than normal ones. Of course,
the problem of control could be solved if electric utilities
(often government owned) were to launch new business lines in
agriculture or other fields capable of using waste heat.

Even though no scientific breakthrough would be necessary
to permit the use of waste heat in greenhouses, a lot of
experimental and developmental work would have to be done,
both in biology and in engineering. Some projects are already
under way in Canada. In Saskatoon, a group of scientists from
the University of Saskatchewan is using waste heat from the
exhaust stack of a turbine-operated compressor station to heat
a greenhouse to grow vegetables £ 25]. Dr. Maginhes will probably
tell us more about those experiments.

At Lake Wabanum, west of Edmonton, an experimental green-
house has operated for a year using warm water from a power
generating station as its only heat sourcei26J. The temperature
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was not high enough for good results in winter vegetable growing,
but it could produce trees and shrubs in winter and quick-growth
crops in the spring. That project is said to be the first one
attempting to salvage waste energy for agricultural purposes in
Canada.

Other unconventional sources of energy known to be used
to heat greenhouses in Canada are:

- In Mont-Laurier, Quebec, commercial units are heated by
burning a huge amount of sawdust from adjacent mills. The
heating unit has been specifically designed for that purpose.

- In New Brunswick, a large operation is being set up and is
expected to be heated by burning native peat. A high-
temperature "flash-burning type" of furnace is being developed
for that use.

- In Quebec, extensive studies are being conducted on the
maximum utilization of solar energy to heat greenhousest27 ]
and on the possible use of wind energy to do the samef28J.

Several other projects might be presently being conducted in
various parts of the country without the author's knowledge.

All future research that could be done toward the
utilization of thermal discharges in agriculture and other
fields should be very broad and multidisciplinary. Since
the thermal pollution problem is global, any answer in order
to be good has to be complete. It is highly questionable
whether any single agricultural use of waste water could
solve the entire problem of rejected energy by large power
plants.

The proposal of Divine and Demmitt[29] to use an integrated
agro-industrial complex to benefit from large volumes of heated
effluents of power plant cooling systems is most interesting and
should be carefully studied. The authors1 integrative approach
was based on the classification of agricultural production units
in five groups, according to operating temperature, and on the
inverse relationship occuring between the heat demand and the
water demand of the various components of the system (see Figure 7)
Rates of heat intensity use decrease outward through the five
groups from food processing units to open field irrigation units.
Inversely, relatively greater demands for water are expected as
the flow progresses outward through the sequence of the five
groups of production.

In conclusion, I would like to emphasize again that any
single-use approach to the problem of using thermal discharge
is very limited, particularly for large power plants involving
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huge quantities of water and heat. When the time for action
comes, it will be nearly impossible not to consider greenhouses
as one of the most important components of an integrated system
capable of nondeleterious dissipation of excess heat in a
useful way.
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COMMENTARY ON KEYNOTE PAPER BY M.J. TKUDEL
THK USE OF LOW-GRADE HEAT IN AGRICULTURE WITH
SPECIAL REFERENCE TO THE GREENHOUSE INDUSTRY

J.C. Fisher

: tents ion Horticulturist, Greenhouse Vegetable Crops
Ontario Ministry of Agriculture and Food
c/o Agriculture Canada Research Station

Harrow, Ontario

I have read and re-read Dr. Trudel's paper and congratulate
him on his thorough and extensive report re the possibility of
using heat from thermal discharges for greenhouse heating.
Certainly this is a complete and well-documented review of what
is being done now and what might be done in the future to
utilize this form of heat for vegetable and/or flower production
under controlled environment conditions. I concur with his
opinion that we are in a fortunate position in that research
to this end has already been commenced in other portions of
the world. We should pay close attention to the direction of
and results from this research, some of which will undoubtedly
be reported to us during the workshop.

I will be especially interested in hearing more of the
project recently commenced in Minnesota where waste water from
the Northern States Power Company Sherburne County generating
plant will be used to heat a half-acre greenhouse as a preliminary
experiment to test the feasibility of this system and which, if
successful, could be the fore runner of a 100 acre greenhouse
complex that could be in operation by 19 85. (Ref.: Minneapolis
Tribune, June 28, 1975). Perhaps too, someone will be with us
who has seen, first hand, one or more of the installations in
Romania where waste heat is transported in insulated pipes for
a distance of four miles from a steam electric plant to the 325
acre glasshouse complex. Also, possibly, there will be some
discussion on the 147 page paper by R.W. Gillham and Associates
of the University of Guelph, entitled: The Feasibility of Using
Waste Heat in the Ontario Agricultural Industry: Technical and
Economic Considerations.

In any case, I believe that Dr. Trudel and other scientists
have shown that the Utilization of Hot Water from Steam-Electric
power plants _is_ a definite, technical possibility.

But, says Dr. Trudel, is it a practical consideration,
either in the light of today's established greenhouse industry
or the one we may envision in twenty, thirty or even fifty years?
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.At this point, I must confess that my thoughts become unclear.
Truly, I find it very difficult to make the mental adjustment
necessary to envision a greenhouse industry that makes practical
use of any significant quantity of thermal waste hot water.
Besides the numerous technological problems, there are geographical
problems and sociological problems. Dr. Trudel has touched on
many of these in his report. In reviewing his paper, to help
pinpoint some of the problems, I asked for, and received
valuable assistance from the following two persons:

1) Dr. G.M. Ward
Greenhouse Vegetable Specialist and
Head, Department of Chemistry & Weed Science
Agriculture Canada Research Station
Harrow, Ontario

and 2) Mr. Don Moore, Manager
Ontario Greenhouse Vegetable Marketing Board
47 Oak Street West
Leamington, Ontario.

Listed below are a few of the more significant points that
we discussed in a general way, but which eventually will have
to be sorted out and dealt with, before we can procede to any
kind of conclusion:

1. Will we ever need to produce enough greenhouse vegetables
and flowers to make use of even a small percentage of
waste heat that will be generated by Canada's present and
projected nuclear electric generating plants? For example:
commenting on the Denver ORNL study. Dr. Trudel reports
that that plan alone could heat at least 40 ha (98.8)
acres of greenhouses. Later on he reports on a schematic
system that envisions 700 hectares (1729 acres) of green-
houses using heat from one 1000 MW station. Yet today's
Canadian Greenhouse Industry amounts to only about 330
hectares. Over the past 20 years, growth has been steady,
but gradual.

2. Supposing we can feasibly utilize waste heat to increase
our total Canadian greenhouse acreage, what kind of an
industry do we envision? For example: today's industry
depends on dedicated people who have acquired or are
slowly acquiring a wealth of greenhouse crop production
"know how". The industry is made up primarily of numerous
small, self-supporting family-type units. Dr. Trudel
emphasizes that future growth, "must be carefully controlled
to avoid setting the market off an already precarious
balance," but most projections involve very large acreages.
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Do we actually want or would it be wise to change tociav'::
greenhouse crop production concept to a series of huqe,
multi-acre greenhouse complexes that might be unprofItaLK-,
might have to be heavily subsidized, and could be very
difficult to manage? If not, how can we best utilize
this acquired expertise in the greenhouse industry of
the future?

3. What will we do with the hot water in the summer, when
greenhouses do not require heat?

4. What about cultural problems? Will the generating plants
be situated in locations where factors other than tempc-ratur>
for example, soil, light, air movement, etc. are satisfactory
for greenhouse crop production. Will steam be readily
available for sterilization of the soil, or other (artificial
growing medium?

5. Will it be safe to locate greenhouses and greenhouse
operators' families close enouch to nuclear generating
stations that the hot water can u? economically transported
to them? For example: it is rumoured that the Inverhuron
Provincial Park south of Douglas Point has been closed to
overnight campers because of the possibility of radiation
escape that could be harmful. Would there not, then, be
a danger factor here for greenhouse operators and their
families?

6. Can we absolutely guarantee no serious effects from
accidental radio-active contamination of the thermal
discharge water?

7. Are we truly in danger of running out of land for outdoor
production of our major Canadian vegetable crops? For
example: consider the 88,000 (approximate) acres of
Ontario soil that was this year devoted to tobacco and
an even greater acreage (approximate 270,000) that is held
in reserve by tobacco growers. This is all well drained,
sandy "vegetable soil" and the amount is almost twice the
total acreage devoted to all vegetable production in
Ontario in 1974.

8. Can we obtain enough persons with sufficient expertise a.id
ability to economically manage multi-acre greenhouse
complexes?

9. In the event of an over-all food scarcity due to decreasing
land and increasing populations, how much importance and
food value can we place on vegetables that can be product
in greenhouses? Presently, our greenhouse vegetable crops
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include tomatoes, cucumbers and lettuce. Dr. Trudel
mentions other qreenhouse vegetable possibilities. But
aside from tomatoes, 15-20,000 acres of which are produced
annually in Ontario and mostly processed (1974 - Canada -
28,780 acres), the vegetables which we might call "staple"
items in Canadian diets are potatoes, beans, corn, carrots
and peas, rutabagas and onions, and these are not "green-
house vegetables".

In the long run, therefore, Canada's greenhouse vegetable
and flower industries must continue to be profitable and
to stand on their own feet. In critical times, it would
be dangerous to expect much sympathy or subsidization from
governments, for production of "luxury food items".

No doubt, a number of other problems will come up for
discussion during our workshop. They must be considered, and,
in time, will have to be dealt with.

Of the problems I have listed and the many others not
listed, probably the ones that can be most easily solved are
the technical problems. In other words, to repeat: it probably
is technically feasible to produce greenhouse vegetable and
fTower crops, utilizing heat discharged in water from nuclear
or fuel powered electrical generating stations. The Horticultural
and Sociological "people" problems could be much more difficult
to solve.

Assuming, however, that (1) in the future the need arises
for greater volumes of greenhouse vegetables or flowers; and/or
(2) Canada's present greenhouse industry folds or at least
ceases to expand because of shortages of, other priorities for,
or a too costly fossil fuel supply; and/or (3) simultaneously we
have solved the technical considerations to make a thermal
discharge heated greenhouse industry feasible; what kind of a
greenhouse industry could we develop?

The following suggested plan is submitted for consideration
by the workshop. It is based on the writer's convictions that:

(1) There are very few people in the world capable of
efficiently managing large-scale greenhouse production
units of 25-50-100 acres or more. There are many people
with a demonstrated ability to successfully operate
smaller units.

(2) Very large greenhouse operations would have to be heavily
subsidized by money from somewhere. This is contrary to
the agricultural concept commonly held today, which has
been fairly successful in all democratic countries up to
the present time.
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3) A well-planned thermal discharge greenhouse devel'//- ••:
could continue to provide a satisfactory independent
living for a number of horticulturally capable jrcenhc
operators and their families equal or perhaps double c
triple the number of operators we have today, without
undue economic hardship.

The type of greenhouse development I suggest is rough 1-,
sketched in Figure 1 and is to be located close to one or
more nuclear generating stations.

It will be seen that the above concept consists of a
sorios of small greenhouses, perhaps 50 or so of 1-4 acres
in size, built in a "ring" at a "safe" distance from the
nuclear station, but close enough to permit fairly economical
transportation of the thermal discharge hot water.

Such a system could be commenced on a small scale with
additional "family units" added as required.

The greenhouse units could be built with government and/
or AEC funds, and sold to interested greenhouse operators or
perhaps better still, leased to the operators on a long-term
basis.

As smaller or new operators gained confidence and ability,
they could expand to larger holdings.

Individual units would be independently run on a private
basis with hot water heat being supplied either at no charge,
or a flat charge per area heated, or by way of a charge basis
for metered amount used.

Horticultural Research and Extension and Supply services
could be provided as for our present greenhouse industry.

I believe that a concept such as the above could become
a valuable part of an expanding greenhouse industry and know
that growers in my own locality, at least, and probably also
many from other countries with the same fuel shortage problems
would enthusiastically receive that this type of challenge,
provided the location, soil type, drainage, proximity to
markets, etc., could provide a standard of living comparable
to the one which, through hard work, persistance, courage and
ability, they have now established for themselves in their
own "home" locations.

Would my fellow Workshop Colleagues please criticize this
concept?
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COMMENTARY ON KEYNOTE PAPER BY M.J. TRUDEL
THE USE OF LOW-GRADE HEAT IN AGRICULTURE WITH
SPECIAL REFERENCE TO THE GREENHOUSE INDUSTRY

J.S. Townsend

Agricultural Engineering
University of Manitoba
Winnipeg, Manitoba

Professor Trudel has recognized that agricultural production
relies on energy. But the source of this energy has changed with
the evolution of agriculture from a subsistence type to the
modern commercial type as found in developed countries. Agri-
culture has been defined as the human activity to collect solar
energy by conversion into edible chemical energy by means of
plants and animals. But modern agriculture expends so much fossil
energy that the definition could be amended to state that agriculture
is the activity that converts fossil energy into edible chemical
energy by means of plants and animals(2) .,

It has been estimated that 13 percent of North American
consumption can be attributed to the food and fiber sector of
the economy(3). of this 13 percent of total energy use, only
18 percent was used on the farm. The largest portion, 33 percent,
was used by the food processing sector. The above amounts are
direct use energy. In highly developed agricultural systems it
is common that indirect uses of ener7y are at least twice as much
as the direct use(2). Indirect energy consumption is in the form
of fertilizers, tractors, buildings and so on.

Canada has been fortunate in having large amounts of hydraulic
energy as compared to the United States where 75 percent of the
total energy is obtained from oil and gasd). With the scarcity
of oil and gas and the predictable exhaustion of future supplies
of oil and gas there will be a shift from today's oil/gas energy
economy to a coal/nuclear energy economy probably by the year 2000.
Canada's major hydro-electric energy sources have been exploited.
Electric generating capacity has been doubling every 10 years and
the 7 percent growth rate per year is expected to continue11'. in
fact by the year 2000 it is expected that electricity will be about
75 percent of the total energy input to the economy. Nuclear power
plants are expected to account for 30-50 percent of the energy
market.
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The risk of thermal pollution is very real. Nuclear reactors
produce about 50 percent more waste heat than conventional coal-
and oil-fired plants for the same output ^'. Any process that can
utilize any of this waste heat will have to be evaluated.
Agricultural use is just one of many processes that will have to
be considered.

Present man-made power densities are 0.033 W.nf^ for the
world average, about 1 W.m~2 for developed countries and up to
17 W.m~2 for heavily industrialized areas^) . Future man-made
power densities are predicted to be 1.35 W.m~^ for a world-wide
average, 5 W.m~2 for fully developed countries and up to 1000
W.m~2 for industrial zones. For large-scale nuclear power parks
of 30 GW(e), power densities of 20,000 W.m~2 are predicted for
dispersal of rejected heat over a 350 ha area. It will be
absolutely necessary to decouple the interrelations of water,
energy and weather for such large installations.

It is interesting to note that a power density of 1.35 W.m"*
compares to the global average for wind, waves, convection and
currents. The present global average of heat from civilization's
use is only 1 percent of the incident solar energy at the surface
averaged for the whole world(5). gut there are local areas where
human heat production alone approaches 5 percent of the solar
radiation incident on the earth's surface. These and additional
thermal loads to our environment can hardly avoid causing some
disruption to our climate.

Wet cooling towers cannot be expected to handle the predicted
future thermal loads for heat rejection. In all probability wet
cooling towers will help for only about 15 years O . The required
power density for design purposes for heating only in double-clad
plastic covered greenhouses in Manitoba is approximately 300 W.m .
New technology will be required to dissipate safely the rejected
heat of future large nuclear power parks. Perhaps an integrated
system of greenhouses and space heating for dwellings will be
possible with power plants in urban areas.

It has been acknowledged that we in the developed countries
exist in an economy based on waste. This is certainly true in
electricity generation and distribution where approximately 70
percent of the input energy is lost(D. Unfortunately greenhouses
are extremely inefficient when one compares the amount of food
energy obtained to the amount of energy inputs required to produce
the food crop.

For primary production in agriculture where crops and forages
are grown, approximately nine times as much energy is produced aa
is consumed(27. This means that the ratio of output energy to input
energy is 9:1. In secondary production where green fodder is
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converted by animals the ratio of output energy to input enorqy
is 1:7. Greenhouse production gives a similar ratio so that it.
requires seven times as much energy input as is obtained from
the greenhouse cropI

In the near future, strict energy conservation practices may
be in force. Under these conditions it is very unlikely that
greenhouse production would be permitted unless energy that would
otherwise be wasted is used.
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Through the kf.-yi.oto speaker it was r.oted ti.ai ;-->"-
auction technology has, in sor,c areas, reacr.c:: -.:".t lew .
of a "prescription" for maximizing yield. ur. Fuust^arv.
reported that the growing season in Finland is deter-
mined by a critical daily amount of energy necessary
for growth, below which growth effectively does not cc:.:.
He outlined the formula approach to greenhouse crop-
production, describing the energy budget of the glass-
house, the relationship of water requirements of plants
to available energy, and the optimum substrate character-
istics.

He also demonstrated that the efficiency of light
energy conversion is low in winter, high in spring and
fall, and is depressed during mid-summer. This last
effect was related to reduced water economy, because
high temperatures result in decreased conversion effic-
iency .

The commentators noted that, in considering green-
houses, we are talking about salad and floral crops,
but not staple crops. Also, they stressed that there
must be a concern for high yields. This definition was
relative to the degree of capitalization reflected in a
greenhouse.

Furthermore, they observed that the reduction of
heat loss, or more accurately, the improvement of overall
heating efficiency, was a prime concern to greenhouse
operators today. This included both the selection of
energy sources and the conservation of energy.

The discussion which followed considered the follow-
ing points:
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(1) that a tremendous amount of heat energy is
presently discarded;

(2) that the low-temperature water available in
Canada is presently very expensive to recover for
agricultural applications such as greenhouses;

(3) that investigations should include all waste
heat, not only that defined as low-grade in energy
level;

(4) that heat pumps are, for the most part,
impractical for this heat recovery for economic
reasons;

(5) that structural design changes may reduce heat
loss from a greenhouse by up to 40%, and

(6) that only a relatively small part of the avail-
able heat energy from any one source can be utilized
through agricultural applications; therefore these
should not be expected to dissipate the large
amounts of waste heat available.

The second keynote speaker reviewed the most sign-
ificant experiments on the subject of the use of waste
heat in agriculture. Dr. Trudel observed that the amount
of available heat is so great that it cannot be applied
to a singular operation today, but rather consideration
should be given to integrated agricultural systems for
this heat utilization.

The commentators related this approach to the
present conditions and to the potential problems. It
was observed that "today's (greenhouse) industry depends
on dedicated people who have acquired or are slowly
acquiring a wealth of greenhouse crop production 'know
how1. ' The industry is made up primarily of numerous
small, self-supporting family type units".

For this reason, an alternative plan was submitted
based upon three criteria:

"(1) There are very few people in the world
capable of efficiently managing large-scale green-
house production units of 25-50-100 acres or more.
There are many people with a demonstrated ability
to successfully operate smaller units.
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(2) Very large greenhouse operations would have-
to be heavily subsidized by money from somewhere.
This is contrary to the agricultural concept
commonly held today.

(3) A well-planned thenaal discharge green-
house development could continue to provide a
satisfactory independent living for a number of
horticulturally capable greenhouse operators and
their families equal or perhaps double or triple
the number of operators we have today, without
undue economic hardship."

Throughout the discussions, there was an expressed
concern for the horticultural and sociological problems
related to the adoption of larger-scale operations.

One further question arose during the consideration
of energy ratios. It was stated that greenhouse pro-
duction requires seven times as much energy input as is
obtained from the crop; therefore, this form of
agriculture may soon be forced to use otherwise wasted
energy, simply for energy conservation purposes.
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SOME ASPECTS ON COOLING WATER DISCHARGES
AND ENVIRONMENTAL ENHANCEMENT

U. Grimas

Swedish Environment Protection board
Drottningholm, Sweden

ABSTRACT

As a consequence of the effects of cooling water
discharge on the environment, the siting of nuclear
power plants is approached with cautiousness. The pros
and cons are discussed of siting near bodies of good
quality water or in more densely populated or indust-
rial areas. Properties and effects of thermal discharges
are elaborated. The effects of heat on the activity of
individual organisms, on the accumulation of organic
material, on the mineralization rate of organic matter
and on the transport of oxygen all have influences on
recipient water bodies. Examples of siting Swedish
thermal power stations are described and these indicate
some negative effects. However, the results do not
repudiate the possibility of good effects from the
design of new cooling water intake and discharge systems
that would speed up the mineralization of organic
matters by addition of heat and oxygen. It is con-
cluded that, when choosing between possible sites, areas
should be selected where the available energy of the
discharge can be used to improve water quality.



- 148 -

SOME ASPECTS ON COOLING WATER DISCHARGES
AND ENVIRONMENTAL ENHANCEMENT

U. Grimas

Swedish Environment Protection Board
Drottningholm, Sweden

1. INTRODUCTION

Effects of cooling water discharge can generally be
demonstrated as changes in the composition of biological
communities and in the ecosystem's functions within the
water areas influenced by the temperature increase.
There is, however, reason to assume that several effects
have considerably larger radius of action than the direct
influence of the heat. Particular attention should be
paid to combined effects of heat and different types of
polluting substances such as heavy metals, radioactive
waste products, biocides and nutrient excesses, whose
incorporation in biological material is stimulated by
heat. Heat is thus conserved by its products, which
have a considerably longer duration in the water than
the heat itself. A related problem is that of the
reinforcement of negative effects known as synergism.
In this respect our experience is based mainly on
experimental tests on separate species or individuals.
The fact that lethal doses and critical exposure times
to different toxic substances have a tendency to decrease
at increased temperature is, for various reasons,
difficult to demonstrate in the field. Negative
influences on vital functions of organisms must be
assumed to exist in the ecosystem long before directly
lethal levels are reached.

2. RELEVANT PROPERTIES OF THE THERMAL DISCHARGE

Heat and kinetic energy act as important natural and
steering factors in a water system. Heat has a quant-
itative aspect, as is also the case with nutrients, for
instance. The dose is decisive for the reactions of the
biological system. Thus neither heat nor nutrients need
to be handled along the same lines as toxic substances
which, even in small concentrations, constitute a threat
to the biosystem.
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Two properties of the surplus heat are of relevance
for the technical solutions that can be considered for
its management. Firstly, heat influences all bio-
activities ranging from production, through metabolism
to degradation of organic material, and secondly, heat
itself has a relatively short duration in the water.
The same properties apply to the induced flow of watsr.
The flow can influence all functioning units in the
ecosystem, from the production area in the surface layer
to the consumption areas of the depths, and the kinetic
energy is of short duration.

Three types of effects are cf particular interest if.
the recipient:

(a) The heat has a direct effect on the activity of
individual organisms, which will, for example,
influence the distribution of fish species in
the water area.

(b) Heat incorporates and conserves basic elements
intn nrnanir1 mal-prial
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into organic material.

(c) Heat increases the mineralization rate of
organic matter, and the induced water flow
creates a new transportation mechanism for
different elements.

In temperate and arctic waters, temperature, as a
rule, acts as a limiting factor for the production of
organic material as well as the mineralization rate.
The interpretation of, and the balance between, negative
and positive effects depends on a series of factors of
which man's conception of environment usually is
decisive. The design of ecosystems that will take
advantage of waste calories and make them biologically
useful, proposed by Mihursky [1] is, "as close to
reality as we wish to make it".

3. CONSEQUENCES

3.1 Conservation of basic elements

Investigations indicate that a temperature increase
will lead to eutrophication of water bodies and risk of
lake or river destruction. Up to a certain limit this
increase of organic content in a basin will have a
positive effect on the availability of food at the various
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trophic levels of the ecosystem. The eutrophication
process can be illustrated by one of the most sensitive
communities, the macrobenthos, where the biomass increases
in a sigmoid manner due to the increase of nutrients -
the course of the curve being typical for the ageing
process of populations, as well as ecosystems. The
shifting from positive to negative effects usually
arises in the exponential phase of the eutrophication
process, a phase which has to be identified in the
various individual recipients in order to preserve an
acceptable status of water quality.

The accumulation of toxic matter in organic material
blocks the possibility of utilizing the positive effects
created by each form of enrichment in the environment.
This problem is thus not exclusive for heat discharge
but is an important factor to consider when judging
possible combination effects in areas with widespread
pollution. Heat stimulates and inc^ases the production
of organic material. An important secondary effect is
that substances such as biocides and heavy metals can
more rapidly reach unsuitable concentrations and even
higher final concentrations.

Accumulation of biocides to considerable levels in
organisms have been discovered despite the fact that
measures have been taken to limit the discharge at the
source. It should be noticed, however, that factors
such as diffuse spreading by drainage from land or by
large-scale transport by wind, make these substances of
importance in all types of water from clean to polluted.

The influence of the temperature on +-h° toxicity of
chemicals to aquatic organisms has been reviewed by,
amongst others, Cairns, et al, [2]. Swedish invest-
igations on perch (Perca fluviatilis L.) indicate a
direct proportional relationship between basic metabolism
and uptake of DDT and PCB - the concentrations are
doubled in extractable fat as well as in muscles by an
increased temperature of 10°C. The degradation of DDT
to DDE seems to follow the same rate as the uptake while
the excretory rate is supposed to be slower. The
relatively fast uptake (50 hours) indicates that even
roaming or migrating species may be affected.

The contents of metals in water and biota can primarily
be seen as indicators of local pollution, and regional
investigations along the Swedish coasts have demonstrated



high contents in connection with industry and built-up
areas. The overall increase in bioactivity at higher
temperature appears to cause a higher concentration of
metals in the organisms as is also the case with Liocidcs.

The metal contents in the recipient waters are of
direct relevance for calculations of the discharge and
accumulation of radioactive materials. This is foremost
of concern in the discussion of critical pathways and
groups in the neighbourhood of nuclear power plants.
Higher background contents of metals in water can give
a lower proportion of corresponding isotopes in the
biological material, but here the uncertainty in the
calculations is very large. The opposing effects bet-
ween general toxic effects and blocking of radioactive
metals makes it of particular urgency to investigate the
chemical forms in which these metals occur and can be
taken up by the organisms. Furthermore, it is of inter-
est to study how the availability of metals in the
sediments reacts to the higher temperature, for example,
when the cooling water plume sinks during the winter
period.

3.2 Fish and fishery

The direct effect of heat depends on the recipient's
water volume, cooling area and relevant current systems.
In coastal areas the effects are generally local and of
interest fir the fishery in neighbouring waters. In
some situations the direct heat effect can have regional
consequences, for example, by disturbing fish migration.
The changed balance between fish species in the local
area includes both positive and negative effects.
Typical cool water species as, for instance, the four-
horned sculpin (Cottus quadricornis L.) will avoid the
warmed up area which is regarded as a definite positive
effect by the fishermen. Salmonid species avoid the
same area during the summer but seem to be attracted
during the winter. The same attraction during cold
season can be observed for shoals of herring (Clupea
harengus L.) and for eel (Anguilla anguilla L."5 during
all seasons which, amongst others, affect the catch-
ability of these economically important fish species.

Of vital importance for the production of fish is
the influence of temperature on both the size of fish
populations and the growth rate of individuals. In cool
climates, where many fish species of ecological importance
exist outside their temperature optimum, the population
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size is often determined by temperature through the
direct effect on the survival of young fish, especially
during the first year of life. This has been discussed
by Neuman [3], amongst others, with respect to fish
species in the Baltic coastal areas. He also includes
a correlation between temperature and growth rate of
large fish, e.g., of perch and roach.

Within the normal yearly temperature regime, large
year-classes of many species are established with an
interval of many years. For this reason the potential
production capacity cannot be assumed to be utilized to
an optimum degree, for instance, in large waters with
important spawning grounds, growing up areas for fry in
the coastal zone and wide open systems for migration.
Of special importance is the utilization of periods with
an increased production and availability of fish food
by rich year-classes of adult fish with an altered
preference of food compared to the fry. A continuous
addition of heat will, in spite of its local character,
contribute to a better utilization of these resources
by the continuous and abundant supply of young fish
under a high population pressure. Of interest in Swedish
waters are carp-fishes like roach, bream and bjorkna and
predators like perch, pike and zander, amongst others.
The effect of temperature on growth rate and year-classes
is discussed by Svardson and Molin [4], for example, who
presents a model for zander in Swedish lakes, emphasizing
the importance of temperature on year-classes and yield.

In this connection it is tempting to introduce into
the discussion the question of quality versus quantity
of fish production in the future. In reality there exists
today a correlation between the degree of utilization and
the packaging of the protein. The tendency to utilize
mainly predatory fish species is uneconomic from the
biological point of view and not in line with the develop-
ment of terrestrial resources. The positive and relative-
ly prompt response by herbivorous fish species to an
increased water temperature in cool waters might be of
interest regarding the quantity of fish.

In Sweden the importance of fishing is limited at
present in the recipients that can be considered as being
enriched. Little commercial fishing is pursued in the
waters within the direct radius of influence of densely
populated areas and industry, and in many cases the
marketing of fish from such areas is banned. A relocal-
ization of thermal discharges from clean waters to
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enriched waters cannot thus be considered as being
negative to fishing.

3.3. Mineralization and transport

The classical cause of water pollution or "destruct-
ion" is an overdose of organic material. Oxygen has a
central position in the process, foremost the avail-
ability and transport of oxygen to the deeper water layers
in a basin. The principle for the handling of thermal
discharges in such areas should be to overcome the
stratification and isolation with the two kinds of energy
available - heat and kinetic energy.

In running water systems the addition of heat might
result in positive effects by the stimulation of the
mineralization of organic material if we can assume that
sufficient amount of oxygen is supplied from upstream
areas. Theoretical calculations (Laberge [5] ) o.i the
direct effect of various temperatures on organic
pollution and oxygen content indicate the possibility of
a geographical shifting of effects downstream depending
on the temperature increase at the discharge point.

In many types of recipients the available amount of
energy in the cooling water flow is modest in comparison
with that of the natural system in, for example, open
coastal areas. In other recipients with a more complic-
ated morphometric structure there are often strategic
points in.the prevailing hydrological system where a
comparatively restricted input can give large effects.
Such areas include some archipelagos and estuaries
where large areas provide inputs of potential pollutants
due to an overload of organic material and oxygen
deficiency. In all applications the aim is to eliminate
or reduce these periods of oxygen deficit which will
reduce the release of several elements from the sediment,
e.g., nutrients, iron and manganese, and lead to
positive effects both locally and regionally.

A simple way of increasing the natural circulation
is the direct transport of cooling water from the sea
or a clean basin to the loaded recipient. If this is
not possible, the same effect may be obtained by a proper
siting and planning of intake and outlet facilities in
the actual recipient.

The basic circulation pattern in estuaries and arch-
ipelago areas with any appreciable fresh water run-off.
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is characterized by an outgoing flow of water in the
surface layer and an ingoing and more saline compen-
sation flow in the deeper layer. This circulation is
driven by the density difference between the fresher
water in the innermost part of the basin and the
saline water in the sea. Also of importance for tha
intensity of circulation is the vertical mixing
process, which transports salt from the deeper layer
in the basin to the surface. The intensity of this
basic circulation can be optimized, or changed to a
certain extent, by changing the density differences
between the recipient basin and the sea or by addition
of kinetic energy in, for example, the mixing zone
between surface water and deeper water. Deciding
factors for the optimum size of the circulation are
the run-off volume of fresh water and the topography
of the recipient.

Basins without fresh water run-off are also of
interest in this connection because density differ-
ences and gravitational circulation can be initiated
by the difference in temperature between the recipient
basin and the outside water areas caused by the cooling
water discharge.

4. GENERAL ASPECTS ON SITING POLICY

In a situation where sufficient experience (e.g.,
of different kinds of combination effects) is lacking
it is natural that siting policy is characterized by
cautiousness. In Sweden the aim has been to direct
the nuclear power plants to coastal areas with water
of good quality, i.e., far from municipal or industrial
pollution. Regional surveys of nutrient contents,
phytoplankton, metals in water and sediment composition
may serve as guides.

This principle will, however, in the long term lead
to conflicts with other social interests, such as open-
air activities, leisure facilities and scientific
environmental research. The siting of power plants
close to more densely populated areas or to industrial
areas can be seen as a future requirement from several
different interests, for example, for district heating
purposes.

The interest in the effects would thus change from
efforts to limit the damage to fisheries, etc., in a
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relatively undisturbed area, to limiting the effects of
pollutants in disturbed areas in favour of all kinds of
activities and a multiple usage of the water.

As regards water management interests, localization
of this kind requires that the thermal energy of the
discharge influences loaded recipients positively. It
seems possible, especially in estuaries and archipelago
areas, to strengthen the natural properties of an eco-
system in this way by adapting the technique for intake
and discharge of cooling waters to the existing hydro-
logical situation.

5. EXAMPLES FROM SWEDISH PLANNING

The problems of mineralization and transport have
been discussed in connection with the planning of sites
for the thermal power stations in Sweden.

5.1. The Stockholm archipelago

One of the most complicated recipients is the inner
part of the Stockholm archipelago. The Askrikefjarden
basin was investigated as a site for a 2,000 MW nuclear
power plant. The basin is characterized by a strong
vertical salinity stratification, high concentrations
of nutrients, anaerobic conditions in the deep waters
during part of the year and an ingoing saline current in
the deeper layer of 200 m3 per second as a mean over
the 20 m threshold. Here an intake of 100 m3/s of
cooling water from deeper water layers and a discharge
into another archipelago basin further out would have
given a positive effect on the water circulation. The
energy available would however be insufficient for any
greater influence on the water circulation in the long
series of basins out towards the Baltic. It was shown
in the nearby Vartan basin that under conditions other-
wise similar in character an increased water temper-
ature of about 3-4°C during the vegetation period
would increase the production of organic carbon from
36 to 56 metric tons. The probable result would thus
be to move the polluted front further out in the arch-
ipelago and to increase the load by an intensified and
repeated exposure of different thermal products in the
series of semi-enclosed basins.
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5.2 The estuary of Braviken

During the last year a planned site for a 6,000 MW
nuclear power plant has been investigated at Tunaberg
close to the mouth of the 45 km long and narrow
Braviken estuary. The town of NorrkOping, with some
100 000 inhabitants and heavy industry, is situated in
the innermost part of the estuary. Paper-pulp industries
are located along the river Motala Strom, with a mean
run-off of 100 m /s. The river water, as well as the
water in the inner part of Braviken, is heavily polluted.
The effect on the Braviken estuarine circulation of a
cooling water discharge of 300 m3/s has been studied in
a two dimensional numerical model employing the basic
equations of motion and conservation of salt and heat.
The results available so far show that great negative
effects on the circulation can be caused by the cooling
water discharge due to an improper arrangement for intake
and outlet of the cooling water in the mouth of the
estuary. The retardation of the estuarine circulation
in the inner parts of Braviken may cause an increase in
pollution and a change in the temperature and salinity
conditions which are important for the function of the
biosystem of the estuary.

5.3 The SOdertalje archipelago

Another project under discussion is the long and
narrow system of threshold basins outside the town of
SSdertalje. A small fossil-fuelled plant designed for
district heating and power production is planned at the
innermost basin which has,, amongst other things, a high
concentration of nutrients? and an oxygen deficit in
deep water areas. The mean fresh water run-off is about
4 m* per second and periodically almost nil. A cooling
water discharge of about 10 m3/s in the actual basin
would cause density differences in the water areas
further out which, during dry periods with a small run-
off, would cause a gravitational circulation of the
same order as that induced by the fresh water. This
would be of great value to the water area, especially
when the circulation induced by wind is weak. A problem
which needs further analysis is, however, the high
concentration of mercury in the sediments of the actual
basin. The heating and oxygenatlon may cause these
deposits in the sediment to be released more rapidly
into the free water mass. The risk of a mercury shock
in the outer regions can thus be considered to be of
decisive importance for the realization of the project.
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6. CONCLUSIONS

The given examples illustrate three cases where
cooling water discharges in polluted areas seem to
result in negative effects:

1. A discharge in the innermost part of a long
series of semi-enclosed basins,

2. in the mouth of a large estuarine basin, and

3. due to combined effects with certain toxic
metals such as mercury.

These somewhat discouraging results do not repudiate the
theoretically good possibility of designing new discharge
systems which will speed up the mineralization of organic
matters by the addition of heat and oxygen. The arch-
ipelago areas, estuaries, and threshold basins frequently
found on the coasts of Sweden are of interest in this
respect. In choosing between possible sites, areas have
to be identified where the available energy of the
discharge, normally considered to be lost, can be used
to improve water quality.

7. SUMMARY

Possible effects of large warm water effluents:

Positive effects:

1. Increased production of organic matter in early
stages of eutrophication:

2. Increased decomposition rate of surplus organic matter
in overloaded waters, stimulated by the supply of
heat and oxygen:

3. Reduction of large time gaps between rich year-
classes of fish:

4. Increased avtiilability of fish attracted by the
effluents:

5. Increased water temperature for recreation.
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Negative effects

1. Stabilization of thermal stratification in stag-
nant waters and oxygen losses:

2. increased incorporation and conservation of toxic
substances in biota:

3. Increased production of undesirable organisms, e.g.
blue-green algae:

4. Deterioration of water quality for municipal,
industrial, and recreational purposes, e.g.

increased intake temperature for water supply
and settling of sessile organisms on filter-
ing systems;

increased corrosion by intensified develop-
ment of carbon dioxide and hydrogen sulfide;

overgrowth of shores and undesirable odours;

5. Changed migration routes, habitats, spawning sites,
etc., for economically important fish species:

6. Increased mortality due to plant passage and
entrainment in cooling systems.
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Dr. GrirnSs discussed in his interesting presentation some general
effects of increased temperature on the physical and biological para-
meters of the aquatic environment, including the effect of the temperature
on the increased bioactivity,metabolic rate of aquatic organisms, as well
as their behaviour and distribution. The increasing toxicity of biocides
and metals with increasing temperature, and the increasing bioaccumulation
of these substances in aquatic organisms seems to be of particular
importance and certainly needs further study.

His major concern was, however, the impact of waste heat discharges
on the horizontal and vertical circulation of the receiving waterbodies
and the consequences such as increased mineralization of organic material
with resulting improvement of water quality. The examples of the planned
siting of three power plants in Sweden were selected to show both positive
and negative effects of the proposed plant siting in the estuaries and
archipelagoes of the Baltic coastal areas.

I would like to add a few more observations on the impact of cooling
water discharges on a somewhat different type of environment - ""datively
small, freshwater, eutrophic lakes in central Poland. A team of scientists
from the Inland Fisheries Institute was engaged in a five-year study from
1965 to 1970. I participated and then cooperated with this tea.n and some
preliminary results of this investigation were in part published (Polto-
racka [1], Patalas [2], Zawisza and Backiel [3]). The other part is still
in manuscript form (Patalas [4], Korycka and Patalas [5], Leszczynski [fa],
Ciepielewski [7], Horoszewicz [8], Zuromska and Wilkonska [9] and Frieske
[10]}.

In 1958, a 800 MW thermal power plant at Konin began to discharge
warm water through a system of canals into three lakes (Fig. 1). Since
1964, about 29 nrfys of heated effluent was released and the most
affected lake was Lake Lichenskie receiving roughly 50 per cent of this
discharge. Hence, temperatures of the surface layers in this lake were
about 8-ll°C higher than normal in summer and winter with maxima of up to
32°C and minima not below 7°C. The whole system was very rich in nutrients.
The annual epilimnic averages of inorganic phosphorus ranged between 25-75
yg/1 P(PO4) and of the electrical conductivity 360-460 pS/cm. A general
trend could be observed during the five-year period of investigation, with
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increasing concentrations of minerals from 400 yS/cm in 1965 up to 460
tiS/cm in 1969, in Lake Lichenskie, most affected by the discharge and
from 360 to 420 uS/cm in Lakes Mikorzynskie and Slesinskie, the ones most
remote from the discharge point (Fig. 2). This substantial increase was
mainly due to sulphates and chlorides of magnesium and sodium (Fig. 3, 4),
theLr probable source being an approximately 3 m*/s discharge from a
brown coal strip mine. The analyses of nutrients did not show signifi-
cant changes but organic materials measured as Biological Oxygen Demand
(BOD) showed an apparent decrease from about 12 to 8 mg/1 02, in both
the most and least affected parts of the system (Fig. 5).

The water, while passing through the power plant cooling system
(including a 5 km outflow channel), had its temperature increased by
about S-12°C and lost usually in summer no more than 0.9-1.4 mg/1 O2
(Fig. 6). This loss, in combination with elevated temperature resulted,
however, in increasing oxygen saturations of up to 30 per cent, usually
6-12 per cent. In late autumn, also, the absolute amounts of oxygen
increased from about 0.5 to 2.0 mg/1 O2 corresponding to about a 20-30
per cent increase in saturatibn. Such an increase was possible in
situations when intake water was apparently undersaturated (55-80 per
"ent). The changes in the oxygen content were a result not merely
of the temperature rise but also of an increased disturbance of water
while passing through the 5 km long channel (passing time about 2-4
hours) and possibly increased photosynthetic activity. The results
indicate that a heated water discharge does not always cause the serious
oxygen depletion, as is often emphasized, but in some situations may even
contribute to a significant increase in the oxygen content in water.

The primary production in heated Lake Lichenskie was, on the average,
7.5 g.m~^.day~l O2, or about twice as much as in less-affected Lake
Mikorzynskie with 3.7 g.m'^.day"1 O2. No significant changes in the
primary production of these two lakes were detected during the 1966-1969
investigation. Also, the zooplankton production in heated Lake Lichen-
skie was about twice that of less affected Lake Mikorzynskie (1.38 kcal.
n^.day"1 and 0.62 kcal.m2.day-l respectively). The ratio of the
production of herbivores to primary production, which can be considered
as one of the measures of ecological efficiency of the system, amounted
to 0.11 in the unheated lake vs 0.13 in the heated lake. The diversity
of phytoplankton in heated Lake Lichenskie was much higher than that in
the unheated Lake Poitoracka [1]. The numbers of taxa found during a
whole year's investigation were 285 and 197 respectively. A higher number
of Chlorophyceae species as well as a higher proportion of epiphytic and
henthic algae were found in the heated lake (Fig. 7). A high flushing
rate was probably responsible for the high proportion of the epiphytic
and benthic algae in the plankton of heated Lake Lichenskie with a 7
days' theoretical water renewal time. The number of species in the heated
lake was rather constant throughout the year in contrast to the other
kikes in which there were considerable seasonal fluctuations (Fig. 7,
Poitoracka [1]).

The species composition of the zooplankton was similar in the heated
and unheated lake but the proportion of warm-water stenothermal forms
(!>iap_hanosoma and Chydorus) was higher in the heated lake. The size of
vme of the most abundant cladocerans, Daphnia cucullata, was significantly



- 163 -

larger in the heated lake. Fifty to 75 per cent of planktonic crustaceans
were lost while passing through the cooling system. Highly vulnerable
were copepods Diaptomus and Cyclops, while Chydorus and possibly Bosmina
longirostris appeared to be less vulnerable. The high mortality of zoo-
plankton was, however, compensated by the higher production rate of
heated Lake Lichenskie, and the average biomass of the plankton in this
lake was very similar to that of the unheated lakes.

The bottom fauna was apparently less abundant in the heated lake,
particularly in the outflow channel, than in the less affected lakes. It
amounted to 10 kg/ha in the channel, 55 kg/ha in heated Lake Lichenskic
and up to 130 kg/ha in unheated Lake Slesinskie (Fig. 8 after Leszczynski
[6]. Also, the average size of the Chironomidae larvae decreased with
increasing lake temperature. A higher proportion of predatory chironomids
was noted in the heated lakes.

The fish fauna was affected in many ways by the thermal effluents;
however, none of them had any significant effect on the fishery (Zawisza,
Backiel [3]). Spawning of several fish species in the most-heated Lake
Lichenskie usually began 3 to 8 weeks earlier than in the unheated ones
(Fig. 9 ) . The spawning period of bream and bleak in the heated lake was
much longer than usually observed. This extended spawning period of
bream can be explained by immigration of this species from other lakes
in which sexual maturation was almost normal.

The growth rate of several species of fish in the heated lake was 2
to 10 times faster than normal. Annual increments in weight (g) were
according to Zawisza, Backiel [3]:

Species

Bream (Abramis
brama)

Roach (Rutilus
rutilus)

Rudd (Scardiniu;

Lake

Lichenskie
(heated)

Slesinskie
(unheated)

Lichenskie
Slesinskie

5 Lichenskie
erythrophthalmus)Slesinskie

2nd

17

7

10
3
18
4

3rd

54

18

26
6
61
6

Year
4 th

102

43

32
9
90
9

of Life
5th

158

75

50
14

6th

235

200

71
21

7th

81
16

8th

104
23

The response of bream was less than that of other fishes - it increased
its growth rate "only" two to three times, a reaction attributable to the
relatively poor bottom fauna in the heated lake. Roach showed an in-
creased growth rate of 3-4 times and rudd had its rate accelerated up to
ten times by weight.

A series of special tests performed on eleven species of fish showed
that the long-term heating, affecting several generations of fish did not
bring about any changes in the thermal resistance of fish (Horoszewicz
[8]).
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Records of commercial catches prior to and following heating show that
they increased almost twofold in the wannest Lake Lichenskie but remained
roughly the same in the lake system as a whole. According to Frieske
[10] the commercial annual catch (kg/ha) was as follows:

Species

\lel (Anguilla anguilla)
Pike-perch (Stizostedtion

lucioperca)
Bream (Abramis brama)
White bream (Blieca bjoerkna)
Pike (Esox luciui)
Tench (Tinea tinea)
Roach (Rutilus rutilus)
Perch (Perca fluviatilis)
Crucian carp (Carassius

carassius)
Other species

Total

Lake Lichenskie (heated)

1951-56

-0.3
1.1

6.6
4 .6
1.4
2.4
7.6
0.92
0.15

0.77

25.8

1962-65

3.8
5.2

13.2
17.2

1.4
1.8
2.8
0.27
0.05

0.99

46.0

None of the local species were eliminated due to
discharges. Introduction of the grass

Whole Lake System

1951-56

0.6
2.5

13.7
1.0
0.9
0.9
6.0

2.7

28.3

the heated
carp ( Ctenopharyngodon

1962-65

2.6
2 .1

10.4
4 . 0
1.3
1.3
3.4

4 . 1

28.9

water
idella)

affected the local fish fauna by destroying the spawning and nursery
ground for some fish, in particular those of the tench and crucian carp.

There is an exponentially increasing number of studies on thermal
effects on the aquatic environment. A detailed review of these studies
was not the purpose of this commentary. However, there are certain
commonly observed thermal effects and an attempt has been made here to
assess the impact that these changes may have on the environment:

Thermal Discharges Resulting Their Effect in the Environment
In: can be assessed as:

Enhancement Neutral Deterioration

Increased circulation of water x x
Decreased circulation of water x x
Depletion of the dissolved oxygen x x
Increase of the dissolved oxygen x x
Extension of the open-water season x x
Increased metabolic rate in plant x x
and animal

Increased rate of mineralization x
Increased primary production of algae x x x
Increased phytoplankton diversity x x
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Decreased phytoplankton diversity
No significant change in plankton bio-

mass
High mortality of zooplankton
Decreased biomass of bottom fauna
Increased toxicity and bio-

accumulation of voxicants
Increased growth rate of fish
Changing spawning time of fish
Fish attraction
Fish avoidance
Increasing catch of fish

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Total 12 16

From the above list it appears, that in 28 out of 37 cases, the
effects on the environment could be assessed either as enhancing or
neutral ones. In 9 cases they were assessed as deteriorating effects
but in 8 out of these nine cases they could be also assessed as neutral,
depending on local circumstances. In fact, any time we talk about en-
vironmental enhancement, deterioration or in general, protection, we do
not mean the protection of the environment itself, but the protection of
man as the user of the environment. As the concept of use varies from
site to site, from country to country and from time to time, so does the
assessment of the thermal effect. Whether an effect is considered en-
hancing or deteriorating depends on whether the aquatic system is expected
to:

1) be used for irrigation
2) produce the maximum crop of fish protein
3) produce only selected species of marketable fish
4) serve for recreational purposes
5) provide high quality drinking water
6) be preserved in a pristine condition as a wild life sanctuary.

Each case has to be assessed individually but a general rule would
emerge from these considerations:

The higher on this list the water use, the higher is the probability
that the low heat discharge will appear a valuable resource rather than a
thermal pollution.
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L SLESINSKIE
148 ha

(2^7*M L. MIKORZYNSKIE-WAS
245 ha

LICHENSKIE
153 ha

Figure 1. Lakes used as an open cooling system for the thermal power plant
at Konin (central Poland). The figures in circles represent the
characteristic summer, cpilimnic temperatures.
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1igure Increasing concentrations of minerals in lakes near Konin (196S-
69). The black and open c irc les der.jte annual averages for
heated and unheated lakes respectively.
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Figure 3. Increasing concentrations of sodium and
magnesium in lakes near Konin (1965-69).

Figure 4. Increasing concentrations of chlorides
and sulphates of lakes near Konin (19f>5-<9'.i
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BOD
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Figure 5. Decreasing concentrations of organic material measured as
Biological Oxygen Demand (BOD) in lakes near Konin (1965-69)
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l igure 6. Changes in the oxygen content ami oxygen saturation between tlu.-
inflow and outflow channels of the Konin power plant cooling
system (196i>-69). The crosshatched area indicates the amount of
the oxygen increase.
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UNHEATED LAKE SLESINSKIE

HEATED LAKE LICHENSKIE

A ' S ' 0
MONTHS
1965 1966

Figure 7. Seasonal changes :n the number of species of phytoplankton in the
heated anc'i unheated lakes near Konin (af ter Poltoracka [ l ] ) .
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Figure 8. The biomass of the bottom fauna in the heated and unheated lakes
near Konin. Average values for 1965-69, af ter Leszczynski [6 ] .
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Eson luclusL.

Perca fluvlatlllsL.

Rutllus rutilusL.

Abramls brama L.

Tinea tinea L.

Alburnus alburnusL.

Figure 9. Spawning periods of fish in heated Lake Lichenskie (black) and
in unheated lakes (dashed). After Zawisza and Backiel L3].
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In a session such as this we are dealing with methods and
examples of improving the environment by warming it up.
Surface water is, and will likely continue to be a major
sink for heat from industrial cooling. However, on reading
Dr. Grimas' paper and in reviewing the literature it is
difficult to find examples where heat discharges have lead
to anything that could decisively be called enhancement.
Improved local fishing conditions can be a mixed blessing
since there may be more important interruptions in fish
migration patterns. At the same time, there doesn't seem
to be any clear example of negative effects in our climate
conditions. Consequently, research on the effects of
thermal discharges tend to be inconclusive as far as water
management implications are concerned. Therefore, it has
been reasonable to assume the worst and approach cooling water
discharges to surface waters, particularly lakes, with con-
siderable reservation. Such a conclusion is certainly sup-
ported by the potential negative effects described by Dr. Grimas.

The principle of "no-effect" has been applied whereby the
discharges are sited and designed to generate no measurable
effect - either good or bad - in the aquatic environment.
The "no-effect" principle is also applied in other environmental
matters such as development. While this is certainly an ideal
situation on the surface, it can represent a very sophisticated
form of "dilution is the solution to pollution".

If we narrow our concern to power plant cooling on the Great
Lakes, the "no-effect" principle runs into problems since
the amount of cooling water needed by the year 2000 will be
85% of the flow of the St. Lawrence River. Although the total
area of lake required for cooling Ontario's generators will be
of the order of 340 square miles which is less than 5% of
Lake Ontario, it is a fact that the actual shore areas affected
will likely be important to the fishery so the environmental
impact will be out of proportion to the area affected and
"no-effect" seems hard to achieve.

In spite of many alternative uses for heat described at this
meeting, large amounts will likely be discharged to the Great
Lakes for many years.

When heat is to be discharged to the Great Lakes, recreation
looms as the major benefactor of any enhancement scheme.
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Swimming and fishing are the two prime concerns with boaters
deriving some marginal benefits from a longer season and
warmer water to fall into. Unfortunately, the most desirable
condition for swimming, warm water, isn't necessarily the
best for fish.

As a compromise approach, we should concentrate stress
factors, in this case waste heat, and manage the water body
accordingly. The intention is not to allow degradation so
that the area is "written off" for useful purposes. Rather it
is to apply management techniques to compensate for the stress
and thus have a resource of equal or greater value than the
original water body although it will be of a different
character. Areas isolated by dykes or natural enclosures
could be deliberately heated well above ambient which would
benefit swimming but would require new techniques to manage
the fishery. We would no longer be concerned with "no-effect",
but rather accept that many changes would occur in the bio-
logical system. The challenge is to determine how to use the
new conditions to our advantage.

Management of water resources in any state other than pristine
is often looked on with serious reservation by environmenta-
lists. However, it is readily accepted that land resources
are managed and no one would suggest trying to build a city
or run a farm in a forest without causing any major changes
on the forest life. If we allow environmental stress on water
resources to be concentrated and compensated for by management,
then the overall stress on the environment will be less. For
example, if a lake or enclosed area is heated well above the
normally accepted amounts, there is more loss of heat to the
atmosphere per acre and therefore fewer acres in total are
needed. The biological make-up may not look any more like the
pristine state than a wheat field looks like a pine forest,
but neither does the water have to become an environmental
liability any more than the wheat field can be regarded as a
liability.

Most of us would agree that the technology for managing a
warm water lake is not very well advanced. Since the water
would be warmer all year long, even present warm water
fishery techniques might not apply. However, papers pre-
sented at this meeting showing improved growth rates of
aquatic organisms certainly suggest that we could soon
develop the technology since the theoretical concepts are
in its favour.

Recreational needs near major urban areas are difficult to
meet now and will be more so in the future as the cost
of "getting away" increases. The need to discharge waste
heat to the aquatic environment also seems likely to remain.
Therefore, I suggest that pilot scale projects be implemented
at the earliest possible time so that ultimately another
environmental problem can be turned into a valuable resource.
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LOW-GRADE HEAT UTILIZATION IN CANADA
AND THE NORTHERN UNITED STATES

W.R. Effer
Ontario Hydro, Canada

ABSTRACT

Some reasons for the slow progress in low grade heat utiliza-
tion are examined. Economically, most schemes are, at best,
only marginally attractive and problems of integration with
the source of the low-grade heat are often formidable. The
temperature, quality, variability and reliability of the
warm water discharge is often leas than ideal. A power
utility or other producer of low-grade heat must be convinced
that its utilization does not result in unacceptably lower
efficiency or reliability of its process. Social or political
factors are considered most likely to provide the incentive
for making significant advances in low-grade heat utilization.

Studies carried out in Canada and the Northern United States
are reviewed and include aquaculture, open field soil wanning,
controlled environment greenhouses, spray irrigation for
frost protection, ice control in waterways, organic waste
treatment, residential heating, recreation and integrated
systems. It is concluded that agricultural uses may have
greatest potential for development in cold climates in North
America.
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LOW-GRADK HEAT UTILIZATION IN CANADA
AND THE NORTHERN UNITED STATES

W.R. Effer
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1.0 INTRODUCTION

A survey of the voluminous literature on the use of low-
grade heat leads inevitably to the conclusion that schemes
for using large amounts of such heat have to overcome a
variety of technical, economic and political obstacles
before they can be implemented.

When an economic evaluation suggests that a profit can be
made from a technically proven, low-grade heat utilization
system, private or other groups can generally be relied upon
to step in and develop it to a commercially reliable level.
Very few low-grade heat utilization schemes have been developed
to a commercial scale because they are not economic. However,
costs of fossil fuels are increasing at rates which make
utilization of low-grade heat progressively more attractive.

Regulatory pressure to reduce a heat load to a natural
system cannot be considered an incentive for low-grade heat
utilization because the amount of heat produced is usually
so large that only a small fraction can be fixed in a biological
process or diverted away from the original heat sink.

In northern regions, the social benefit of providing such
products as fresh vegetables, fruit and flowers may be an
incentive to use low-grade heat under conditions which would
not be directly economically attractive. Low-grade heat
discharges from pulp mills or from mining operations need to
be considered, particularly where discharc s are at higher
temperatures than those from generating stations.

A utility or other producer of low-grade heat may consider
the public relations value as sufficient incentive for
installing a low-grade heat utilization scheme, particularly
when such a proposal could bring quicker approval for a site
or of a project on a site.



- 177 -

The need to conserve fuel as part of a government or other
imposed policy may promote more interest in low grade heat
utilization schemes. District heating, although not strict],
a use for low-grade heat, would appear to offer the most
potential for conserving fuel resources.

There appears to be a revived interest in aquaculture,
particularly for the production of cold water species for
food and for rehabilitation of fresh water bodies such as
the Great Lakes. The market potential of fish for food has
been found to be appreciable in some areas so one of the
reasons for this renewed interest is economic.

Although the majority of open field soil warming studies
have been carried out in the moderately cold climate of
Oregon, there is a distinct benefit in attempting to produce
crops in cold climates, particularly if importation of
expensive out-of-season produce could be reduced. Greenhouse
operation may be particularly attractive for the production
of speciality or high value crops where increasing costs of
heating fuel are making the present operation uneconomic.
Use of higher-grade heat sources as discussed in Section 5.0
requiresmore detailed investigation because soil heating and
greenhouse operation then become much more attractive than
operations using condenser cooling water.
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2.0 WHAT IS LOW-GRADE HEAT?

term "waste heat" is often used and can be somewhat
misleading. The layman, and others, may assume that the
BTU' s rejected by generating stations are as useful and
valuable as those converted to electricity, therefore elec-
tricity generation using the Rankine Steam Cycle is a wasteful
process. In fact, modern fossil fuel plants operate at the
maximum thermal efficiency economicably achievable with
present day technology and equipment.

"Low-grade" heat is a much more appropriate term as it
suggests that the heat is of lower value in the work it can
carry out. Similarly with systems being proposed to use
"low-grade" or "waste" steam, any steam taken from the
turbine to increase the temperature of a cooling water
discharge must be shown to be more valuable for use in the
proposed application, taking into account the cost of trans-
mission and distribution, than it would have by being converted
into electricity.

In a "total energy" sense, although the overall use of heat
can be improved, this can only be achieved by a reduction in
the efficiency of the power generation process and by using
an expensive system to distribute the low-grade heat for
purposes such as home heating. For example the temperature
of the heated discharge at Pickering generating station is
11°C during the winter months. By discharging the heat at a
more useful temperature, say 65°C, the power generated would
be decreased by approximately 17 percent. The heated water
would be sufficient to meet the requirements for over one
million homes, and of course the capital cost of providing
such a system to distribute hot water is enormous. The
higher the temperature of the discharge heat, the lower the
power generation efficiency and the greater the number of
generating units required to meet a given system electrical
load. However, given the alternative of providing a new
town with eithey^gt water heating or all electric heating,
the economics may well favour the former, since, in addition
to optimizing the overall use of fuel, cost of the distri-
bution system would be considerably less than a similar
system installed in an existing community. Ontario Hydro in
conjunction with the Ontario Ministry of Energy is planning
a study of the economics of such a system.
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3.0 REVIEW OF SOME CANADIAN AND NORTHERN UNITED
STATES STUDIES ON HEATED DISCHARGES

In accordance with the terms of reference of this workshop,
only examples from Canada and the northern United States
have been reviewed. However, valuable information can be
obtained from studies carried out in other parts of the
United States where methods, equipment and design consideration;
may be similar and, to some degree, independent of climate.
Some studies such as those in the marginally cold climates
of Oregon have been reviewed.

The major potential areas of use in cold climates are:

Aquaculture - fish production
Agriculture - open field soil warmj^g

- heating and cooling of greenhouses
- spray irrigation for frost protection

Ice control in waterways
Organic waste treatment
Recreation
Integrated systems

3.1 Aquaculture

Management of an aquaculture facility usually involves
supplemental feeding and may achieve large increases in
yields of some fish species. There are only a limited
number of facilities operating in the northern United States
and Canada which use controlled temperature for optimizing
growth. Many studies are now underway, however, using
thermal discharges from generating stations to increase
growth rates and to extend the growth period of various fish
species.

Long Island Oyster Farms Inc. have a commercial hatchery
near the Northport Power Station, New York Power Commission,
Long Island, New York. Warm circulating cooling water is
used during spawning and in the hatchery. If discharge
temperatures exceed 35°F, dilution water is used. No chlorine
is used in the generating station. Small larvae are removed
from the hatchery and placed on supports in the discharge
channel for four to six months where growth rates approach
five times those in ambient temperatures. Young larvae are
transferred to oyster beds in Long Island Sound. The early
growth of oysters in controlled conditions greatly increases
the probability of survival to maturity in the natural
environment. Clams are also being raised in the discharge
canal. The company is investigating the culture and growth
of shrimps.[1,2]
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Maine Salmon Inc. are using the discharge from the
generating station, Central Maine Power and Light Company,
for raising Pacific Ocean coho salmon.[3,4] With special
feeding, salmon are brought from eggs to a marketable size
of half to one pound in about one year in an environment
approximately 3C° above ambient conditions. Potential
regional markets are estimated to be 250,000 lb per year.
The rearing pens are located downstream of the station where
problems such as gas supersaturation, biocides and thermal
shock due to the station peaking operation are minimized.
This location does not provide the optimum temperature for
growth at all seasons of the year.

Shrimp and trout are being raised in a pilot operation at
the Mercer coal burning generating station, Public Service
Electric and Gas Company, New Jersey.[5,6] The research is
being carried out by Trenton State College and Rutgers, the
State University. Long Island Oyster Farms, Northport, New
York, are providing some research and testing facilities.
Rainbow trout fingerlings were placed in a pond in 1975
where uniform temperatures of 11°C are expected to double
normal growth rates. After harvesting of the trout in
April, fresh water shrimps are to be added to the ponds.
Shrimps were added to the ponds in July 1974 but this was
too late in the season to achieve full growth. Raceway
designs will be studied to achieve optimum yields.

Coho salmon are to be raised in an experimental hatchery at
the Boston Edison Company, Pilgrim nuclear generating station
at Plymouth.[7] This is a co-operative project between the
power company and Massachusetts Department of Natural Resources,
Division of Marine Fisheries. The two million dollar project
proposes to rear one million young salmon annually and the
first phase of the project, the feasibility study, has now
been completed. The remaining three phases are construction
of an experimental research hatchery, evaluation of operational
results and development of a production hatchery.

The feasibility of utilizing warm water for growtn of salmonids
and oysters was studied by the Department of Fisheries and
Wildlife at Oregon State University under a three year
contract from the Pacific Power and Light Company, Portland
General Electric Company and The Eugene Water and Electric
Board. The three year study is now completed but a final
report is not yet available.[8]

The Portland General Electric Company and the Pudget Sound
and Power Company are each carrying out studies on rearing
of coho salmon at generating stations on the Skagit River,
Washington.[4]
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The United States Environmental Protection Agency, in comJH •
tion with the National Water Quality Lab. at Duluth, Mi nnes' *_a ,
is planning experiments on the Mississippi River next to t.he
Monticello nuclear generating station of Northern States
Power Company.[9] The project, consisting of eight 550 re
long channels will study the thermal effects on the growth
of northern fish species. The main objective of this research
is to determine the effect of various elevated temperatures
on the growth, reproduction and survival of warm water fish.
The information from these studies should be valuable for
aquaculture purposes.

The Ontario Ministry of Natural Resources is planning con-
struction of a salmonid hatchery at the Ontario Hydro,
Lennox generating station near Kingston.[10] Long-range
plans call for research and experimental sections in addition
to a production hatchery. The first phase is planned for
production of 150,000 to 200,000 lb per year of cold water
species using a flow-through system with 50 raceways held at
4 different temperatures. The Ministry provided funds to
Ontario Hydro to modify the generating station pumphouse and
install piping for supplying water to the hatchery. The
reliability of supply of warm water to the hatchery has beer.
a point of discussion due to a revising down of the planned
capacity factor for the station. However the project is now
expected to go ahead when funding has been made available.

Environment Canada, Fisheries and Marine Services, is financ-
ing a feasibility study on the development of an aquaculture
facility at an Ontario Hydro nuclear generating station.[4,10]
This facility is to be considered for:

a. fish production for food
b. production of certified fish stocks
c. production hatchery to aid in Great Lakes rehabili-

tation
d. on-site training
e. fish stock selection
f. recreational uses including an aquarium
g. production of bait and ornamental fish
h. production of test species
i. research on nutrient recycling and fish food

production
j. education and teaching

The feasibility study includes the selection of the most
suitable location from three nuclear generating station
sites,examination of engineering constraints and a conceptual
engineering study of the facility to meet the above requirements.
It is expected that the second phase of the program will be
to designate the station site and implement findings of the
feasibility study.
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Atomic Energy of Canada Limited and the Fresh Water Institute
of Environment Canada have proposed a pilot study for the
commercial production of salmonids using nuclear station
waste heat.[11] In the pilot plant, studies would be carried
out to demonstrate public acceptance of the product, feasi-
bility of continuous production, control of disease and
suitability of alternative fish feeds.

The New Brunswick Electric Power Commission,in conjunction
with the University of New Brunswick, has recently announced
agreement to proceed on an aquaculture feasibility study at
the new Pt. Lepreau Nuclear Generating Station.[12]

Environment Canada, the Federal Fisheries and Marine Service,
has carried out a feasibility study at the Lorneville generating
station, New Brunswick.[13] Rearing of rainbow trout and
Atlantic salmon was considered to be best suited for satisfying
such requirements as the market, value of product, culturing
experience, availability of stock and the existing temperature
regimes.

Atlantic Mariculture Ltd. is growing seaweed using the
thermal effluent of the Grand Manan Generating Station at
Grand Manan Island, New Brunswick.[2,4] Dulse and other
seaweeds are aerated and agitated in large impoundment tanks
where the growth rate and harvest season will be lengthened.

At the Massachusetts Lobster Hatchery in Vineyard Haven,
lobsters held at 22-24°C grew at four times the rate of
lobsters naturally growing around Prince Edward Island.[14]

3.2 Open Field Soil Warming

In cold climates where low soil temperatures retard plant
growth, underground heating has been shown to enhance growth
rates and extend growing seasons. High soil moisture at the
beginning of the growing season can be reduced by underground
heat to allow earlier sowing. There appears to be only a
slight influence on above-ground temperatures so frost
damage may occur unless a temporary cover is used to retain
the dissipated heat. Sub-surface irrigation using the same
or other piping systemsappears to have advantages over
normal irrigation procedures. Some field experiments have
been carried out with the main objective of achieving the
optimum heat dispersion, but the majority of studies are
concerned with increasing plant growth rates, and length of
growing seasons, with dissipation of heat a secondary factor.

The Pacific Power and Light Company, Portland, Oregon,
supported a study at Oregon State University to simulate
soil warming by thermal waste water using buried electric
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cables. [8,15] Total plot area was 2.5 acres including
control areas. Drying out of soil round the cables affects
heat transfer. Heat dissipation rates were increased on
some plots by sub-irrigation. Although air temperatures
were slightly higher above the heated plots, it was conclude :
that frost protection would not be improved. Crop yields
under the experimental conditions used were increased by 30-
40 percent for most crops including tomatoes, broccoli,
beans, peppers, corn and clover. A plastic greenhouse
constructed over one heated plot did not increase air temper-
atures above the soil but soil temperatures themselves were
improved over the open field plots. An economic analysis
using piped warm water concluded that only high value vegetable
crops could be produced, except where double cropping is
possible. Several publications from the Oregon group have-
been concerned with the physical aspect of heat dissipation,
economic factors and integrated systems.[16,17,18,19]

The University of Minnesota is operating field plots using
buried copper pipes through which warm water from a gas
fired water heater is passed.[20] A warm water sub-
irrigation system using another set of piping is used with
six heated plots and two control plots. In 197 3, potatoes
were sown approximately two to three weeks earlier in the
heated plots. Frost damage occurred in this period and
destroyed the above-ground portion of the plants but recovery
occurred. Yields were similar from heated and control plots
but the heated crops reached maturity two to three weeks
earlier. A second crop was planted on the heated plots and
yielded some market-quality potatoes. In 1974, early sown
potatoes were protected against frost by plastic covers.
Temperatures inside the covers were above 10°C when ambient
temperatures were around -4°C.

Pennsylvania State University is operating an Agro-Power-
Waste Water Project, the main object being to determine if
heat can be effectively dissipated through buried pipes on
agricultural land using municipal waste water to maintain
soil moisture and ensure good thermal conductivity.[21]
Crop production is not being studied initially. In 1973,
heat dissipation equations were tested. Using piping layouts
suitable for agricultural production, it was calculated that
a 1500 megawatt nuclear plant would require 4,500 acres to
dissipate the heat. Costs of operation were between those
of dry and wet cooling towers. The objective of current
studies is to operate continuously for one year to obtain
steady-state heat dissipation rates. Six different crops
will be sown on the plots in 1975. It is expected that
models can be developed from these studies.
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At the Eugene Water and Electric Board Project in Oregon a
plot was heated by circulating water at 38°C through PVC
piping. Soil temperatures and crop responses were compared
with control plots in 1972.[22] Tomato and cantaloupe
yields were not increased by the heat, sweet corn yield
increased by 30%, and asparagus by 95%. Squash matured
earlier but total annual yield was decreased by the heat.
Another experiment compared plots with and without soil
heat, and with cold or thermal water irrigation. Soil heat
increased yields of lima beans, beets, tomatoes and cucumber,
but reduced yields of onions and cabbage.

3.3 Controlled Environment Greenhouses

Methods of heating greenhouses are by closed circuit or by
direct contact of air with warm water. The latter method
achieves higher temperatures and a faster response, but
humidity control is difficult and may have to be achieved by
using dry heat following humidification. In extreme northern
locations, supplementary lighting would be required.

Northern States Power Company, in co-operation with the
University of Minnesota started a program in March 1974 to
investigate the heating and cooling of a greenhouse using
water at the maximum summer and winter temperatures equivalent
to a closed cycle wet cooling tower system.[23] Air is
humidified in the cooler and then passed over heated coils
to control relative humidity. It is then recycled or
passed out to the greenhouse automatically using temperature
and humidity sensors. At the maximum summer water temperature,
little or no sensible cooling of incoming air occurred
within the range 16-24°C and 50-60% R.H. Cooling with warm
water has little benefit and could as well be done by mechan-
ical ventilation. Reheating the air seemed to work well in
controlling relative humidity. In winter the warm water is
sufficient for the calculated heat requirements. Condensation
of moisture seems less of a problem than in a conventional
greenhouse. Existing problems are the excessive power
required for the fans and the rather low temperature achieved
during very low ambient winter conditions. Plans have been
proposed to construct an inflated greenhouse using cooling
tower water from the Prairie Island Nuclear Plant. Discharge
temperatures will be in the range 25-46°C. [24] Other plans
have been proposed for a 3/4 acre greenhouse which would be
ultimately developed for commercial use near the Sherborne
Co. generating station to be completed in 1976-77.(25]

The Alberta Horticultural Research Centre has constructed
and operated an experimental greenhouse since 1974 at Lake
Wabamun using the discharge water from a coal fired generating
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station operated by Calgary Power Limited. The greenhouse
use? a contact heat exchanger which was initially capable r:
hoating the air to 13°C using 18°C water with an ambient nn
temperature of -18°C. Condensation and fog formation have
been a problem at these temperatures. The design to maintair.
inside tempt -atures 8C° below ambient water temperature w.j?.
confirmed.[26,27] Using normal discharge temperatures
during 197-5 the greenhouse temperature was high enough to
maintain vegetable growth but yields were low and rotting
was prevalent. Trees and shrubs were maintained over winter .
In 1975, quick growth crops are being studied and heat
retention will be improved by using double plastic. Under
these conditions, temperatures would be compatible with the
growth of seedlings for reforestation.[27J

The Washington Agricultural Electrification Committee which
is supported by the Pacific Power and Light Company, Pudget
Sound Power and Light Company and the Washington Water lower
Company is financing a study at Washington State University
during 1973-75.[8,28] The study will include the effect of
soil temperature on germination and seedling growth, nutrient
uptake, water relations, crop timing and heat and water
transfer mechanisms. Growth chambers and plastic greenhouses
are being used.

In 1970, a Consolidated Edison-Westinghouse Task Force
studied the feasibility of a number of systems including
heating of greenhouses in New York State using generating
station discharge water.[29] Further work on the project
was not approved because, although the system could be shown
to be economical, the greenhouse area required to dissipate
heat was excessive. The problem of integrating greenhouse
needs with diurnal cycles of station load could not be
resolved.

In 1971 the State University of New York at Albany, supported
by the Niagara Mohawk Company and the New York State Depart-
ment of Environmental Conservation, carried out a one year
study of climate modification in a styrofoam-plastic sheet
structure using thermal discharge from the Glenmont generat-
ing station.[30] Three independent heating systems, evapora-
tive, direct and soil heating were used, either singly or in
tandem. In the summer, the evaporative cooling system
cooled the air during the day and warmed it at night. Soil
heating was most efficient at night. In winter, above-
freezing temperatures could be maintained in a double plastic
structure when the outside temperature was as low as -12°C
to -18°C. Heavy condensation occurred at night when the
evaporative heater was used. Higher temperatures were
maintained by a combination of the soil warming and the dry
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heating system. This study was considered to effectively
demonstrate the feasibility of using thermal discharges for
maintaining favourable summer and winter growing conditions
under cold climate conditions.

Staff of the University of Saskatchewan have been using
exhaust gases from a Saskatchewan Power Corporation natural
gas, turbine-operated compressor station for enhancing the
growth of tomatoes in an experimental greenhouse.[31]
Exhaust gas at 150°C is mixed with fresh air and distributed
to two of three compartments, the other control compartment
being heated by conventional unit heaters. Tomato plants
have been grown successfully during the winter months.
Carbon dioxide enrichment of the exhaust gases is believed
to enhance growth in spite of poorer light conditions during
the winter. About 7,000 lbs of tomatoes are expected from
the greenhouse which uses only 12% of the available exhaust
gas heat from the compressor station.

The University of Manitoba is growing tomatoes and cucumbers
in inexpensive greenhouses in Winnipeg and Northern Manitoba.
Presently, heating is by natural gas but the Whiteshell
Nuclear Research Establishment, AECL, is proposing the
coordination of studies to demonstrate the value of waste
nuclear heat.[32] An assessment of using moderator circuit
low-grade heat in greenhouses has recently been made.[33]
(See Section 6.0)

Ontario Hydro in conjunction with Atomic Energy of Canada
Limited, Ontario Ministry of Agriculture and Food, and
Agriculture Canada have supported a feasibility study of the
agricultural uses of waste heat at the University of Guelph.[27]
Results, presented in 1974, indicate that it would not be
economically feasible to grow cool-temperature crops using a
closed heat exchange system in a greenhouse. However, with
a direct contact heating system, temperatures can be kept to
within 6C° of discharge water temperatures even in very cold
ambient conditions, allowing such crops as tomatoes to be
grown during the period April - November, and lettuce during
the winter months. The economics of such systems are criti-
cally dependent on piping and pumping costs.

The Eugene Water and Electricity Board program included
growing lettuce, tomatoes and cucumber in a greenhouse
heated only fay warm water circulating through pipes under
the soil at 38°C. [22] No controls were used. The climate
of this location is milder than areas at similar latitudes
in North America so the results may not be of direct value.
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3.4 Spray Irrigation for Frost Control

The only recorded study of such a use of waste heat took
place in Oregon and is not considered to be entirely represent-
ative of cold climate conditions.[22] The waste heat dis-
charge was from a pulp mill, 14-19C° above the normal ranee
from a thermal generating station in a cold climate. Some
frost protection was achieved on fruit trees and other
plants, although it was not demonstrated that using warm
rather than normal temperature water gave additional frost
protection. Some crops gave greater production and earlier
yields. Spray irrigation does not appear to be effective
for increasing soil temperature, and water quality is an
important factor because water is applied directly to the
plant material.

3.5 Ice Control in Waterways

There have been numerous suggestions and theoretical studies
on keeping such periodically ice-bound waterways as the St.
Lawrence River open during winter using the thermal discharge
from nuclear generating stations. The most important problem
with such a scheme is to find a use for the heat during ice-
free periods to avoid adverse environmental effects on the
waterway. The literature on this and other low grade heat
uses has been recently reviewed [34,35] including problems
of implementation and cost-benefit analyses.

3.6 Organic Waste Treatment

In cold climates low-grade heat could be used to enhance the
biological activity of waste streams and increase rates of
flocculation and sedimentation. This would effectively
increase the capacity of the sewage treatment plants and
possibly increase efficiencies but no actual experimentation
on this use of waste heat has taken place. The economics of
the process depends on a number of factors, the most important
of which are the pumping and piping costs and the integration
of the two operations.[36]

A Consolidated Edison-Westinghouse Task Force studied the
feasibility of routing sewage through a generating station
condenser to accelerate organic matter breakdown. Limiting
factors were the supply of oxygen and the possibility of
condenser fouling.[18]

The New York Atomic and Space Development Authority in
cooperation with the US Army Corps of Engineers is developing
a demonstration project to evaluate the potential of using
generating station waste heat and low pressure steam for
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primary and secondary treatment of waste water, and to
produce potable water.[37] The engineering studies have
presently shown that a Long Island installation is technically
feasible and economically attractive.

3.7 Recreation

In cold climates, there appears to be a good possibility for
using warm water discharges to keep lakes or beaches ice-
free for sailing or warm for swimming. In or close to an
urban area, a pond could be sited to serve as a generating
station cooling pond, as a reservoir for domestic and indus-
trial use, and for numerous recreational purposes such as
boating, swimming and fishing. On a lakeshore, similar
recreational facilities could be provided if the thermal
discharge is directed along the shoreline and possibly
confined by offshore structures which may also be required
for protection of beach areas against storms. Possibly the
simplest recreational facility is a fishing dock or access
point at a thermal discharge outfall to take advantage of
the superior fishing which the area often provides.

At Lakeview generating station near Toronto, Ontario Hydro
has installed a fishing dock along the discharge channel for
use by the public. Also, depending on the outcome of a
current Toronto shoreline survey, the outfall area of another
generating station near Toronto may be developed as a public
fishing facility.

At the Darlington site, 40 miles east of Toronto, Ontario
Hydro is in the process of seeking approval for a 3000 MW
nuclear station, the first unit scheduled in-service date
being 1982. An alternative to the normal shoreline type of
surface discharge which is being examined is to direct it
along the shoreline to the west of the site which would warm
an adjacent beach area. Offshore islands would contain the
discharge. This proposal is part of a broad concept of
using the adjacent shoreline and associated parkland for
public recreation, possibly in conjunction with a provincial
park located two miles west of the site boundary.

3.8 Integrated Systems

There has been a great deal written on the benefits of
combining two, more, or others of the systems described in
Sections 3.1 - 3.7, but the amount of research going beyond
the office study and laboratory stage is very limited. One
reason for this is that operating data on the individual
components of such systems have only recently been obtained.
Another problem is that each component of the system is
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highly integrated to serve its own end and has to be also
integrated with the others in addition to the integration of
the whole complex with the heat source. Potential advan-
tages of such systems are more effective heat utilization
and more efficient control o£ pollution. The economics may
be attractive if common costs such as piping and pumping are
shared.

Much of the pioneering work on integrated systems has taken
place at Oregon State University and so far has been confined
to laboratory and pilot plant studies and theoretical descrip-
tions of total systems.[19,38,42] One such system involves
the use of low-grade heat for heating animal enclosures, the
animal wastes being converted in a heated pond to algae or
fish which, in turn, would constitute part of the animal
feed. Other animal feed would come from open field vegetable
plots using underground warm water for heating. Such systems
involve recycling of both water and nutrients and thereby
reduce the overall pollution load more effectively than if
each facility were operated independently. The two-year
study ending in 1974 recommended general areas for further
studies.

In another paper from the Oregon group, one conclusion was
that the succsss of integrated systems may depend on develop-
ment of more efficient methods of heat exchange.[39]

Systems analyses by Batelle of an agro-industrial complex
was aimed to achieve an optimum configuration of such a
complex in which sequential placing of units was based on
temperature and water volume requirements.[40] Other similar
studies [eg. 411 have been made in which many of the results,
conclusions and recommendations are applicable to such
systems in cold climates.
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4.0 PROBLEMS OF INTEGRATION WITH LOW GRADE HEAT SOURCE

Basic studies on waste heat utilization using an idealized
source of low-grade heat are being carried out more intensively
than studies of the problems involved in integration of the
waste heat facility with the waste heat source. Presently,
therefore, many of the potential uses to which waate heat
can be put are well defined but we are nov having to face a
formidable number of integration problems. The following
list is not intended to discourage the researcher or the
engineer, but unless certain of these problems are recognized
and solved at an early stage, low-grade heat cannot be
effectively managed.

The low-grade heat facility must recognize the variability of
the low-grade heat source due to the daily, weekly and seasonal
operating load cycles. It is highly unlikely that a generating
station or other source could operate economically in order
to provide a reliable supply of constant-temperature low
grade heat.

The facility must be capable of operating for short periods
without warm water. In the event of a forced or planned
maintenance outage, an alternative heat source should be
made available. This concern.should not be so important
with multi-unit base-load nuclear generating stations.

An alternative waste heat dispersal method must be available.
For example, it is doubtful if a generating station could be
reliably operated if soil heating by underground pipes was
the only means of heat dissipation. An alternate heat sink
may also be required if the facility's heat demands were
seasonally dependent.

Natural temperature fluctuations in a water body such as the
Great Lake shoreline, may be large and frequent. Discharge
temperatures may also have the same variability, so the
facility may have to be capable of operating with such
fluctuations or have a means of mixing to maintain a more
uniform temperature. Growth responses of plants or fish to
variable temperatures have not yet been adequately researched.

In areas where water is in short sipply, the consumptive use
of water by the facility must be taken into account and
costed.

In some instances, it may be important to return the water
used in the facility to the same water body in order to
maintain water levels or supply. Ground water should not be
warmed.
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Discharge temperatures from a heat source nay be in the
range suited for enhancement of biological processes. Thii.
fact should be recognized if a decision has to be made cr.
the type of facility to be installed.

Heat dissipated in a waste heat facility will generally Le
only a small fraction of that available. Problems with
temperature control in the receiving waters may therefore
not be solved by the waste heat facility. Ideally, heat
should be dissipated by the facility in the summer when
temperature influences on the environment are usually greater*..

If the low grade heat facility causes some loss in water
quality and is to be integrated with some form of closed
circulating cooling water cycle, the extra costs of chemical
treatment or the costs of more frequent blowdowns must be
recognized. If low-grade steam from turbines is to be used,
the return condensate treatment costs.must be considered.

Low-grade heat facilities must be designed to accommodate
the numerous miscellaneous materials other than heat which
may be discharged from a heat source. Depending on the
station design, some materials to be considered include
chlorine, oil, boiler blowdown, water treatment plant waste,
and corrosion products. If the waste heat facility was
committed at an early stage, a point could be tapped at the
condenser outlet to eliminate some of these contaminants.
Any low-grade heat utilization scheme that would be influenced
by such contaminants would require installation of a heat
exchanger which may make it uneconomical.

Closed cycle cooling systems may supply adequate volumes of
water at higher temperatures to a waste heat facility than a
once-through cooling system. However, such water quality
problems as high dissolved solids and corrosion products
must be recognized. Conversely, the waste heat facility may
cause problems such as increased condenser fouling from
organic wastes.

The wastes from a facility must be treated or controlled so
that problems do not occur due to lower water quality and
higher temperatures in the receiving water body. Examples
of such problems may be lower dissolved oxygen and increased
algal growth. Less environmental damage should be caused by
discharges from a waste heat facility than from the heat
source itself.

The facility must be designed so there is no danger of any
disease being transmitted to natural populations.
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For a modern generating station, the period between the
preliminary engineering phase and actual production of low
grade heat may be as much as eight years. If a costly
retrofit to the normal generating station design is to be
avoided, a decision to install the facility should ideally
be made during the preliminary engineering phase.

If the generating station and waste heat facility are committed
at the same time, overall energy production and utilization
optimizations can be made. Retrofitting would generally
lower the efficiency of the generating station and the waste
heat facility. Planning of the generating station is based
on a life of approximately 30 years. A waste heat facility
may be costed on a different life cycle so this difference
must be recognized.

The economics of a process may be critically dependent on
initial piping costs. Pumping head and triction losses will
both markedly increase operating costs. The facility should
preferably be placed as close as possible to the generation
station and on a similar level.

Commercial levels of production from a waste heat facility
should recognize the possible impact on the requirements and
existing production of the region where the facility is
located.

The area and location of the facility must be committed at
an early site planning stage particularly where it may be
planned to enlarge the generating station at a later date.

If the use of waste heat were in an area where no present
sources of heat exist, e.g. along St. Lawrence River for ice
control, the costs of increased length of transmission lines
required to locate the generating stations would have to be
borne by the operation.

Use of waste heat for ice removal would need to take into
account costs of the reduction in hydro-generated electricity
by alteration of flows in spring.

This list of potential integration problems emphasizes the
need for early planning in which not only the technical but
social, demographic, political and economic concerns have to
be recognized and resolved.
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5.0 SOME SOURCES OF HIGHER GRADE HEAT

In the CANDU system, the heavy water moderator operates at
approximately 71°C and is cooled in a heat exchanger by
water which is normally raised by 11C°. Increasing the heat
exchanger surface area could increase the cooling water
temperature to approximately 60°C, the actual temperature
being influenced by the natural variation in the temperature
of the incoming cooling water. The capital cost of the
moderator cooling system at Pickering B would be approximately
doubled due to the increased inventory of heavy water and
the larger heat exchanger with associated buildings. At a
lower discharge temperature, of say 50°C, capital costs
would be approximately 40% higher. An economic study of the
use of such a moderator cooling water effluent at 38-49cC
for heating greenhouses has been made. [27] Approximately
20 acres of greenhouses could be heated in winter by the
moderator heat from one 500 MW CANDU unit. At 6 0QC, with a
useable temperature difference of 20C°, the cost of such a
system is highly dependent on piping and pumping costs. At
a distance from the source cf approximately 1500 m the cost,
using 1974 oil prices, would be equal to a conventional cil-
fired heating system. At a useful temperature difference of
11C° this distance decreases to 800 m. A recent AECL report
[33] discusses the economic feasibility of using moderator
cooling water to heat greenhouses, and concludes that the
system can be made currently competitive with the annual
heating costs of natural gas in Manitoba. The need for more
efficient low volume heat exchangers is strewed.

Another potential source of higher-grade heat is the spent
fuel cooling water which presently has a discharge temperature
of approximately 38°C. By slowing the flow of cooling water
to still maintain the fuel surface temperature below the
recognized limits, the discharge cooling water temperature
could be raised to approximately 65°C. Due to the radio-
activity of this water, a heat exchanger would be needed and
this would result in a discharge temperature of approximately
60°C. This uniform discharge temperature would have a
distinct advantage over other effluent streams which are
subject to seasonal and other temperature influences.

The process water effluent stream from a heavy water plant
is approximately 43°C in winter and 68°C in summer but this
source of higher-grade heat would require the use of a heat
exchanger due to possible contamination with hydrogen sulphide
Current regulations on the siting of heavy water plants
would also dictate the distance of a facility from the heat
source.
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Hot gases exhausted from combustion turbines are a valuable
source of high-grade heat. However, turbines for power
generation are generally only used for peak loads and would
therefore not be a reliable heat source. The use of natural
gas compressor turbines for providing heat to greenhouses
has been described in Section 3.3. [31]



6.0 CONCLUSIONS

Evaluation of the system must start off with a clear under-
standing of the characteristics of the "low-grade" heat
source and what the benefits and cobts ate of increasing ir.e
temperature by whatever means.

The problems of integration of the facility with the low
grade heat source are many and varied. The incentives tc
overcome these problems will increase with the price of
fossil fuel. It is difficult to see how concerns over
pollution will provide a significant incentive. Fuel short-
ages and pollution control concerns may provide the neces:;arv
incentives to develop and build integrated systems, bjt zrr.s'
seems to be well in the future.

The integration of a low-grade heat facility with a proposed
source may facilitate regulatory agency approvals and acquisi-
tion of a site. Utility reluctance to add on a facility is
mainly based on concerns for the reliability or efficiency
of the generating station, as well as the projected economics
of a developed system.

The economics of all low grade heat utilization processes
are highly site and source dependent, therefore require an
evaluation on a case-by case basis.

Open field soil warming is attractive in marginally cold
regions where frost damage is known to be light or absent.
An adequate market needs to be present in the region to
justify capital expenditures.

The greatest overall potential for use of low-grade heat in
cold climates is considered to be in agriculture, either by
extending growing seasons or increasing crop yields, in
controlled environment greenhouses or in open fields using
underground heating.

If low-grade heat is boosted even slightly for agricultural
purposes by addition of steam from the turbine or by reduction
of condenser cooling water flow, the overall work achieved
by the higher temperature flow must be weighed against the
loss of electrical production.

Higher temperature sources of low-grade heat other than the
normal circulating cooling water flow may be available and
should be critically examined.
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Commercial aquaculture appears to be attracting as much
interest as agricultural uses even though integration problems
are more numerous. Fish products from aquaculture facilities
may become competitive with those from more conventional
sources where regional demand has been previously established.
There is a market for trout and other salmonids in Canada.

No projects involving de-icing of waterways are known to
have progressed beyond the conceptual stage, mainly because
of the considerable number of unquantifiable impacts associated
with the size of such proposed projects.

Uses of low-grade heat for recreational purposes are gaining
more attention mainly because of cost and ease of integration
with the generating station or the low-grade heat sources.

District heating does not in the strictest sense use low-
grade heat. However, if increased efficiency of total
primary energy use is to be achieved, combined district
heating and electrical generation could be superior to
electricity generation by itself. Such an increase in efficiency
would result in a reduction of low-grade heat discharged to
the immediate environment.
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COMMENTARY ON KEYNOTE PAPER BY W.R. EFFER
LOW-CRADE HEAT UTILIZATION IN CANADA AND THE NORTHERN UNITED STATED

M.G. Johnson
Fisheries and Marine Service
Department ol the Environment

Canada Centre for Inland Water
Burlinqton, Ontario

Low-grade heat utilization is at the feasibility-study stage '<" Ca-Ic
4.-

and the northern United States. However, in conDarinq Dr. Effer'r, pare' . ;r-
earlier reports by Mathur and Stewart in 1970 [1] Cook and Biswas ir. 1Q~2
[2] and o t h e r s , progress in the field does not appear to be particu'arly rap'-,
especially considering the Immense size of the power industry, its relat'vel.
rapid expansion and its commitment to long-term program plans (for example,
Ontario Hydro's development plan goes to 1993 [3]). Dr. Effer has not seer
explicit % > o u t what uses are feasible and what uses are n o t , but this is c t
probably to the many site-specific variables and problems in ir.tegratinc a
given use of low-grade heat at a given power plant site. Hopefully, re.
feasibility studies will be specific as to site and potential use. The
working plans for development of a hatchery by the Ontario Ministry of
Natural Resources at Ontario Hydro's Lennox Generating Station should e r c o L n a e
site-specific studies on the Great Lakes.

Although Dr. Effer stated that "social or political factors are considered
most likely to provide the incentive for making significant advances in low-
grade heat utilization", he does not describe the socio-political forces which
currently may account in part for "the slow progress in low-grade heat utilization
At the risk of diverting discussion away from some interesting technological
matters, it is important nonetheless to try to diagnose problems of greatest
fundamental significance.

Low-grade heat utilization can be viewed from three different perspectives:
that of the utility corporation which produces the low-grade heat, that of the
potential user, and that of the agencies of government responsible for protection
of environmental quality. It is probably worthwhile to compare these v:ews,
not only in general terms but also with special reference to the Great Lakes
region.

The utility corporation, as a public or private enterprise, is dedicated to
providing electrical power efficiently, dependably, at least cost to consumers.
Substantial investment in facilities for cooling is not consistent with
this objective, although costs of environmental studies might indicate areas
in which costs for environmental protection can be minimized. As well, revenue
is expected to exceed costs of delivering low-grade heat to consumers, and, if the
heat content must be upgraded, the equivalent value of steam in producing
electrical power would have to be recovered. (The impression is conveyed by
Or. Effer that capital for supply systems for low-grade heat would have to be
raised by the consumer, which, of course, is not the way in which electrical
power supply systems are financed. This point is important and should be
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clarified.) However, if coolinti facilities were required, costs for these
would be weiqhed aqainst costs of distribution of heated water to users of
low arade or even upgraded heat, low-grade heat would be delivered to a user
If this was cheaper than water cooling by the utility.

There are two categories of potential consumers, private entrepreneurs
and agencies of government. The former would buy low-grade heat if a dependable
supply could be used profitably compared with other energy sources. Government
agencies may use low-grade heat; they can amortise capital costs over a broad
base themselves if the utility will not and, of course, they are not bound
by profit motives and are free to act in the Interests of developmental
technology and public recreation and well being. In both categories, there are
users who would simply consider low-grade heat as an alternative to conventional
sources of energy and there are those who want the water, preferably warmed,
fcr its own sake. In general, the users are not concerned primarily, if at
all, with minimizing adverse effects of otherwise disposing of this heated
water into natural systems. In fact, some users have the potential to
return water to natural systems of much poorer quality than they received it.

Environmental protection agencies wish to minimize the effects of cooling-
water use of the water on all beneficial uses. Generally, the agencies will
operate on a "oolluter pays" philosophy, recognizing fully that internalization
of pollution abatement costs by industry does lead to higher product costs to be
borne by consumers. Constructive uses of low-grade heat, which would lower
pollution abatement costs or lead to better wastewater treatment within
pollution abatement budgets, are of considerable interest to these agencies.
Quite naturally they are interested mainly in uses which will result in cooling
a substantial proportion of the total discharge without other impairment of
water quality.

In the Great Lakes it appears now that so-called once-through cooling will
be permitted. Consequently, there is no incentive for the utility corporation
to deliver low-grade heat to consumers other than economic return equal to
or better than the economic return from electrical power production. In this
context it seems certain that high-grade electrical energy can be delivered more
economically than low-grade (warm-water) energy to those consumers who could
use either source, and the differential would increase rapidly with distance
from the power plant. In effect, the potential user of low-graJe heat, who has
aiso the option to buy electricity or fuel, would have to locate in the
immediate vicinity of the power plant. This may not be possible in the case of
nuclear power plants. Also, the huge size of the Ontario power plants means
that only a relatively small amount of the low-grade heat may be put to use
in their immediate vicinity simply because of the immense space requirement.
A greater number of smaller plants would provide greater potential for conser-
vation of energy through the use of low-grade heat.

Another factor weighing heavily against the profitable use of low-grade
heat for many uses is the requirement for standby systems in case of interruption
of supply or auxiliary systems to deal with fluctuations in temperature of
a scale not tolerable for specific uses.
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O n e o f t h e m o s t s i g n i f i c a n t f a c t o r s is t h e way ir w h i c h cri'.t1. '.f pi .. •-
s y s t e m s f o r l o w - g r a d e h e a t w o u l d be a m o r t i s e d a n d p r i c e d . W o u l d ^t-c ̂ f - ..
w i t h i n t h e b r o a d e c o n o m i c b a s e o f the u t i l i t y ? If s o , w o u l d u s e < ( l o . - - - -.
heat h a v e to pay its o w n w a y a s D r . Ef f e r i n d i c a t e s ? S h o u l d t h? r r ^ . e -'<.r
e l e c t r i c a l p o w e r s u b s i d . z e u s e o f l o w - g r a d e h e a t in o r d e r to e n c o u r a g e c o n -
servation of energy as a long-term objective and to promote the develop' • ••-T '
combined district hot-water heating and electrical generation? This corr1 i r ., • . r-
a s D r . E f f e r p o i n t o u t , " c o u l d be s u p e r i o r to e l e c t r i c i t y g e n e r a t i o n hv • • ( ' ' '
and " w o u ' d r e s u l t in a r e d u c t i o n of l o w - g r a d e heat d i s c h a r g e d to the i — erii ••.-'•
e n v i r o n m e n t " . C u r r e n t p r a c t i c e i n d i c a t e s that this c o n c e p t is rot bei n'-
c o n s i d e r e d s e r i o u s l y (for e x a m p l e , in the " n e w t o w n " m u n i c i p a l - i n d u s t r i a '
development at Nanticoke no use of low-grade or upgraded heat aruarentl. r-
been planned) .

The outlook seems to be brighter for use of low-grade heat by ot^er
potential users which require the water itself, for example, for crop
irrigation and for aquaculture. The water has added value for aquacu'tj<-e '<*
the cooler months because of the increase in temperature, closer to oct;~.i
tor growth of cultured species, over ambient temperatures of lake water and
qround water. Furthermore, there seems to be greater potential in aguacu! :-_re :
dampen short-term temperature oscillations and interruptions in supply 'n

pond-culture or by using storage ponds. I detect rather conservative attitude^
to the use of warmed fresh waters for aquaculture. There is probably a
leaning to salmonid culture for local qrkets in traditional hatcheries whic1-
would use warmed water only in the cold season to encourage growth. Pond
culture of warm-water species (catfish, perch, etc.) in cooling ponds arc
recreational fisheries in artificial lakes used for cooling deserve atte^ticr.

Recreational use of warmed water has several advantages over other uses.
Great Lakes waters are often too cold for water-based recreation, even in the
summer in some places, and the season is short. Recreational areas may be developed
conveniently near power plants (or vice versa), and fluctuations in temperature
and interruptions are of minor concern. Developmental costs can be amortisec
by municipal and/or provincial governments. However, the rationalization of

this use of water from the once-through cooling process should be applied onlv
to areas of bonafide recreational potential where appropriate facilities exist
or are planned.

Quite likely most of these uses of low-grade heat would be under more
intensive investigation by all parties (utilities, users, environmental protection
agents) if the adverse effects of once-through cooling were understood and
quantified economically. Effects gradually are becoming known, but cos'.s to
society may never be measured. The water quality issue is particularly
complex in the case of the Great Lakes where nutrient enrichment, waste heat,
dredged spoils disposal, erosion of sediment and other material inputs are
interacting forces in changing the trophic status of the lakes. The usefulness
of funds spent on remedial measures of one kind, for example, on phosphorus
reduction in waste water treatment, can be offset partly by the lack of remedial
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^imed at other factors. Water quality problems are not usually
considered in this way, often not even by the environmental protection agencies
themselves. Therefore, another significant impediment against successful
use of low-grade waste heat stems from the shortage of data on counter-
productive and other adverse effects which would necessitate modifications to
the once-through coolIng process.

Probably none of the three viewpoints, utility, consumer, or environmental
protection agency embodies much concern for conservation of energy (In the
sense of wise use over the long term). There is no Institution In society now
which does embody an energy-conservation ethic, and current policies will
not encourage conservation of energy through utilization of low-grade heat.

In spite of all of these Impediments, it is possible that a few uses of
low-grade heat will attain practical scale on their short-term merits.
Schemes for uses requiring the water per se, preferably warmer than ambient
temperatures in natural waters for al1 or part of the year, likely will have
greatest chance of success.

The main reasons for this generally pessimistic view in the Great Lakes
basin is the apparent acceptability by pollution control agencies of so-called
once-through cool-ng, the extremely large size of power plants (a policy which
places too much low-grade heat in too few places) and the problems in successful
integration of facilities with low-grade heat source. Unfortunately, Dr. Effer
dealt with the latter only.



- 205 -

SUMMARY REPORT: ENVIRONMENTAL ENHANCEMENT

T.G. Brydges
Ontario Ministry of the Environment

Rexdale, Ontario

R.M. Biette
Ontario Ministry o'~ ;.aturo* :<2SI>J_ ̂

Toronto, Ontario

The morning session was spent on the practical
aspects of just what happens to a water resource waen
it is heated above ambient temperature. Dr. Grimas'
keynote paper dealt with some negative aspects such as
increased biological uptake of metals and biocides and
some positive effects such as oxygenation by the cir-
culation of water. Dr. Patalas1 commentary included
some positive effects on lakes in Poland such as
increased primary production and also improved oxygen
conditions.

A lengthy discussion followed on the idea of
whether we should try to dissipate heat so there is
little or no effect or whether we should accept a
changed environment and manage it in a manner different
from its pristine state. While the concensus was that
some water bodies could be heated well above ambient
temperature and thus create an entirely new environ-
ment, the technology of managing such a situation is
not at all well developed. The purposes of allowing a
local area to be heated in such a way are to increase
swimming potential in a cold climate and to reduce the
total water area needed for cooling.

The afternoon session returned to very practical
aspects and approached the question of why enhancement
projects have not been carried out. Dr. Effer of
Ontario Hydro explained that the planning lead-time
(13 years) is so long that existing plants were
designed before much thought was given to enhancement.
Present plans do contain some enhancement ideas at
least. The group was divided on the question of who
has responsibility to initiate enhancement projects -
the utility or other agencies. Financing of pilot
projects is also unresolved. The final conclusion was
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the same as for the morning session; the potential uses
are there, the basic research seems favourable, so the
pilot work should get under way.

Conclusions

(1) There are known and potential enhancements of water
resources by adding waste heat, which should be
included in evaluations of proposals for waste heat
discharges. Examples are, improved water quality
by increased rate of mineralization and improved
oxygen conditions, increased primary production,
increased recreational value, and potential
recirculation and thermal destratification of lake
and estuaries.

(2) Enhancement projects have not been carried out
because:

(i) it is cheaper in many areas to discharge
directly to open waters;

(ii) there is a multiplicity of jurisdictions which
have not yet recognized the long lead-time
required in planning generators so they do not
make their decisions soon enough. This results
in expensive retrofitting if enhancement
projects are implemented later in the planning
and construction phases;

(iii) there is no mandate for any agency to assume
the lead role for such projects (particularly
in Canada);

(iv) basic research has not been converted to tech-
nology, i.e., pilot and demonstration projects.

(3) If we are to use waste heat for environmental enhance-
ment:

(i) potential enhancements must be one of the cri-
teria of site selection and plant design;

(ii) there must be a clear jurisdictional mandate
to consider such projects;

(iii) pilot projects should be implemented immed-
iately to provide real data and technology
required to estimate economic and social



viability of the projects. Financial respon-
sibility for the pilot projects needs to .*
defined.



COMBINED POWFp AND
HEAT SYSTEMS FOP INDUSTRY

PRECEPT AND PRACTICE
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ABSTRACT

There is no doubt that, in terms of fuel conservatior.,
combined power/heat systems are highly attractive.

There are two basic options:

1. Power plants owned and operated by power utilities
supplying heat to industrial complexes which may, in
some cases, be located many miles away;

2. "In-plant" systems, owned and operated by the industry
to satisfy its own needs for both power and process
heat.

The latter is by far the most common and it is well estab-
lished practice in many major industries, e.g., mining and
metals, food processing, pulp and paper, petrochenical. Of
course, such systems rely on fossil fuels since it has not
yet proved either economically or "institutionally" feasible
to use nuclear energy sources.

It is good industrial practice to utilize "by-product" heat
at temperatures and pressures no higher than are actually
needed for the process. Anything else would be wasteful.
The techniques for economic evaluation of power/heat systems
in industry are well established. The by-product power rate
(BPP) is one of the more useful and adaptable tools for this
purpose. With the ixicreasing price of all fossil fuels it
is to be expected that industry will place even more empha-
sis on in-plant fuel conservation through optimized power/
heat systems than it has in the past.

The problem of reclaiming reject heat from power utility
plants, on the other hand, still presents a lot of major
difficulties—economic, technical, and institutional.
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Seldom will industry's selection of site be influenced to an
overriding extent by proximity to a source of low-grade
heat. Where the power plant and the industry are remote, a
major economic disability is the high cost of long-distance
transmission of heat, especially low grade heat, at tempera-
tures in the order of say, 250 degrees F.

Heat pumps located at the industrial plant may be an
indirect answer to the problem.

To secure a high degree of independence between power
production by the utility and heat utilization by the indus-
try, it may well be desirable or necessary to incorporate
facilities for the large-scale storage of heat at some point
between the two. It appears that storage of pressurized hot
water in aquifers may be a highly practical and economic solution.
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1 - Introduction

The invitation I received to present this paper was accompa-
nied by a brief memorandum referring to the rapid expansion
of electrical generating capacity in Canada and the quanti-
ties of heat which would be rejected to the environment
unless measures are adopted to recover this "waste" heat.

The context also implied that a cold clinate had something
vital to do with the issue of heat recovery and utilization.
In considering the use of reject heat for agriculture, acqua-
culture, and district heating, a cold climate would have a
good deal of relevance but it has little or no influence on
the potential for industrial applications.

Industry has for many years made use of combined electric
power and process heat systems. The benefits in terms of
reduced power and fuel bills often show up very readily in
the company's accounts. The basic point here, however, is
that the process which is served by the combined power/heat
system is almost always "in-house", that is, the power plant
is built, owned and operated by the industry, not by a
power utility constituted only to build power generating
plants and power transmission systems.

The engineer interested in designing a plant for electric
power production only, would always seek to reject heat at
the lowest temperature consistent with the economics of
power production—in many cases a temperature far too low to
be useful for process heat. In discussing the integration
of power utility plant with potential industrial users of
heat, we are therefore faced with what is usually termed an
"institutional" problem.

In order to approach the subject in a meaningful way, I
believe we must first look at some of tne theromodynamic
fundamentals of power/heat systems, proceed through some of
the practical, technical, and economic considerations in
application of in-plant power/heat systems and finally
address ourselves to the possibilities which appear open for
the extension of the concept to include major generating
plants owned and operated by power utilities.

It is many years since "The Effective Use of Fuel" and its
companion volume "The Effective Use of Steam" were commis-
sioned by the Fuel Efficiency Committee of the British
Ministry of Fuel and Power, but in discussing in-plant
power/heat systems, it is still difficult to improve upon
this classic work to which Oliver Lyle contributed so much.
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Thirty years Later, it is still difficult to discuss fac-
tory heat balances, heat recovery systems, and efficient
heat utilization without unintentionally plagiarizing uyle
and his co-workers.

Power utilities are, with few exceptions, constituted to
think only in terms of power generation and transmission,
They are seldom interested in selling heat. Most utilities
these days have quite enough difficulty finding physically
suitable and environmentally acceptable sites for major new
power plants without having to consider the potential for
integration with industrial development. Industry, on the
other hand, has its own set of criteria for the optimum sit-
ing of new plants. Proximity to supplies of raw material
and feedstocks transportation facilities, availability of
labour, proximity to markets, etc., all tend to play a major
role.

If the generating plant and the industrial complex to which
it may supply process heat are not located close together,
there is a major economic problem associated with the trans-
mission of heat. This is particularly true when we consider
"low-grade" heat.

However one choses to define "low grade", it is axiomatic
that the lower the grade, i.e., the temperature, the higher
will be transmission costs and the cost of heat storage,
where such storage may be necessary to ensure reliability of
heat supply to the process and to introduce a degree of
independence between operation of the power plant and indus-
trial heat demand. The two will seldom, if ever, be entire-
ly compatible.

It is generally true that it is expensive to transmit low-
quality energy in any form. For a given energy throughput,
lower quality always implies larger quantity and this is
generally what costs the money. It is, for example, much
more expensive to transmit low Btu gas with, say, 200 Btu/
scf heat value than it is to transmit natural gas with a
heat value of 1000 Btu/scf. For the same reason, economic
transmission of large blocks of electric power over long
distances always call for high voltages. There is, in this
respect, a close analogy between voltage and temperature.

This therefore brings us to the question of what exactly is_
"low-grade" heat? Are the terms waste heat, reject heat,
and low-grade heat always synonymous? What are the trade-
offs between power generation and heat extraction or rejec-
tion for industrial uses? How can the heat extracted from
the power plant be transmitted to industrial users at remote



- 213 -

points? In operation of an integrated power/heat system,
are the power and heat demand/time relationships likely to
be compatible? Is some form of energy storage likely to be
necessary? If so, what form might it take—storage of elec-
trical energy, thermal storage, or both? When the generat-
ing plant supplying process heat as a by-product is subject
to forced or scheduled outage, what provisions must be made
for continuity of heat supply?

To introduce these issues, I shall first try to set down
some of the thermodynamic fundamentals upon which all power/
heat systems are based.

I shall illustrate them by referring to combined power and
heat systems within a single plant. This is, after all,
where one must start in seeking to apply the principles to
the much more complex problem of reconciling, on an econom-
ic, technical, organizational, and institutional basis the
operations of electrical power utilities with the process
heat requirements of industry.
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2 - THE THERMODYNAMIC BASIS OF
COMBINED POWER AND HEAT SYSTEMS

All thermal power cycles must reject heat. The work output
for any heat engine is proportional to the difference be-
tween the heat transferred to the working fluid (water and
steam, say) and the heat rejected (in the condenser, say).

The constant of proportionality remained elusive for a
considerable time until Joule pinned it down in 1843.
Everybody agreed that this was a GOOD THING and in honour of
the occasion called it J. Its value is 778 ft lb of work
for every Btu of heat, or 3413 Btu of heat for every KWh of
work.

To formalize the relationships, the First Law of Thermo-
dynamics was stated as follows:

If, in any nyole heat Q? is given to the working fluid from

the surroundings (e.g., in a boiler) and an amount Qg is
given to the surroundings (e.g., a condenser) from the work-
ing fluid, then:

°-l " °-2 ^s sometimes referred to as the "heat drop" and the
equation , in effect, says that the heat drop in the machine
is converted into work at the rate J (neglecting the mechan-
ical efficiency of the machine and extraneous losses).

The First Law states that work and heat are mutually con-
vertible and that total energy is conserved. Even Queen
Victoria was happy with this. Carnot would have been happy
too had he not died ten years earlier.

Most of you are probably familiar with the Carnot cycle but
you may not remember the major principles he stated. These
are as follows:

1. The temperature of the (working) fluid should be made as
high as possible in order to obtain a large production
of motive power (heat supplied at the highest practical
temperature).

2. For the same reason the cooling should be carried as far
as possible (heat rejected at the lowest possible tem-
perature) .
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3. It should be so arranged that the passage of the fluid
from the highest to the lowest temperature should be due
to increase in volume and should occur spontaneously as
the effect of rarefaction (in other words, a
"reversible" adiabatic expansion).

The derivation of the First Law led certain restless spirits
to look for others. The next one came in the form of the
Second Law (naturally).

There are a rather large number of different statements of
this law attributable to different people. Clausius put it
this way:

It is impossible for a is a If acting michinc, uraije : : - JK-J
external agency, to convey heat from r>>:.> body : •: .r'.,'h>v
a higher1 temperature.

William Thomson (later Lord Kelvin) thought he could put it
better:

It is impossible, by means of inanimate material ageficy, t-
derive mechanical effect from any portion of matter by ace'-
ing it below the temperature of the coldest of the surrouKd-
ing objects.

You will be forgiven for doubting that Thomson's statement
clarified the situation. Since that time a large number of
other people have tinkered with the statement of the Second
Law. One of the more repulsive attempts was due to
Caratheodory in 1909:

In the neighbourhood of any arbitary state J of a thermally
isolated system Z, there are states J which are inacces-
sible from J. A state is in the neighbourhood of J if its
state variables differ from those of J by however small an
amount, etc., etc.

Quite so.

While Thomson and a fellow Scot, Rankine, were distracted re-
formulating the Clausius Statement, Clausius, a shrewd
tactician, struck back with a truly formidable invention
that he called Entropy. Rankine reacted by calling the same
thing "Thermodynamic Function". Fortunately, this name did
not catch on. Unfortunately, Entropy did. Entropy is like
the cost of living—ever increasing.

While all this was going on, a number of enterprising but
perverse characters decided that the way to make progress
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was to go backwards. Hence the "Zeroth" Law of Thermody-
namics was finally stated after the First and Second and in
1875 Willard Gibbs, in a superb feat of "one-upmanship"
outmanoeuvered Rankine by inventing something with the ter-
rific title of Negative Thermodynamic Potential usually
designated by G.

After this brief but incisive explanation of the thermody-
namic basis of heat engine performance, we can move directly
into a discussion of power cycles, the factors which affect
their performance, the reversed power cycle (the heat pump),
and the relationships between power production and reject
heat.

To illustrate the main features, it seems desirable, in the
first instance, to employ the ideal reversible Carnot cycle.
This is shown in Figure 1 on a temperature/entropy (T-S)
diagram. The Carnot cycle is thermodynamically reversible
and it has the highest possible efficiency working between
fixed, upper and lower temperature limits. The efficiency
of all practical power cycles working between the same tem-
perature limits is considerably lower than tne Carnot effi-
ciency. For example, a modern reheat -team power plant with
a top temperature of about 1000 degrees F and rejecting heat
in the condenser at about 80 degrees F could have an effi-
ciency in the order of 40 per cent (a "heat rate" of about
8600 Btu/kWH) whereas the ideal Carnot cycle working between
the same temperature limits would have an efficiency in the
order of 64 per cent.

Here efficiency (n) is defined as the ratio of work output
(W) to heat supplied (Qs):

By the definition of Entropy (S) the areas under the T-S
diagram represent heat quantities^-. Referring to Figure 1,
the heat added from the boiler or reactor is represented by
area 1245 while the heat rejected is represented by area
3456. According to the First Law, therefore, area 1236
represents the heat equivalent of the work output since it

Provided that the processes plotted in the T-S diagram are
thermodynamically reversible.
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is the difference between heat added and heat rejected. The
efficiency of the ideal cycle is therefore:

T -
H

TH

T
L or 1

T
- L

TH
n =

where THand TLare the absolute temperatures of the heat
source and the heat sink, respectively.

This simple formula very clearly illustrates the tradeoff
between plant power output, power cycle efficiency, and the
quality (temperature) of heat discharged.

It the temperature at which the heat is discharged is raised
by AT the cycle efficiency n becomes:

1 - (TL + ATL)
TH

= i _T L -ATL

or n

In other words, if we wish to extract the heat from a power
cycle at a temperature higher than that corresponding to the
available heat "sink", e.g., the temperature of water for
condensers in a steam cycle, we have to pay the penalty of
power production at reduced efficiency and a reduced work
output per pound of working fluid (reduced "specific work").

On the other hand, let us suppose we had a process that
needed heat at 212 degrees F, e.g., evaporation of a dilute
aqueous solution at atmospheric pressure. If we rejected
the heat from the power cycle at 70 degrees F it would be
perfectly useless and would all go to waste. The Carnot

1460 - 530 _
efficiency would be 1460 64 per cent.

If, without modifying the power cycle in any other way we
rejected the heat at a usable temperature, say 250 degrees
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F^, the Carnot efficiency is reduced to 1460 - 710 - 51 p e r

1460
cent, so, for the same mechanical or electrical work output
we would have to burn about 25 per cent more fuel

= 1.25)

and the heat passed to the "process" (evaporatior) would bs
about 70 per cent more than the quantity of heat which would
have been rejected from the power cycle alone at 70 degrees
F to the environment.

The tradeoffs between power generation and combined power
and process heat systems are often discussed solely in terms
of fuel efficiency. The matter is by no means so simple.

One might be tempted to brush off lightly the 25 per cent
additional fuel required to satisfy a given demand for elec-
tric power by concentrating on a power system with lots of
nuclear power installed and more to come. Fuelling costs
for these base load plants may be only 10 to 15 cents per
million Btu and this is, relatively, so cheap that a 25 per
cent increase may not mean much. The situation, however, is
not quite so rosy as this because the thermal rating of the
nuclear steam supply system must be increased by 25 per cent
to achieve the same net electrical output as before and this
is a considerable capital cost penalty.

It may not be quite clear to some of you how it is that by
improving the quality of the heat rejected from the power
cycle a little bit we can convert something that was 100 per
cent useless into something that is 100 per cent useful.
Such a remarkable transformation from one extreme to another
cannot normally be achieved by small variations. If one Btu
were exactly like another, it would not be possible. The
point is, however, that for a process requiring heat at a
temperature of 212 degrees F a Btu at 212.1 degrees F is
directly usable but a Btu at 211.9 is completely worthless.

Turning now from precept to practice I shall illustrate most
of the points I wish to make by referring to that most

Allowing for temperature drops across heat transfer
surfaces.
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versatile and useful working fluid—steam. Virtually all
the information one needs to know about the physical proper-
ties of steam and its potential for work and heat can be
determined from a single diagram— the temperature/entropy
(T-S) diagram.

It is reproduced in outline form in Figure 2(a) and on this
is superimposed a Rankine cycle with 'super heat" for a rather
arbitrarily chosen steam power plant. There is an ideal or
Carnot cycle for steam but it involves a number of difficult
or impractical processes and all steam power plants operate
on derivatives of the Rankine cycle. Figure 2(b) shows a
schematic flow diagram of the cycle in its simplest form.

For purely electrical power production purposes, let us say
that the temperature of rejection for the cycle in the con-
denser is 80 degrees F assuming cooling vater av?liable at
60 degrees F. The boiler pressure is 1000 psi and the steam
is superheated to about 900 degrees F. As I saic this is
the Rankine cycle in its most rudimentary form and I am
deliberately omitting all refinements such as reheating and
regenerative feedwater heating. The "ideal" Rankine cycle
efficiency (which comes straight from the diagram) is about
43 per cent.

Taking an isentropic turbine efficiency of about 85 per
cent, the entropy increases during expansion and the expan-
sion line drifts to the right as shown- dotted. The effi-
ciency drops to about 37 per cent. The various fluid
friction and turbulence losses in the turbine cause internal
heating so that, in the superheated region, the steam is
always hotter than it would be if expansion were at constant
entropy (isentropic). When we begin to get into the wet
steam region towards the end of the expansion process, the
steam does not get any hotter but it does get dryer and the
total heat content of the steam (enthalpy) is increased, the
"enthalpy drop" (or "heat drop") is decreased, and the resi-
dual energy in the steam rejected to condensing water is
higher than it otherwise would be. In thermodynamic terms,
the expansion or work-producing process is less than ideal
to the extent that it is not isentropic, and to the extent
that it is not isentropic it is thermodynamically irrever-
sible. To the great relief of those of you who are not
thermodynamicists, I will not pursue this point any further.

Returning to the main issue, suppose now we decide to reject
the heat at the temperature of 250 degrees F mentioned ear-
lier. We have to stop the expansion process at a pressure
of about 25 psi absolute (i.e., at about 10 psi above atmos-
pheric pressure). The power cycle now looks like that shown
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shaded in Figure 2(ay. The ideal (isentropic) efficiency
falls to 31 per cent and the practical cycle efficiency to
about 25 per cent.

We see, therefore, that the penalty in cycle efficiency is
about 12 per cent for the case of heat rejection at 250
degrees F.
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3 - THE "QUALITY" OF REJECT HEAT

The typical steam power plant with a "once-through" system1

rejects heat at a temperature about 20 degrees F higher than
the temperature of the lake, river, or pond on which it
operates.

There are a number of types of power generating plant, how-
ever, which intrinsically reject heat at a much higher tem-
perature than this. The gas turbine is one example. Modern
open-cycle industrial gas turbines now in service operate at
pressure ratios up to about ten and with maximum tempera-
tures exceeding 1800 degrees F. Such units have a tempera-
ture at exhaust of over 800 degrees F. With careful design
of all components, particularly compressors, an efficiency
at rated load of about 32 per cent (10,800 Btu/kWh heat
rate) can be achieved.

The gas turbine, even in its simplest open cycle form is
making remarkable strides in overtaking the efficiency of
the steam power plant. The trend in industrial turbines is
also leading to a situation in which residual oils and
crudes can be burned without incurring excessive maintenance
costs. This is being achieved by fuel pre-treatment, blade
cooling, careful choice of metallurgy, and other refine-
ments.

As most of you probably know, a gas turbine operates on the
so-called Joule or Brayton cycle illustrated on a T-S dia-
gram in Figure 3(a). Figure 3(b) shows a schematic layout
of the basic equipment. In this simplest and idealized
form, the cycle consists simply of adiabatic (ideally isen-
tropic) compression of air from condition (1) to a higher
pressure at temperature (2) followed by heat addition by
injection and combustion of fuel at constant pressure
(2 - 3), isentropic expansion in the turbine to (4), follow-
ed by heat rejection at constant pressure (4 - 1). There
are many variations and refinements on the basic configura-
tion, most of them designed to increase thermal efficiency.
The relative effects of refinements are illustrated by the
schematic diagram in Figure 4 where, in the most complex
arrangement, compressor intercooling, reheating, and regen-
erative pre-heating are all employed. Of course,
complexity of hardware increases capital costs.

Without cooling towers.
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Because of the rapid rise of fuel costs in recent years, a
lot of attention is being devoted to methods of recovering
or utilizing the relatively high temperature exhaust heat of
a simple gas turbine. These efforts have taken two main
directions.

In the so-called "combined cycle" generating plant for
electric power utility service, the heat in the hot gases
discharged for the gas turbine is utilized in an auxiliary
steam cycle—a so-called "bottoming" cycle. Figure 5 illus-
trates the scheme on a T-S diagram. Such plants make excel-
lent use of the available heat in the fuel for power
generation. Heat rates of less than 8000 Btu/kWh (efficien-
cies of over 45 per cent) are attainable. This is consider-
ably better than the best steam plant now in operation.

The high temperature exhaust gases from gas turbines can
also be used for combined power/heat systems either using
the hot gases directly for process heat or, more commonly,
by the use of heat recovery boilers producing process steam.

Depending upon the type of power generating plant being
considered, therefore, the temperature range of what may
reasonably be considered reject heat from the power cycle
is very large.

There are other cases in which heat at intermediate temper-
atures will be rejected from plants optimized for power
generation alone. Let us consider the closed cycle gas
turbine combined with a high temperature gas cooled nuclear
reactor for the moment. Host advanced and high temperature
gas cooled reactors are currently designed to transfer reac-
tor heat through a heat transfer circuit to a separate steam
generating system driving steam turbines.

The potential advantages of driving a closed cycle gas
turbine directly with the hot reactor gases have, however,
been recognized for some time. Helium is an ideal working
fluid for such systems. It is monatomic and does not become
radioactive, it is chemically inert and non-corrosive, and
it has good heat transfer characteristics, the use of such
a medium means that maximum cycle temperatures can be raised
to very high values without corrosion problems and without
having to adopt high maximum cycle pressures.

It is quite conceivable that HTGR/closed cycle gas turbines
will ultimately achieve overall thermal efficiencies of 50
per cent with maximum temperatures of 1500 degrees F to 2000
degrees F. The basic system configuration is shown in
Figure 6(b). Essentially, the plant operates on a closed
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Joule or Brayton cycle with the added features of compressor
intercooling and regenerative (recuperative) heating after
compression. Multiple reheating is a further option. The
corresponding T-S diagram is shown in Figure 6(a).

Optimization studies for this type of plant indicate that
efficiencies will trend as shown in Figure 6(c).

What is notable, in the present context, apart from the high
efficiencies which can be achieved in the higher temperature
range, is the low pressure ratio at which peak efficiency
for the basic configuration shown is atcained. The optimum
pressure ratio is generally only about 2. Even with a con-
servative peak temperature of 1500 degrees F, heat rejection
from the precooler is about 450 degrees F. It must also be
noted that the cycle shown here has been optimized for power
generation only, i.e., no credit has been taken for value of
reject heat, this being regarded as purely waste.

To summarize the situation regarding quality of "waste" heat
as I see it, there can be no single and universal definition
of what is waste heat and what is not. It all depends on
the type of generating plant you are talking about and how
reject heat at the various temperatures might be used. As
we have seen, waste or reject heat is by no means always
"low-grade" heat.

Looking at power production alone, reject heat for a simple
H.T. open cycle gas turbine might be at 1000 degrees F,
reject heat for an HTGB/closed cycle gas turbine could well
be at 400 degrees F to 600 degrees F and reject heat from a
nuclear or fossil-fired steam plant could be at 80 degrees
F. This is the range of temperatures over which you could
pick up the reject heat at the plant for nothing. Ir. fact,
at the plant, the power utility would be justified in offer-
ing you a bonus if you offered to take it away.

To a power utility, reject heat is generally just a damned
nuisance, especially these days when there is so much con-
cern about thermal pollution. Evaporative cooling towers
cost money and, as you all know, they have their own envi-
ronmental problems. Dry cooling towers are extremely expen-
sive for conventional steam power plants because of the very
large heat transfer surface areas which must be provided if
a reasonably low temperature difference across the heat
exchanger surface is to be achieved.
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4 - IN-PLANT POWER/HEAT SYSTEMS

There are two basic ways of looking at the problem of
increasing the efficiency of utilization of fuel through
combined power/industrial heat systems. The first is to
consider a central power generating station owned and oper-
ated by a utility but selling heat to major industrial users
who may be located at some distance (perhaps many miles)
from the plant.

The other view focusses on what is known as "on-site" or
"in-plant" power generation, implying combined production of
electrical power and reject heat utilization for process
purposes in a "close-coupled" or "battery limits" arrange-
ment.

Discussion of the basic technology and economics of
close-coupled power/heat systems is greatly facilitated
by the use of the concept of By-Product Power (BPP) and its
quantitative expression, the By-Product Power Rate (BPP-Rate)

In evaluating dual-purpose power plants, power engineers
have traditionally viewed power cycles in the direction of
energy flow, seeing first electrical production and second
process demand. Since the thermal energy is provided for
process, whether for industrial processes, space heating
loads or absorption refrigeration processes, this energy is
not conventionally charged against power production. Thus,
net station heat rates are typically about one-half the heat
rates of cycles whose sole purpose is power production.

In a dual-purpose cycle, the net station heat rate can, be
regarded as "fuel chargeable to power" (FCP) and is conven-
tionally computed as:

FCP = 3413 (1)
r) X T) X T\
b e/m aux.

This takes into consideration all losses in the power pro-
duction cycle, including boiler (n b)> electrical and mechan-
ical losses in the turbine generator (n e/ m), and the power

needed to drive auxiliaries (n _„„ ). Typically, the FCP as
aUX •

defined in this manner can be:

FCP = 3413 = 44oo Btu

0 0

.85 X .95 X .96 k W n
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This procedure is quite sound, but it contains some pitfalls
which can produce misleading results.

For instance, Equation 1, by itself, fails to account for the
quantity of power produced at the favourable heat rate of
4400 Btu/kWh, and the only way to accurately evaluate small
changes in the power cycle parameters is to calculate a com-
plete power plant heat balance for each case. This becomes
rather cumbersome and unless one applies computers, the cal-
culation burden can be excessive in analyzing the effects of
even the simplest changes, such as applying feedwater heat-
ers and all their variations, turbine blade system efficien-
cy, turbine inlet conditions, exhaust conditions, etc.

More importantly, every time some change affects the turbine
end point, which is the energy level in Btu/lb that is being
provided to the process, the turbine exhaust flow must be
adjusted. Otherwise, the energy provided to process becomes
a moving target and further complicates the evaluation of
power cycle parameters.

4.1 - By-Product Power Rate (BPP)

There is a way around these problems if we abandon the
traditional practice of viewing the cycle in the direction
of energy flow. We may turn the dual-purpose cycle around
and look at it from the viewpoint of the heat demand of the
process.

Once we define the heat load objective, whether for an
industrial process, space heating or whatever, we have a
heat demand that is fairly inflexible. In the course of
meeting this thermal energy demand, we can also obtain some
very efficient electric power production.

So the question becomes—how much electric production can we
get by utilizing the heat-drop in meeting the fixed thermal
energy demand?

The units of thermal energy can be expressed either as MBtu,
Gcalories, Gjoules, or kWh (thermal). In any case, the
numerator is expressed in kWh (electrical) and one can con-
vert freely between the four systems.

By-Froduct) . . k W h k w h

Power - 293 ^ u = 1162 ̂ ^ - 278
Rate )
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For straight back pressure steam turbine cycles , the By-
product Power Rate i s simply 106 times the reciprocal of the
product of turbine steam flow rate (SR) and exhaust enthalpy
(H ) or:

BPP - 106 - *Wh (2)
B P P " SR X H MBtu " U )

G
The units for SR and H are set forth in this table:

G

Dimensional
System

English

Metric

SI

BPP Rate

kWh
MBtu

kWh
Gcal

kWh
Gjoule

Turbine
Generator
Steam Rate

lb
kWh

kWh

kWh

Turbine
End Point

Btu

kcal

kjoule
kg

The BPP rate thus provides an effective gauge for the
performance of a back pressure cycle for anything that -
affects either the turbine steam rate or the turbine exhaust
enthalpy. The BPP rate can also be expanded to facilitate
analysis of the effects of changes in boiler efficiency or
the performance of station auxiliaries, as will be demon-
strated later.

The distinctive advantage of the BPP rate is that once the
thermal demand is established, changes in the turbine cycle
can be evaluated merely by calculating the BPP rates for
each case, and multiplying the difference in BPP rates by
the thermal energy demand of the process. This gives the
difference in kWh production of the two, cycles while both
are meeting the expressed thermal demand of the process.

4.2 - Power Rate

The Power Rate is a refinement of the By-Product Power Rate
due to the fact that BPP provides an indication of JCWh
generated per unit of energy provided to the process.

Many processes do not consume all the energy exhausting from
the turbine, but return significant quantities of energy
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to the power cycle in the form of condensate, in whicn case
the enthalpy of the condensate (H ) must be taken into
account. c

The Power Rate is calculated in a similar manner to the BPP
rate except that the energy consumed by the process is sub-
stituted for the turbine exhaust enthalpy:

SR (He - Hc)
(3

where H is the energy level of the condensate being return-
ed from the process to the power cycle.

Fortunately, the ratio between BPP Rate and Power Rate is
simply the process energy utilization efficiency, as shown
in Equation 4:

BPP Rate = He - Hc (4)
PR He

This simple relationship permits easy conversion from BPP
Rate to Power Rate and permits power systems engineers to
generate all plots regarding influences on cycle performance
in terms of BPP Rate.

4.3- Some Applications Using
By-Product Power and
Power Rates

BPP Rates will suffice for the majority of applications
where no significant differences exist in the energy being
returned to the cycle through condensate.

Figure 7 is an example of evaluating changes in turbine
inlet conditions assuming negligible changes in boiler and
station auxiliary requirements.

To compute the annual savings:

Annual Gain =APR(Q ) (TJ AR (5)
c o
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where:

APR = difference in Power Rate between two systems in kWh/
Mbtu

Q = energy consumed by process in Mbtu/hr

T o = annual hours of operation

AR = difference between purchased energy rates and calcu-
lated energy production costs of the back pressure
cycle in $/Kwh

Equation 5 can also be applied using A9PP Rate instead of
APR and substituting Qe for Qc where Q e is the energy pro-
vided to the process. The results will be accurate under
conditions where the ratio of Qe/Qc is the same for all
causes being examined.

The effect of boiler efficiency and station auxiliary power
requirements can be included by a slight change to Equation
5 and subtracting Equation 6. Rather than AR in Equation 5,
substitute Rp (the cost of purchase power). Then deduct
from the adjusted Equation 5 the added fuel cost as calcu-
lated in Equation 6.

To Rf (6)

nbanaux.

where:

Qa and Qb represent the energy added between boiler feed-
water and turbine inlet valve in units MBtu/h for boilers
a and b;

R-F = fuel cost in I
x MBtu

nb = boiler efficiency for boilers a and b

naux. = (1 - auxiliary power demand factor)
Equation 5 can be applied to any sort of problem once the
ABPP Rate is found. Once the calculated BPP differences are
plotted, they become a valuable asset for future reference
and can be applied over and over with little regard to other
parameters.

For instance. Figure 8 shows the effects on both BPP Rate and
the He of changing process steam pressures.
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Finally# Figure 9 demonstrates an application of BPP Rates
for evaluating a combined-cycle plant using a gas turbine
generator with an exhaust heat recoverinq boi]ir. The
"Gained Power" is calculated by taking the product of: (1)
the difference in BPP Rate between the two systems; (2) the
energy to process; (3) evaluated time period; and (4) the
cost of purchased power "Added Fuel" is the difference in
fuel cost of the two systems. The difference between
"Gained Power" and "Added Fuel" determines the worth in S/yr
of the one system compared to the other.
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5 - STEPPING UP THE QUALITY
OF HEAT —THE HEAT PUMP

In Figure 1. I showed an ideal Carnot heat engine cycle and
made passing reference to the reversibility of all the pro-
cesses involved. Heat is transferred to and from the cycle
isothermally, that is, at constant temperature and the com-
pression and expansion processes are isentropic. The whole
cycle is, in fact, reversible. The heat engine extracts
work from the cycle proportional to the difference between
the quantity of heat introduced at the higher temperature
and the heat rejected at the lower temperature.

When the cycle is reversed, the opposite effect takes place.
Q^ is now rejected from the ideal engine at temperature T n

A quantity of heat 0.2 is drawn from the low temperature
source at TL. Work is put into the engine rather than taken
out of it. As before, Qj_ - Q2 = W/j but in the present
context it is more helpful to write:

Ql = Q2 + W/j

For the ideal cycle, therefore/ an amount of heat Q2 drawn
from the low temperature source and augmented by the heat
equivalent of the mechanical work put into tne machine can
be rejected at a higher temperature, looked at from the
high temperature end, it is a warming machine or, in modern
terminology a heat pump. Looked at fron the low temperature
side it is, of course, a cooling machine or refrigerator.

In the operation of heat engines, we are trying to convert
heat into work and the effectiveness is measured by the
efficiency:

n = w _
JQl

In a heat pump the performance is measured by the coeffi-
cient of performance (COP):

COP = *h_ = ^Sl.
W/j W

For corresponding conditions in a reversible cycle, the heat
pump COP is the reciprocal of the heat engine efficiency.
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For the ideal Carnot heat engine cycle:

Tu - Tr

and for the ideal Carnot heat pump:

COP = H

The COP is therefore the reciprocal of the heat engine
efficiency as long as there are no thermodynamic irreversi-
bilities. Figure 10 shows an energy flow diagram (sometimes
called a Sankey diagram) for a closed Joule or Brayton cycle
and its inverse, the Bell-Coleman cycle.

To put the matter in some numerical perspective, if we had a
heat engine with no thermodynamic irreversibilities and an
efficiency of 34 per cent (a heat rate of about 10,000 Btu/
kWh) and we inverted it, we would have a heat pump with a
COP of about 3 and would receive 10,000 Btu for every kWh we
put in. Since 1 kWh of direct electrical heat would yield
only 3413 Btu we appear to be getting something for nothing--
a most desirable, but all too rare occurencel

The other apparent anomaly is that the worse the cycle is as
a heat engine the better it is as a heat pump, for if we had
a heat engine with only 10 per cent efficiency, its COP
would be 10 and we would receive no less than 34,130 Btu of
heat for lkWh input. In a sense these statements are true
but they are also misleading. A Carnot cycle operating
between temperature limits Tj, = 140 degrees F (600 degrees
R) and TT, - 80 degrees F (540 degrees R) would have an effi-
ciency of 10 per cent and the heat pump COP of the reversed
cycle would also be 10.

An ideal Joule heat engine cycle with a pressure ratio of
1.45 would also have an efficiency of 10 per cent and its
inverse as a heat pump would have a COP of 10. The simple
cycle is, however, highly irreversible if operating between
a heat source and a heat sink of given constant temepertures.

As shown in Figure 11, for heat to be rejected to the high-
temperature receiver, the temperature T, must be higher than
(in the limit equal to) 140 degrees F and for heat to be
absorbed from the low temperature source T3 must be lower
than (in the limit equal to) 80 degrees F. Unfortunately,
with a pressure ratio of 1.45, T x is exactly 140 degrees F
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if T2 = 80 degrees F and the whole heat pump grinds to a
halt because no heat can be transferred to the high tempera-
ture receiver by cooling at constant pressure.

An ideal Joule cycle heat engine with a pressure ratio of
1.45 would, therefore, have an efficiency of 10 per cent but
could not operate between maximum and minimum temperature
limits of 140 degrees F and 80 degrees F without reducing
itself to a minute Carnot cycle. No practical quantities of
heat could be added at the higher pressure and no practical
quantities of work could be extracted. The reversed Joule
cycle as a heat pump has much the same problem.

It can, however, operate quite successfully by sub-cooling
the low-temperature source and picking up the heat this way.
Figure 11 shows this. ©2 is drawn in from the low-tempera-
ture source, e.g., atmosphere, assumed to be at 80 degrees F
by subcooling the air to about 32 degrees F. A heat rejec-
tion circuit taking in, say, condensate from process at 80
degrees F rejects Q^ at a final temperature of 140 degrees F
to process.

Again, the pressure ratio chosen is 1.45. The efficiency of
the ideal Joule (or Brayton) heat engine cycle can be ex-
pressed solely in terms of pressure ratio so the efficiency
is 10 per cent and the COP of the reversed cycle is 10. As
mentioned earlier, the COP for the Carnot heat pump between
80 degrees F and 140 degrees F is also 10. You may think
that we have violated a thermodynamic law by producing a
heat engine (heat pump) which does not operate on a Carnot
cycle but which, nevertheless, has the same efficiency (COP)
as a Carnot engine (heat pump). This is not so, however,
because we are not operating between the same upper and low-
er temperature limits in the two cases since we have sub-cool-
ed the ambient heat source to 32 degrees F.

In practice, most modern industrial heat pumps do not use
the Joule cycle but a cycle based on a condensing and evap-
orating working medium, usually one of the halogenated hydro-
carbons (e.g., Freon). In this way the isothermal heat add-
ition and heat rejection processes of the Carnot cycle can
be approximated reasonably well while condensing the vapour
or boiling the liquid. The expander turbine of the Joule cycle
can be replaced by a simple throttle valve.

The heat pump has been around in one form or another for a
long time. Many are the times it has been recommended as
meriting wider application than it has hitherto received and
many are the times it has been shot down in flames.
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What do its proponents say? Listen to the following quota-
tion from The Efficient Use of Steam by Oliver Lyle (1944)

The position when a heat pump ie used and ie driven by
bought electricity must be considered. There are some, cir-
cumstances where such an installation would be valuable.
... If the electricity is produced by burning coal in a power
station, put half the heat of the coal into the river, con-
vert one quarter of the coal heat into electricity, send
the electricity to a factory or building to drive a heat
pump which will recover from the river the heat that the
power station poured into it.

What would be the fuel consumption of a heat pump driven fc..
electricity taken from the British grid? Let us take an
ordinary Bteam heating system. If its boiler efficiency is
70 per cent and its distribution efficiency 90 per cent, its
overall efficiency will be 63 per cent? This means that ir.
order to put 1 Btu into a room (or process), 1.6 Btu must be
liberated in the boiler furnace. The average coal consump-
tion of the grid in 1943 was 1.61 ib/kWh delivered to the
customer. Therefore to put 1 Btu of electrical energy into
a room for process) by means of electric heating will call

for the burning of I1!60,0 x 2 • L1 = 5.4 Btu of coal in the
3 425

power station. So that, to equal, in coal consumption
alone, a direct coal fired heating system the efficiency of
an electrically driven heat pump taking power from the grid
must be 340 per cent yrr-g X 100 \

In order to pay for all the first cost, maintenance and
depreciation of the heat pump installation it is probable
that the heat pump efficiency will have to be nearer 700 per
cent. How then can an eminent man seriously propose to instal
a plant which cannot possibly have such an efficiency? The
^eason is simple. Almost the whole plant would have to be
.here anyway. The building is to be cooled in summer and will
have a maseiDe refrigerating^* plant.

This could be used in winter as a heat pump to extract from
the Thames the heat that Battersea, Fulham, and Lots Road so
prodigally pour into it.

This in the days when 25 per cent thermal efficiency was
considered not bad.

2 Ir. modern terminology, a chilling or air conditioning
plant.
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In fact, when the Royal Festival Hall on the south bank of
the Thames was built in the early 1950's, this is exactly
what happened. A very large heat pump installation was
built for heating in the winter and air conditioring in the
summer.

But what if there is no chilling or air conditioning plant
required? Suppose we are talking about industrial process
heat requirements? Say we need process heat at 250 degrees
F and our source of heat (river or lake) is at 60 degrees F?
What then?

The theoretical maximum COP of a heat pump operating between
these two temperature limits would be about 3.75. In prac-
tice, the most that could be expected would be somewhat less
than 3.0. So, for every kWh absorbed by the heat pump we should
get about 10,000 Btu to process. If the power station supp-
lying the heat pump had a heat rate of 10*000 Btu/kWh, for
10,000 Btu burned in the station, we get 10,000 Btu to process.
If we used direct electric process heating we would only get
3413 Btu of process heat for the same amount of fuel.

What is the other alternative? Clearly, from what we have
discussed earlier, extracting heat from the power station in
a combined power/heat system may be considered. We examined
this case earlier and came to the conclusion that if we
extracted heat at 250 degrees using, say, a hot water con-
denser instead of condensing at normal cooling water temper-
atures, we would reduce the efficiency of the power cycle by
some 12 per cent (from about 37 per cent to about 25 per
cent). We would increase the heat rata from 930C Btu/kWh to
13,640 Btu/kWh,or we would have to burn an extra 4340 Btu
for each kWh generated. In return we would receive 8580 Btu
of usable heat at a temperature in the order of 250 degrees
F. As far as fuel consumption alone is concerned, the
situation is as follows:

Case

A. Direct Electric

B. Industrial Boiler Plant

C. Heat Pump

D. Combined Power/Heat System

Energy Consumption for
10,000 Btu to Process
at 250 Degrees F

27,000 Btu

11,500 "

10,000 "

5,100 "



- 2 35 -

It may be seen that, in terms of overall fuel economy, th<--
heat pump does well compared with direct electric hf-atinq
and boiler plant heating (without by-product power). How-
ever, the combined power/heat system has a far better fuel
economy than any other alternative. This is by no means
the whole story, however, and we shall have to consider a
little later what impact the cost of heat transmission from
the power plant to the industry and the losses incurred in
transmission may have on the relative economic merits of
Cases C and D.

In setting out the above list, I have equated the benefits
to the process. In each case 10,000 Btu at 250 degrees F1

are delivered. From the power utility viewpoint, what are
the consequences at the generating plant associated with
each alternative?

There are two ways of looking at this problem as illustrated
in Figure 12. This is drawn with particular reference to
Case D. Figure 12 (a) shows a total fuel input of 9300 Btu.
At an efficiency of 37 per cent, 3413 Btu (1 kWh) is pro-
duced as electric power, 4767 Btu are rejected to cooling
water and 1120 Btu are stack and miscellaneous losses. In
the combined power/heat case shown in (b) 2 3 30 Btu are con-
verted into power at an efficiency of 25 per cent yielding
an electric output of 0.68 kWh and 5850 Btu are transferred
to process at 250 degrees F.

If we now wish to restore the net power utility electrical
output to 1 kWh, there are two ways we can do it. We can
either scale up the power/heat plant or we can build the
extra capacity into another power plant without process
heat extraction.

Figure 12 (c) shows the case for the scaled-up power/heat
plant. 13,640 Btu are now required to yield 1 kWh (net)
and 8577 Btu become available as process heat. About 4340
Btu of additional fuel is consumed. The alternative is
shown in (d). Because we assume that the efficiency of the
new plant is the full 37 per cent2, only 3000 additional
Btu are required rather than 4340 to restore the total
electrical output to 1 kWh. Only 5850 Btu is, however,
available as process heat.

*• Assuming lossless heat transmission in Case D.

2 No heat extraction to process.
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Whichever alternative is adopted, the figure of about 5100
Btu of additional power plant fuel per 10,000 Btu of process
heat is, for all practical purposes, unchanged.
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6 - HEAT TRANSMISSION AND
COSTS OF HEAT DELIVERED

The vast majority of systems carrying heat from one location
to another use either hot water or steam. For district
heating purposes, temperatures at delivery to the customer
are normally in the region of 150 degrees F to 200 degrees
F. They can, however, be substantially higher. For exam-
ple, the design characteristics of the planned hot water
system for Barsebeck nuclear power station to deliver heat
to Lund and Malmo in South Sweden are as follows:

Route length 16 miles

Total heat transferred 3240 X 106 Btu/h (950 MWt)

Pipe diameter 47 inch

Temperature: outgoing 330 degrees F
return 160 degrees F

Losses (outgoing and return) about 3 degrees F

Pumping power a.5 MW

Flow rate 80 cfs

The thermal output of a heat transmission circuit is, of
course, proportional to the product of the hot water through-
put and the temperature drop at the output end just as, in
a dc power transmission line, the delivered power is propor-
tional to the product of current and voltage drop across
the load.

Early district heating systems, including those in the U.S.
and Canada which served only very local areas, normally used
steam as the heat transmission fluid. Virtually all "in-
plant" industrial power/heat systems use steam for process
heating purposes.

Where transmission distances are short, steam does have some
significant advantages. With a back pressure turbine, it is
unnecessary to provide a heat exchanger at the input end and
heat may be transferred at the delivery end more or less
isothermally by condensation. Thus, the large latent heat
of steam per lb can be utilized rather than having to oper-
ate on the much smaller sensible heat capacity of water.
Where transmission distances are long, however, the hot
water systems tend to show up better economically and they
are simpler to operate and control.
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In steam transmission, the pressure losses in the system
must be compensated at the extraction points from the
steam turbine. It is easy to pump water but not at all
easy to build steam compressors unless they operate totally
in the dry or superheat region. With hot-water transmission
one could, for example, expand the system in the turbine for
power production down to about 2 atmospheres and extract the
residual heat using hot water condensers at, say 250 degrees
F. On the other hand, long-distance steam transmission
could mean a back pressure as high as 15 atmospheres and a
temperature at inlet to the transmission system in the order
of 450 degrees F—far higher than the 250 degrees F needed
for the "proceeds". All other things being equal, you get a
larger heat flow to process this way but you also take a lot
of punishment in the form of reduced specific work per lb of
steam in the power plant and a much reduced efficiency of the
power cycle.

Most studies seen to show that, where heat transmission dis-
tances in excess of a few miles are being considered in a
power/heat system, hot-water transmission is likely to be
the economic choice.

For higher temperatures it is sometimes worth considering
other heat transfer fluids. A rather interesting study
recently carried out at Whiteshell by Lyon and Sochaski^
compared heat transmission costs for 600 MWt (2050 X 106

Btu/h' over a distance of 25 miles through insulated supply
and return pipes at a sent-out temperature of 437 degrees F
and a return temperature of 257 degrees F. Pipe diameter
was in the order of 3 feet.

The comparison was carried out for three alternative heat
transfer fluids—OS-84 , hot water and steam. The estimated
direct capital costs were as follows:

Capital Cost
Medium ($1975 Millions)

OS-84 1432

Hot water 106

Steam 108

1 Organic heat transfer fluid (the coolant used for the
WR-1 reactor at Whiteshell).

2 Includes cost of OS-84 inventory for system filling.
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Taking the lowest figure of $106 million, adding indirects,
including interest during construction, ard applying annual
charges of 13 per cent, we arrive at a cost of about $1.00
per million Btu for a heat transmission load factor of 80
per cent. If one is prepared to consider lower load factors,
and if escalation during construction is added, it does not
require much stretch of the imagination to arrive at a cost
for long-distance heat transmission only which is comparable
to the current level of oil prices.

We must also, at this point, remind ourselves that we have
not debited the system with the added cost of the "incremental'
generating plant to make up for the capacity decrement in the
power/heat plant, nor have we included the cost of the additior
al fuel which must be burned to give the same net electric
energy output to the power utility system.

Referring back to the earlier example, in which the heat was
extracted at 250. degrees F from the turbine exhaust through
a hot water condenser, we have to debit the power/heat sys-
tem with about 50 kW electric generating capacity/ for each
million Btu/h to the heat system.

At 13 per cent annual charges, this capacity debit amounts
to about $6500 p.a. for each million Btu/h heat system
throughout assuming that the incremental power plant is
nuclear and costs about $1000/kW.

Even with a heat system load factor as high as 80 per cent,
this gives a cost of about $1.00 per million Btu at the
power/heat plant.

It seems, therefore, that the cost of heat from a nuclear
power/heat system delivered to a point say some 25 miles
away would be between $2.00 and $2.50 per million Btu.

This is within the range of competitiveness with an oil-fired
industrial boiler plant. Referring to an Industrial Boiler
Plant (Case B), fuelling costs would be about $2.00 per
million Btu with oil at $10/bbl (barrel).

Future continued escalation of oil prices could, of course,
make the answer conclusively in favour of the nuclear power/
heat system. One of the factors we have not included as a
credit on the power/heat side of the balance sheet is the
elimination of cooling towers at the tower plant site in
cases where all reject heat can be usefully employed as in
the systems we have so far considered.

For a "remote" heat pump system we have a very different
situation. By "remote" I mean a heat pump installation at
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the industrial plant picking v.p its heat from a natural
source, e.g., the atmosphere. The power plant itself is
unmodified and the only link between power plant and heat
pump is the existing electric transmission system. However/
the heat pump must be debited with the capacity and energy
required to drive it.

For a heat pump with a COP of 3, 1 kWh of electricity is
required for every 3 kWh thermal delivered to the heat pro-
cess. That is/ for a million Btu/h (continuous) to process
heating a generating capacity of about 100 kW must be dedi-
cated to it and, very approximately, 1 million Btu of power
plant fuel must be burned for 1 million Btu of heat to pro-
cess. Again, assuming a nuclear power plant with an incre-
mental capacity cost of $1000/kW, the cost of heat delivered
works out at close to $2.00 per million Btu not including
the cost of the heat pump installation itselFT Including
the heat pump capital cost, I would expect the cost of heat
delivered to be in the region of $2.50 per million Btu.

In the present context, the main thing to be said in favour
of the remote heat pump is that it eliminates the costly
heat transmission system between power plant and heat pro-
cess. For really long distances, say 50 to 100 miles, it
is, I think, a possibility for indirect "recovery" of power
plant reject heat. It suffers from the disadvantage that,
in winttr, the highest temperature at which heat can be
abstracted from a natural source (e.g., a lake or river) may
be only 40 degrees F. The COP of a heat pump is adversely
affected by a drop in the temperature of the heat source and
it may well be necessary to build in a "booster" heat supply
to help out the pump.

Incidentally, scattered throughout the literature, one finds
quite a number of studies assessing the economics of incor-
porating heat pumps at the power plant itself with the
objective of stepping up the temperature of heat rejected
from the power cycle for transmission.

The problem facing such concepts can best be illustrated by
reference to the ideal Carnot power cycle. Assume an out-
going temperature of 300 degrees F; the work produced from the
power cycle between F and 80 degrees F is totally absorbed in
driving the Carnot heat pump between 80 degrees F and 300
degrees F. It is therefore not available as net work from
the power plant. A quantity of heat is sent out at 300 degrees
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F but the same quantity of heat at the same temperature could
have been extracted directly from the power cycle. The same
net electric power would be produced and it would not be ne-
cessary to go to the trouble and expense of building the heat
pump. In fact, the situation is worse than this because of
the losses in practical cycles and machinery. To put it
crudely you can only get back a proportion of what you need
not have put into it in the first place.
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7 - HEAT STORAGE

Earlier in this paper I mentioned the problem of matching
demands for electric power and process heat. This problem
is particularly acute in the case of combined power/heat
systems where the power plant is owned and operated by an
electric utility and not by the industry which uses the by-
product heat.

Apart from the obvious alternative of industry building into
the system its own boiler plant for standby duty, it is
appropriate to consider the possible role of heat storage.
For large, low-temperature heat systems, thermal storage in
aquifers may be a very practical and reasonably economical
answer.

This subject has been studied extensively by Meyer and
Todd(2). Water injected into the ground at a temperature of
340 degrees F will be about 10 per cent less dense than
native groundwater at 60 degrees F and its viscosity will be
only about one-sixth that of cold water. These differences
will cause the hot water to override the cold water and dis-
place it downward from the top of a confined aquifer in a
wedge shape. The aquifer must be under sufficient pressure
(113 psia, or 240 feet of water) that the 340 degrees water
will not flash to steam.

Assuming 90 days of injection at one million gallons per
day, the total volume of water injected would be 12.1 mil-
lion cubic feet. In the aquifer considered by Meyer and
Todd a porosity of 25 per cent and a simple straight-line
interface were assumed. The top surface of the hot water
formed a circle with a radius of about 670 feet. To store
the same amount of hot water above ground would require a
tank about 200 feet in radius and 100 feet hicrh, plus
insulation. Wells, and the subsurface storage space they
tap, are unobtrusive and far less expensive than equivalent
above-ground construction.

Two cases were considered by Meyer and Todd. For Case 1,
90 days of injection of superheated water at 340 degrees F,
is followed by withdrawal at the same rate (1MGD) until the
temperature drops to 300 degrees F. In Case 2 the injection
temperature is 210 degrees F and the minimum withdrawal tem-
perature is 180 degrees F. As hot water is repeatedly cycled
into and out of the aquifer, the aquifer stores heat and a
larger fraction of the injected hot water can be withdrawn
in successive cycles before minimum temperature is reached.
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The computed fractions of heat and hot watr-r that an b<
recovered from a 1 MGD heat-storaqi* well systor ?!" t < T V
days arc shown bolow:

Injection
Temperature

Minimum
Withdrawal
Temperature

Fraction
Recovered
Heat Watei

340° F (Case 1) 300° F

210° F (Case 2) 180° F

0.72 0.81
0.77 0.87
0.79 0.R8

0.86 0.9 4

Relating these figures, in order of magnitude terms, to
the 600 MWt heat transmission system, the storage syster
described by Meyer and Todd would provide two to three
days heat supply.
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COMMENTARY ON KEYNOTE PAPER iiY ...L. HA
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PRECEPT AND PRACTICE

R. Lariviere
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Montreal, Quebec

We would like to thank Mr. Haydock for his excellent
paper which is theoretically sound. His main conclusions
appear to be that industry has used combined electric power
and process heat systems for years and that it may be uossiLl .:•
for electric utilities to supply their rejected heat to
industrial complexes located many miles away. The major
difficulties, economic, technical and institutional, and we
may add environmental, which face such sales of -eject heat,
are not discussed in any detail. We intend to do that a
little later on. His detailed discussions are concerned with,
almost exclusively, the standard techniques employed by industry.
One would like to have a more detailed discussion of the
difficulties of the utilities in selling reject heat.

On the other hand, the ideas of transmitting the reject
heat to users, the use of heat pumps at customer sites to
upgrade reject heat and the possibility of heat storage in
aquifers do appear attractive as a result of his discussions.
These ideas are sound from a scientific point of view but it
is not clear that they will be economically feasible in all
situations. One is convinced as a result of his suggestions
that Hydro-Quebec should at least consider the sale of use of
reject heat at certain future nuclear power sites or even
smaller diesel generator sites.

In his introductory remarks, Mr. Haydock says that cold
climate has little or no influence on the potential for
industrial application. Well, one possible industrial
application on which cold climate has a good deal of relevance
and which waste heat can help improve is navigation. Here I
am referring to making navigation in the St. Lawrence Seaway
possible all year round by preventing ice from forming on its
surface. This can be done by mixing hot water effluent from
+-hp nuclear plants with the colder river water so as to maintain
its temperature just above freezing point of 0°C.
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We agree with Mr. Haydock that industry has for many years
made use of combined electric power and process heat systems.
However we do not agree that the process which is served by the
combined power/heat systems is almost always "in-house". The
power plant is not always built, owned and operated by the
industry. There are many combined power-cum-desalination plants
owned and operated by power companies in the Caribbean islands
and in Kuwait, Saudi Arabia.

It is true that the engineer interested in designing a
plant for electric power production only would always seek to
reject heat at the lowest temperature consistent with the
economies of power production. It is also true that some
sacrifice of efficiency in the power production phase is
necessary in order to design and operate a combined electric-
cum-district heat station. Such has been the experience in
Sweden. However this sacrifice of efficiency is not serious
and the resulting overall efficiency of the combined station
can be 70 to 80% vs 35 to 40% for the electric plant alone.
This tremendous improvement in overall efficiency of a combined
station makes up for any small loss in the efficiency of the
power production phase.

We also concur with his remark that, so far, combined
power and industrial systems rely on fossil fuels since it
has not yet proved either economically or institutionally
feasible to use nuclear energy sources. And when he speaks
of an "in plant system owned and operated by industry", he
is no doubt referring to North American experience only since
combined power and district heat stations have been operated
in Europe and the USSR for many years, by public utilities.
Sweden is now installing a nuclear station for generation of
heat.

We, in the Environmental Division of Hydro-QuHbec, have
commenced a study of world-wide literature available on the
subject of multiple uses of waste heat. The following may be
regarded as our first reaction to the possibilities which can
be opened up for the future. It should not be regarded as the
official position of Hydro-Quibec, on any component or even
the overall approach. The matters I will deal with briefly
have to be carefully analysed in great detail inside Hydro-
Quebec before adoption or rejection, or adoption with necessary
revisions and adjustments. The sole purpose of mentioning
them here is to stimulate discussions and to visualize the
problems and - pportunities which can be presented by this source
of surplus energy in the coming years.

The load growth beyond the 1980-85 period will require
very large sources of new capacity in Quebec and, i might add,
in Ontario and on the American side of the St. Lawrence River.
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One way to meet this demand is to locate a series of large-
capacity nuclear plants along the shores of the St. Lawrence
River which runs through the principal load center. If
nuclear plants are decided upon to meet this load growth, they
will require immense quantities of cooling water and the only
well-located available source of cooling water of the required
magnitude is the St. Lawrence River. Since nearly 1/3 of the
heat available in the nuclear process is converted into
electricity, the cooling water has to take away all of the
remaining 2/3. Ordinarily, utilities would require cooling
towers or spray ponds or other devices to get rid of this heat
in an acceptable manner. However the vast quantities of water
available in-the St. Lawrence River and its cool water tempera-
tures lead us to risk the belief that the river could be a heat
sink for a large part of this waste heat.

However, our review of world-wide literature leads us to
visualize that the low-grade heat could be used for district
heating of towns and industries located along the St. Lawrence
River. Some of this heat could be used to prevent ice cover
formation in the deeper navigable portion of the St. Lawrence
Seaway. This deep portion could be separated by dykes from
the shallower portions of the river. On both sides of the river
agriculture could benefit from soil heating and prevention of
frost by judicious use of the heat. And furthermore, if the
heat thrown into the St. Lawrence River is distributed evenly
without sudden thermal shocks, and the water is warmed 5° to
10°C only, many species of fish can thrive in the river again
and fishing can come back in the mighty river. Prevention of
ice can have beneficial effects on power production from hydro-
electric plants on the river since some heat is lost in the
friction of flowing water against ice cover in winter months at
the present time.

So these are die opportunities: district heating, year-
round navigation, increased agriculture and increased aquaculture,
There are correspondingly huge and complex problems resulting
from these opportunities as well. Let us go into each of these
uses.

1. DISTRICT HEATING

Benefits

European experience indicates that an overall thermal
efficiency of 80% can be reached in a combined electric-
cum-heat generation station. Applied in Quebec, such a
station could result in a vast saving of energy resources
and a corresponding saving in capital costs and human
effort.



- 256 -

Problems

However, before district heating can be employed
commercially, extensive technical stwKeu and experience
of pilot plant type is necessary. In addition, there are
many other delicate matters. These involve public opinion,
rights of established private enterprise, present limits
on jurisdiction of utilities like Hydro-QuSbec and the
necessity for new legislation.

Will the put lie accept use of hot water or steam in
their houses or place of work when they know it has been
through a nuclear station even though experts agree that
the chance of exposure to radio-activity is extremely
remote? Further, will the public accept changing their
present individual heating systems and agree to depend
upon a central station? How to finance the elimination of
individual systems and installation of extensive new
piping and machinery? Installation of 36" to 48" pipes
under existing urban areas or even new areas is a very
expensive and cumbersome proposition. The present mandate
of Hydro-Quebec is confined to generation and supply of
electricity only. It has to be expanded by legislation
before we can undertake to generate and distribute heat.
Should the public be made to accept district heating by
legislation or should it be induced to do so by educational
programs and financial inducements? What about the rights
of well established private enterprises which already supply
fuel or oil or gas for the same market? Serious opposition
can be expected from these sources because their markets
will be threatened by district heating. Some of these
difficulties can be eliminated by using district heating
only for new communities located within our economic
distance of the power plants.

2. NAVIGATION

Mr. Biggs of Atomic Energy of Canada Limited has
calculated that waste heat from nuclear plants necessary
for Ontario and Quebec is of the same order as the heat
required to melt ice cover on the St. Lawrence River in
the winter months. Mr. T.R. Anand, Consulting Engineer
in our Division, has previously worked on this problem
at the National Research Council (NRC) and the studies
completed there a few years ago generally confirm Mr. Biggs'
calculations. This is specially true if dykes are built
to separate the deeper navigation channel in the river
from the shallower section on either side and ice is
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prevented from forming only in the navigation channel.
According to NRC study, hot water from about 45,000 MW of
electric installation will be sufficient to maintain an
ice-free channel.

Benefits

Prevention of ice cover during winter months would
extend shipping in the St. Lawrence Seaway to the Great
Lakes for all twelve months. At the prasent time year-
round navigation is possible up to Montreal only with
the help of ice breakers. All-year use of the seaway
would mean increased revenues for the seaway and continued
employment during the winter for shipping and lock and
harbour personnel.

It may be noted that while 537 calories of heat are
necessary to melt ice at 0°C, only 1/2° or 1°C of heat is
necessary to raise water at 0°C to say 1°C so it will not
start freezing.

If nuclear stations are built along the St. Lawrence
River and are designed to generate district heat, the water,
after it has been used for district heating, still would
have to be discharged back to the river. This re-entry
could be managed in such a way that the surface water
temperature of the navigation channel is maintained at
say 1°C, i.e. just above freezing temperature.

Problems

1. This project also has its share of problems. The
heat injection in the river has to be managed very carefully
so as to avoid heat shock to the flora and fauna and fish,
otherwise huge kills and haphazard growth of algae could
result.

2. Contact between air at say -25° and navigation channel
water at +1°C would give rise to fog. This could be a
navigation hazard and also be unacceptable to residential
and commercial areas all along the river.

3. Further, what would be the effect of an emergency
shut down of one or more nuclear stations during winter
months? Ice will quickly start forming. Since there
would not be time to form a smooth ice cover by installing
log booms as is done now-a-days, ice jams could occur.
Locks could get jammed and ships would get trapped. We
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could consider a stand-by plant to supply hot water on an
emergency basis but considering the huge quantities of hot
water required, such a stand-by plant appears to be a very
expensive proposition. Perhaps ice breakers will be
stationed for such a stand-by duty.

3. AGRICULTURE

We know that at Corvallis in the state of Oregon in
the USA, a five-year pilot project has confirmed the
feasibility of use of low-grade heat for raising crops by
heating the soil and prevention of frost damage by spraying
with hot water. Mr. T.R. Anand from our Division has
visited this research station recently. It seems that
acre for acre, intensive cultivation of fish is more
profitable than agriculture. However a variety of uses of
low-grade heat in agriculture are possible, e.g. , soil
warming, cooling and heating greenhouses, preheating food
during commercial processing, low-temperature grain drying,
recycling of manure into protein etc. An integrated cycle
using low-grade heat in successive stages is desirable.

It can be visualized easily that some of the hot water
from combined nuclear-cum-heat generating stations along
the St. Lawrence River could be routed through agricultural
farms before being returned to the river.

4. AQUACULTURE

A study of literature on the subject shows that
experimental or pilot plant type of work has been done
in the USSR and USA to use hot water effluent to promote
the growth of fish and aquatic life. For example, shrimp
and trout have been raised successfully in New Jersey by
the Public Service Electric and Gas Company. On the west
coast, the University of California has conducted substantial
studies in lobster husbandry. Similar success has been
achieved in Ireland, Great Britain and Japan. In the USSR,
extensive measurements over many years have been made at a
thermal station on growth of fish in two nearby reservoirs,
one of them supplied with waste heat and one without it.
The main conclusion is that if the water temperature is
carefully controlled and not allowed to exceed 20°C, the
gain in weight of fish in warmer water can be three times
more than those in ambient waters in one growing season.
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A Canadian study of a feasibility nature has found
scope for cultivation of speckled trout. it recommends
construction of a pilot project. Our comment on this
study is as follows:

- In determining the viability and economics of such
a project, the saving in cost of structures which
would otherwise have to be built tc dissipate the
heat should also be considered. For example, spray
ponds or cooling towers are usually necessary to
lower the temperature of waste water before discharge
into natural waters. If the water is used for aqua-
culture, we incur costs in building and maintaining
fish ponds but we save the costs of building and
maintaining spray ponds or cooling towers at the
same time. This saving will enhance the economics
or raising fish which the Canadian study works out
only on the basis of the cost of facilities and the
commercial value of the fish produced.

If excess heat is discharged into the river so as to
avoid thermal shocks and raise its temperature by 5 to
10°C, growth of many species of fish which are now extinct
in the river can actually be resumed. On the other hand,
sudden injection of hot water raising temperatures more
than 20°C could kill what fish there are left. Similarly
a sudden stoppage of heat due to shut-down of generating
stations could result in a fish kill of immense proportions.

5. POWER PRODUCTION FROM HYDRO-ELECTRIC PLANTS

Removal of ice cover will also have an effect on the
power production of existing hydro-electric plants like
Beauharnois Plant and other hydro plants further upstream.
It can reduce present head losses due to friction of water
with the ice cover. Loss of heat due to ice jams in the
trailrace can be avoided also. However, if ice cover is
not completely removed, local ice jams can create serious
problems at the intake and discharge canals of these power-
houses. At the present time, success has been achieved with
obtaining a smooth ice cover near intakes by use of log
booms. This prevents formation of ice jams.

RECOMMENDATIONS

From the above discussion, it can be seen that there are
tremendous advantages in integrating nuclear power stations with
district heat stations and other uses such as facilitating
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year-round navigation up to the mouth of Lake Ontario, increased
fish production, increased agriculture and increased hydro-
electric production. There are also sizable environmental side
effects and serious technical, administrative and legislative
problems to be solved before this scheme can be a reality. One
problem I did not mention earlier is: "Whet do we do with the
surplus waste heat in summer time when district heating is not
needed?" One possibility might be surface irrigation of large
tracts of farming land.

On balance, it seems that this study is worth pursuing
and collaboration from many agencies from Quebec, Ontario and
federal bodies like Hydro-Qu€bec, Ontario Hydro, the St. Lawrence
Seaway and Fisheries and Transport Departments of the three
governments is required to resolve the complex questions.

PILOT PROJECT AT HYDRO-QUEBEC

Hydro-QuSbec and the Quebec Ministry of Agriculture are
presently considering the advisability of a pilot project to
assess the opportunities and problems in making use of waste
heating for block heating, aquaculture and agriculture. One
place in our territory which seems to be an attractive site
for such a project is Isles-de-la-Madeleine. Here we have a
small, isolated, independent electric network supplied by
diesel plants. Excellent growth in demand for electricity
is projected for the future. The islanders are good fishermen
but fish only in the summer months. There is virtually no
agriculture and vegetables and fruits are imported from the
mainland.

A new diesel plant to meet load demand has been proposed.
We have suggested integrating this plant with an experimental
station with three objectives: 1) using its waste heat to raise
fish like lobster, trout and shrimp, 2) agriculture like green-
lea^ vegetables and potatoes, and 3) since the island is long
and narrow and is isolated geographically, we could also install
piping to use the waste heat of this station for residential
and commercial heating. Such a use would actually reduce the
demand for electric heating of houses and thus cut down Hydro-
Quebec expenditures on diesel fuel which is very expensive
these days.
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INDUSTRIAL USE OF LOW-GRADE
HEAT IN CANADA

J.T. Rogers
Energy Research Group
Carleton University

Ottawa, Ont.

ABSTRACT

Of the total of about 5800 x 1012 kilojoules of eneryy
consumed in Canada in 1972, about 38% was used in industry.
Defining low-grade heat as that used at temperatures of 300°C
and lower, analysis of the distribution of energy utilization
in Canadian industry indicates that about 46% of the total energy
is consumed as low-grade heat, for direct heating, process (steam)
heating and space heating. Using mainly U.S. data, the distribution
of low-grade heat consumption at different temperature levels is
estimated and a curve of low-grade heat consumption versus
temperature level is established.

To assess the effectiveness with which this energy is
utilized, the concept of availability is recommended. Since
availability, unlike energy itself, can be dissipated, its use
permits the identification of thermodynamic losses and economic
optimization of energy processes, on a logical basis. The
availability dissipation in low-grade heating for a number of
processes in Canadian industry is determined and an example cf
economic optimization using the concept is given.

Some methods by which availability can be conserved in
low-grade heating are described. The possible role of nuclear
power for industrial low-grade heating in Canada is discussed.

Based on various projections, the potential for possible
reduction of demand for energy required for low-grade heating in
Canadian industry in the short and long terms is discussed.
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NOMENCLATURE

A, a - availability

A1, a1 - availability in steady flow

Ap - specific availability of combustion of fuel

An - availability of heat interaction

A., - availability of work (s^W)

C - capital cost

E, e - total energy content of closed system (includes, in
general, internal, potential and kinetic energies)

Fc - capacity factor

FCH - capacity factor for heating

fH - fraction of fuel availability of combustion which is
allocated to producing steam in a back-pressure turbine

fw - fraction of fuel availability of combustion which is
allocated to work in a back-pressure turbine

fGW - fraction of exergy increase of flue gas which is
allocated to producing work, eq. 21.

H, h - enthalpy

I - dissipation of availability

m - mass flow rate

n - number,of moles of a component

p - pressure

Q - heat transferred
•

Q. - rate of heat input to reactor

Q - rate of flow of useful heat
R^ - overall thermal resistance due to fouling, the

fouling or dirt factor

S, s - entropy

c cS , s - entropy creation

T - temperature

U, u - internal energy
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UQ - overall heat transfer coefficient

V, v - volume

W - work

W - electric power

X - distance

F - energy utilization factor (see equation 25)

e - thermodynamic effectiveness

nT - turbine isentropic efficiency

U - chemical potential of a component

£ - essergy (see equation 5)

ip - exergy

SUBSCRIPTS

a

C

c

e

f

g

H

h

HX

i

o

rev

- air

- combined power plus heating

- cold stream

- exit

- fuel

- combustion products gas

- heating

- hot stream

- heat exchanger

- inlet

- thermodynamic environment

- reversible process



s

T

t

W

X
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- steam or water

- Turbine

- total

- work

- extraction

A dot over a symbol indicates a rate.

Note re extensive properties: A capital letter denotes the
total property, a lower-case letter, the value of the property
per unit mass.
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INDUSTRIAL USE OF LOW-GRADE HEAT IN CANADA

1.0 INTRODUCTION

Industrial consumption of energy constitutes the major

portion of energy use in Canada, as we can see from Table 1 ̂  .
In 1972, Canadian industry consumed approximately 2218 x 1012

kilojoules of energy, about 38% of the total national consumption.
Projections of future demands in Canada indicate that the relative
consumption in industry will continue to predominate, at about

\2 31
the same fraction, for the rest of this century1 ' J.

An objective evaluation of the current energy crisis and

the consequences of the projected growth in energy demand (e.g., J)
demonstrates that a key element in any long-term solution of our
energy problems must be a vigorous effort to utilize energy more
efficiently than has been common in the past. Obviously, therefore,
considering the importance of industrial consumption of energy in
Canada, our industry must attempt to minimize, or at least reduce,
energy consumption per unit of product output, in so far as
technical, economic, environmental and social constraints permit.
In a sense, the current energy crisis, initiated by the action
of the OPEC nations in raising the price of petroleum
dramatically, has been a blessing in disguise, since it has
provided an economic incentive for more effective utilization
of energy and is making engineers and others more conscious of
the need for energy resource conservation.

In this paper, in conformity with the theme of this
symposium, we will consider the use of low-grade heat in industry
in Canada, and, specifically, what can be accomplished to reduce
energy consumption for this purpose in Canadian industry.

Before proceeding further, we must define "low-grade"
heat. For the purposes of this paper, low-grade heat is defined
as that heat which is utilized at temperatures of about 300 C or
less. Essentially all of the process, or steam, heat used in
Canadian industry, and a significant fraction of the direct heat
(i.e., heat produced directly by combustion) is within this
temperature range. Including the latter source emphasizes that
the low-grade temperature limit applies to the substance being
heated and not to the source of the heat.
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TABLE 1

CONSUMPTION OF ENERGY IN CANADA

1972

Sector

Domestic & Farm

Commercial

Transportation

Industry

General
Energy Supply Industry
Non-energy Use

Total Industry

Losses and Adjustments

Total

Energ;
10

1575.
621.
20.

z

9
7
3

Consumption,
kilojoules

1193

874

1413

2217

107

.8

.3

.1

.9

.8

Percent of

27.1
10.7
0.3

Total

20

15

24

38

1

.6

.1

.3

.1

.9

5806.9 100

Source: Reference 1.

Notes: a) Electricity evaluated at 3600 kJ/kWh.

b) Actual energy consumption in industry is greater than
that shown since Reference 1 does not account for certain
industrial by-products, such as spent pulp liquor and
wood bark, used within an industry.
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2-0 DISTRIBUTION OF SOURCES AND CONSUMPTION OF ENKRGY IN CAf.'ADIAN ] :.lDU::Ti- V

Table 2, from data in reference 1, gives the distribution ul
sources of energy consumption in industry in Canada. Note that
reference 1, and thus, Table 2, does not account for certain i tidust r i .•'.
by-products used as energy sources (captive fuels), such as spent pul:.-
liquor and wood bark which are of considerable importance in the pulp
and paper industry. Table 2 shows that the three major sources of
supplied energy in Canadian industry are natural gas (37.6%), electr-
icity (20.3%) and heavy fuel oil (17.1%). Considering the pessimistic
predictions for the adequacy of long-term supplies of natural gas .jr.fi

petroleum in Canada ' , the necessity of ensuring effective utiliza-
tion of energy in industry is emphasized by these figures.

It is difficult to determine the distribution of energy con-
sumption among the various industry groups in Canada. Statistics

[7 81
Canada documents ' give information on energy purchased by manu-
facturing industries. No information is given in these references en
energy from internal sources, and on energy use in the energy supply
industries. In addition, energy sources used for feed-stocks and
other non-energy purposes are not included. Even coal purchased by
the steel industry for conversion to coke for use in blast furnaces is
excluded1 , although this coke provides the energy necessary for the

process '"" as well as chemically reducing the iron ore. As a
result, there are significant discrepancies between energy consumption
data given in these documents and those given in reference 1.-'•

Nevertheless, information in reference 8 on quantities of
energy purchased and used in the various industry groups in Canada was
used with energy conversion factors for various fuels from reference 1
as a first estimate of the distribution of energy consumption among
the various sources for each industry group. The results are given in
Table 3, where the industry groups are listed in order of energy
purchases. As a measure of the economic importance of energy in
industry, data from reference 7 were used to establish the costs of
energy purchased and consumed as fractions of total cost and of value
added in each industry group, as shown in Table 4. The data in
reference 7 are for 1971, so that this information is not very meaning-
ful for today's conditions. An attempt to estimate the situation in
1975 was made by assuming that fuel costs, on average, have increased
by a factor of 2.5 and all other costs and prices have escalated by a
factor of 1.6 since 1971.2 The estimated fractional costs o'; energy
as compared to total costs and to value added for 1975 are also shown
in Table 4.

Table 4 shows that in 1971 energy costs were generally less
than 10% of total costs and somewhat higher as percent of value added
in even the most energy-intensive industries. However, today it would
appear that these percentages have increased significantly. All
evidence suggests that this trend will continue in the future. These
figures will help to indicate those industry groups where large capital
investments to reduce energy wastage might be most likely to occur.

1 A further reason for differences between the data from the two
sources is that the information in reference 1 is compiled from data
provided by energy suppliers, while that in references 7 and 8 is
aggregated from consumption data provided by individual energy users

Information from Statistics Canada.



TABLE 2

SOURCES OF ENERGY CONSUMED IN CANADIAN INDUC^RY

1972

Units - 10iz kilojoules

Avia-
Coke Motor Diesel Light Heavy Petro- tion Nat-
over Crude Still Gaso- Kero- Fuel Fuel Fuel leum Turbo ural Elect-

Coal Coke gas LPG Oil Gas line sene Oil Oil Oil Coke Fuel Gas ricity* Totd

General
Industry 45.5 139.5 42.9 10.1 - 17.3 87.5 68.8 273.5 - - 515. 375. 1575.

E n e r g y
S u p p l y

I n d u s - 0 . 4 9 - - 3 . 2 2 2 . 4 1 1 1 0 . 1 . 2 5 0 . 1 5 2 . 8 6 0 . 8 0 1 0 6 . 1 . 8 6 0 . 0 5 7 3 1 8 . 7 5 . 0 6 2 2 .
t r i e s

N o n -
e n e r g y

U s e - - - 4 . 1 7 - - - - - - 1 6 . 0 5 - 2 0 . 2

T o t a l 4 6 . 0 1 3 9 . 5 4 2 . 9 1 7 . 5 2 . 4 1 1 1 0 . 1 . 2 5 1 7 . 5 9 0 . 4 6 9 . 6 3 7 9 . 5 1 / . 9 0 . 0 6 8 3 3 . 4 5 0 . 2 2 1 7 5

* Including electricity from fossil fuels generated in industry.

For distribution of primary and secondary sources for these fossil fuels see reference 1.

Note: Electricity evaluated at 3600 kJ/kWh.

Source: Reference 1.
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TABLE J

•SOURCES OF ENERGY VUh 'HASED AND US. P IK IMDUKTPY GHUUPS J:. C.V.ALA *

10'i kl lo]f Jles

Industry Group

Paper and Allied
Indus tries

I'rimiiry Metals

Chemical & Chi-dii cu i
I'luducts

Hon-nietal lie Mineral
P rndiic t •=;

Food and Beverage

Transportation Equipment

Textile

Petroleum & Coal Products

Wood

Metal Fabricating

Rubber

Electrical Products

Machinery

Miscellaneous

Printing, Publishing &
Allied Industries

Furniture & Fixtures

Knitting Mills

Leather

Clothing

Tobacco Products

Coal &
Coke

12 .96

2 8.53

0.94

6. 19

0.31

3.87

0.11

0.03

0.16

0.02

0.05

0. 38

0.29

0.07

-

0.19

-

-

-

-

Petroleum (.
Products

173.98
r, 7 . 3 4

4 4.45

45.29

40.24

12.26

19.47

0.85

10.50

6.17

7.90

5.04

3.09

3.01

1. 36

1.51

1.93

1.24

0.72

0.70

natural
Ga

71.

71 .

64.

60.

41 .

15.

6.

17.

9.

14.

4.

5.

5,

2

1

1

0

0

0

0

5

9 7

76

6ft

35

87

22

80

47

08

,86

,62

.94

.87

.31

.86

.63

.78

.73

.76

.35

Electricity
Purchased

B 1 . 1 7

5 6.46

30. 94

1 '' 8 1

11.37

s. e;
5.71

fe . 9 I

7.02

4.90

3.94

4.05

2.54

1. 57

1.87

0.87

0.49

0. 40

0. 70

0. S3

T' '.

J4C

i- i 4

M ;

93

32

27

26

I 5

16

15
11

6

5

4

3

2

2

1

.08

. 2 a

. rlu

. C 3

.BO

. 0 8

. 26

.75

.96

.52

.41

.79

.97

.08

. 20

.20

. 37

.18

.49

• '. f
Vf-r i

29 .

I H

12.

iC .

8.

i

2 .

2 .

2 .

2 .

i .

- .

I _

0.

C.
0.

0.

0.

0.

0.

9 5

fa fa

42

96

2£

54

83

40

34

29

45

36

04

61

45

37

28

21

19

,13

Total 54.12 437.06 399.10 244.95 1135.23 100.

* Excluding gasoline.

Source: Reference 8.
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TABLE 4

ECONOMIC IMPORTANCE OF ENERGY IN INDUSTRY GROUPS IN CANADA

Industry Groups

197! l?)
Cost of Cost of
Energy Energy
Total Value
Cost Added

Paper & Allied Industries

Primary Metals

Chemical & Chemical
Products

Non-metallic Mineral
Products

Food & Beverage

Transportation Equipment

Textiles

Petroleum & Coal
Products

Wood

Metal Fabricating

Rubber

Electrical Products

Machinery

Printing & Publishing

Furniture & Fixtures

Knitting Mills

Leather

Clothing

Tobacco

Miscellaneous

.081

.064

.069

.137

.101

.078

090
016

008

021

012

023

015

023

OH

011

011

013

010

010

004

0059

017

.097

.035

.019

.037

.049

.043

.020

.027

.015

.016

.009

.018

.017

.014

.006

.001

.020

1975 (estimated)
Cost of Cost of
Energy Energy
Total Value
Cost Added

,13

.10

.11

.21

.16

.12

14
0?5

013

033

019

036

023

036

017

017

017

020

016

016

006

009

027

.15

.055

.030

.058

.077

.067

.031

.042

.023

.025

.014

.028

.027

.022

.009

.016

.031

1971
Energy/plant
1 0 " kj/plant

.51

.56

.12

.094

.017

.042

.034

.23

.008

.006

.16

.020

.013

.001

.002

.010

.005

.001

.051

.002

Average .027 .046 .042 .072 .036
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The last column in Table 4 gives the energy purchased and
consumed per establishment in each of the industry groups, from
data in reference 7. Where the energy consumption per establishment
is high, greater capital investment can be justified to reduce its
use.

Of course, we must remember that the data in Table 4 are for
energy purchased only and are also subject to all the qualifications
listed previously.

As pointed out earlier, it is immediately obvious from
Table 3 that the total energy purchased and used in industry in 1972,
1135 x 10Xi kilojoules, is only about 50% of the total consumption
for Canadian industry, 2218 x 1012 kilojoules, according to Tables 1
and 2. Also, the amount for each energy source sho-in in Table 3
is considerably less than the amount shown for the same source in
Table 2. Another obvious discrepancy is the very low consumption
of petroleum and products shown for the Petroleum and Coal Products
industry group which actually uses large amounts of this energy
source, produced internally, in its operations. If this internal
energy consumption is accounted for, the Petroleum and Coal Products
Industry Group would be amongst the top energy-consuming industries,
as we will see.

Recognizing that the first five industry groups, plus the
Petroleum, and Coal Products group, account for about 82% of the
energy purchased, and that this percentage would probably not be
significantly different if the actual consumption in these industry
groups were determined, it was decided to concentrate on these groups
in this study.

First, efforts were made to establish the actual energy
consumption in each of these groups. It was surprisingly difficult
to obtain this information. However, based on the limited data
available and using certain reasonable assumptions and educated (or
uneducated) guesses, some estimates were possible. The data and
assumptions used are summarized below.

Paper and Allied Industries

Estimates of energy consumed in the form of spent pulp
liquors, wood bark and hogged fuels in these industries in the US

are given as 38.3% ̂ 1O'P*591^ and 40.6%^i:L'of the total secondary
energy3 in these industries. In Canada, mainly because of the
different structure of the industry, particularly the relatively
larger proportion of newsprint production,4 the percentage of total
energy consumption represented by bark and spent liquors is

3 Electricity evaluated at 36C0 kJ/kWh.

4 Newsprint production uses mainly mechanical pulping rather than
chemical pulping. There are obviously no spent liquors from
mechanical pulping.
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significantly less than in the U.S., probably about 25% .
Attempts were made to verify this figure by using the industry

production figures for 1972 "* and information on total energy

consumption per ton of output for various products ' ' and
by comparing the total energy consumption thus estimated to the
purchased energy. However, these attempts were unsuccessful because
of the many assumptions required and large differences among data
from different sources.

A number of pulp and paper mills in Canada generate their
own electricity from hydraulic turbines. Unfortunately, direct
information on the quantity of electricity generated in this manner
was not readily available. However, this quantity was estimated
from the installed hydro-electric capacities at pulp and paper mills

in Canada , assuming an average capacity factor of 75%. The total
energy generated in this manner was calculated to be 4.10 x 109 kWh,
which gives an additional energy consumption of 14.6 x 1012 kilojoules,
assuming none of the electricity generated is sold.

Adding this quantity to that shown for this industry group
in Table 3 and then calculating the quantity of energy produced and
consumed from spent liquor and bark, using the previous estimate of
25% of total consumption, gives an estimated total consumption of
about 473 x 10 1 2 kilojoules, of which about 118 x 1012 kilojoules
comes from spent liquor and bark.

Primary Metals

The major energy-consuming industries in this group are iron
and steel mills, smelting and refining plants in general, and metal

roll.i ng plants . A limited survey of these three industries based
on information in reference 10, but allowing for Canadian conditions,
suggests that the major omissions from Table 3 of energy
to these industries are coal for coking purposes in the iron and
steel industry and hydro-electricity generated by the smelting and
refining industry, particularly the aluminum industry, and used
within the industry. Coal and coke used for the manufacture of

carbon electrodes for electro-smelting processes **' and as
reducing agents in industries other than iron and steel, are assumed
to contribute insignificantly to energy consumption in this group.

Consumption of coal for conversion to coke in Canada in 1972

was 199 x 101Z kilojoules . Assuming that 92% of the resulting

coke was used in the iron and steel industry , consumption of coal
for this purpose in this industry in 1972 was about 183 x 10 I 2 kilo-
joules. This figure agrees reasonably well with that given in
reference 18 of 193.4 x 1012 kilojoules.



- 273 -

Generation of hydro-electricity by the smeltinq and refining
industry in Canada was estimated from the installed hydro-electric
capacities at smelting and refining p l a n t s ' ^ J , assuming an aver,: ;e
capacity factor of 75%; the estimated total was 22.2 >: 10 9 kv.h.

f 19 1Of this total, based on information from Alcan , it is estimated
that about 85% or 18.9 x 10 9 kWh or 68.0 x 1 0 1 2 kilojoules was used
within the industry. Adding these quantities to that shown for
this industry group in Table 3 gives an estimated total energy
consumption of about 465 x 1012 kilojoules.

Chemical and Chemical Products

Analysis of this industry group is very difficult, because
of the diversity of industries within it. The use of certain by-
products or waste products and the utilization of heat from certain
exothermic reactions for energy purposes is of some importance in

this group ' ̂ ' . Based on information in reference 10, it is
assumed that 1C% of the energy consumed in this industry, or
15.7 x 10lz kilojoules, comes from these sources. Adding this
quantity to that shown in Table 3 gives an estimated total energy
consumption of about 157 x 1012 kilojoules.

Non-metallic Mineral Products

The major energy-consuming industries in this group are cement
[7]

manufacturers and glass and glass-product manufacturers . There
does not appear to be any substantial energy source used in this
industry group other than the purchased quantities shown in Table 3.

Food and Beverage

There are no significant energy sources used in this industry-
group other than those listed in Table 3.

Petroleum and Coal Products

Essentially all of the energy in this industry group is used
in petroleum refineries. As pointed out earlier, most of the energy
sources utilized are produced by refineries themselves and do not
appear in Table 3. The portion of energy produced in Canadian
refineries which is used internally is given as 6.0 - 6.5% in
reference 18 and about 7% in reference 2 (p.14).5

This energy utilization is considerably less than the average
consumption in U.S. refineries of about 11.5%LlO,ll.J to 12.5%L J
of the total heating value of the crude feedstock. This difference
probably reflects an average greater complexity in U.S. refineries
than in Canadian, rather than inherently better efficiency in the
latter, since refinery fuel consumption increases strongly with
refinery complexity'111'205. It may also reflect differences in the
quality of the crude feedstock
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Since the total energy content of crude oil converted to refined

products in 1972 was 3,440 x 10 l 2 kilojoules ' , assuming refinery
energy consumption to be 6.5% of the product produced, refinery
energy consumption in Canada in 1972 was about 216 x 1 0 u kJ.

To verify this figure, data from reference 1 can be used.
It can be assumed that the total amount of still gas (refinery gas
from distillation columns), petroleum coke, crude oil, liquified
petroleum gases and heavy fuel oil shown in reference 1 as being
consumed by "energy supply industries" is consumed in refineries.
This assumption is quite valid for the first three fuels, but it
is not known how accurate it is for LPG and heavy fuel oil.6

However, it will set an upper limit on the energy consumption in
the petroleum refinery industry. The refinery industry consumption
from internal sources estimated in this way is 224 x 10 2 kJ, which
agrees very well with the previous estimate.

Assuming that the latter quantity is correct, the total
energy consumption in this industry group in 1972 was about
251 x 10 1 2 kJ. As indicated earlier, with this captive fuel
consumption allowed for, the Petroleum and Coal Products industry
group is seen to be in the top three energy-consuming industries in
Canada.

The results of these adjustments on the energy consumption
in the six major energy-consuming industry groups are summarized
in Table 5. The justification for including the Petroleum and Coal
Products group is evident. Table 5 also indicates that these six
industry groups consume about 89% of the total energy consumed in
Canadian industry, assuming no change in the quantities shown for
other industry groups in Table 3. However, it is apparent that the
actual percentage must be lower than this figure, since the adjusted
total consumption (~1758 x 1 0 u kj) is still well below the amount
given in Table 1, which also does not include allowances for captive
fuels. Based on a total industrial consumption of 2218 x 10 l a kj,
the percentage employed in the six industries would be considerably
lower, about 71%.

Although it is obvious that there must be considerable
uncertainty in some of the data in Table 5 because of the various
assumptions made, lacking better data, we will use these results
for the purposes of the remainder of the paper.

However, a similar assumption was used in some background
studies for the Science Council report "Canada's Energy

f22l
Opportunities"



TABLE 5

Industry
Group

ESTIMATED TOTAL ENERGY CONSUMPTION IN THE SIX
MAJOR ENERGY-CONSUMING INDUSTRY GROUPS IN CANADA

1972

10 12 kilojoules

Electricity*
Purchased

Coal & Petroleum S> Natural + Hydro- Other % of
Coke Products Gas electricity Fuels Total Overall**

Generated
& Used

Paper & Allied
Industries

Primary Metals

Petroleum &
Coal Products

12.96

211.5

0.03

Chemical &
Chemical Products 0.94

Non-metallic
Mineral Products

Food & Beverage

6.19

0.31

173.

57.

224.

44.

45.

40.

98

34

9

45

29

24

71.

71.

17.

64.

60.

41.

97

76

47

68

35

87

95.

124.

8.

30,

12.

11.

8

5

91

94

81

37

118.2

-

-

15.7

_

-

472.

465.

251.

156.

124.

93.

9

1

3

7

63

80

26

26

14

8

7

5

.9

.4

.3

.9

.1

.34

Total 231.9 586.2 328.1 284.3 133.9 1564.4 88.9

* Electricity evaluated at 3600 kJ/kWh.

** Assuming other industry groups unchanged from values shown in Table 3.
(Total - 1758.56 x lO1^ kj).
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3.0 CONSUMPTION OF LOW-GRADE HEAT IN CANADIAN INDUSTRY

3.1 Distribution of Low-grade Heat Amongst Industry Groups

The determination of the quantity and distribution of low-
grade heat consumption in Canadian industry is even more difficult
than that of the total energy consumption. In general, no data
are collected by government agencies on this topic. Therefore, we
are forced to examine the processes and technologies employed in
each of the six industry groups concerned in an effort to establish
the quantities of low-grade heat employed in each. The information
and assumptions used are summarized below.

Paper and Allied Industries

Essentially all of the energy consumed in this industry group
other than electricity purchased, hydro-electricity generated and
used, and fuels purchased for internal thermal generation of
electricity is used for low-grade heating purposes.^ This low-grade
heat is used mainly for chemical cooking to convert wood chips into
pulp, and for drying of both pulp and paper. There are also
miscellaneous uses like space heating.

To determine the energy-consumption for low-grade heating,
an estimate of the thermal electric generation within the industry
group was made using data from reference 16 on installed thermal-
electric capacity in pulp and pape,: mills in Canada, assuming a
75% capacity factor.

A difficulty arises in allocating energy sources to the
electrical generation because much of the installed capacity in the
mills is in the form of back-pressure or extraction turbines.
Therefore, the method recommended by Robbi23j of allocating the
energy equivalent of the electricity, plus turbine and generator
losses, plus any heat rejected to cooling watar in a condenser of an
extraction turbine, to electrical generation and the remainder to
process heating. For a back-pressure turbine, with or without
extraction, Robb recommends an electrical allocation of 3700 BTU/kWh,
or about 3900 kJ/kWh. This compares reasonably well to an average
equivalent heat rate for industrial back-pressure steam turbines

of about 4400 kJ/kWh given by Elmenius*24^ and by Muir*25*. An
average figure of 4200 kJ/kWh was used for the present purpose.

For an extraction turbine with a condenser, an average
electrical allocation is difficult to establish since for each plant
it will depend on the quantity of heat extracted, and the extraction
pressure as well as the turbine throttle and exhaust conditions.
Based on the performance of typical extraction turbines in industrial

f26 27l
applications ' , a survey of thermal-electric power plants

Note that a small fraction of the electrical consumption also is
employed for low-grade heating, using,in general, off-peak boilers.
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installed in pulp and paper mills in Canada' ' resulted in an
electrical allocation of about 10,000 BTU/kWh, or 10,500 kJ/kWh
being selected as an average for extraction turbines in pulp and
paper mills.

For a straight condensing turbine an average heat rate is
difficult to assign because of the wide range in throttle conditions
and turbine designs. Again, from a survey of the data in reference
16, an average heat rate for condensing turbines in the pulp and
paper industry of about 13,500 BTU/kWh, or 14,000 kJ/kWh, was
established.

Using the foregoing assumptions, the total fuel energy
required for electrical generation within this industry group was
calculated ac 29.5 x 10lJ kJ in 1972. This quantity was subtracted
from the total fuel energy consumption (both fossil and captive) to
determine the low-grade heating energy consumption in this industry
group in 1972, about 347.6 x 10lz kJ.^ That is, about 73% of the
total energy consumption is for low-grade heating.

Primary Metals

Most of the heat required in this industry group is high-
grade heat, for example, for reducing iron ore in blast furnaces
or for separating alumina from bauxite and for the electrolytic
Hall process for producing aluminum metal from alumina. High
temperatures are also required in other smelting and refining
processes, and for melting billets for casting purposes or heating
them for rolling or extruding purposes in other industries within
this group.

The major consumers of energy in this- industry group in
Canada are iron and steel mills and the smelting and refining
industry. Information on energy consumpticn in the U.S. steel
industry in 1968-69 indicates that about 3,8 :< 106 BTU/ton of
finished steel (4.4 x 106 kJ/Mg) is used ior low-grade heating,
which constitutes about 14.3% of the total energy input to this
industry, including electrical energy and coal for coking purposes
For convenience, this figure was rounded-off to 15%, and lacking
other information, it was assumed to apply to the entire industry
group in Canada.

On this basis, it is estimated that about 70 x 1012 kJ of
energy was used for low-grade heating in this industry group in
Canada in 1972.

This procedure ignores any electrical energy generated which is
used for process heating purposes.
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Petroleum and Coal Products

Since by far the greatest consumption of energy in this
ĉ .curs in oil refineries, consideration was limited to this

particular industry.

Gyftopoulos, et al., estimate that about 26% of the
energy used in U.S. refineries in 1967-68 was in the form of process
steam for low-grade heating and hydrogenation. A report of the US-
National Petroleum Council indicates 25% of the energy consumption
is for generating steam for heating '28], However, some fraction
of the energy required for direct firing in petroleum refineries

also is used for low-grade heating (e.g. "• ' ' *), so that the
total energy required for low-grade heating should be higher than
the figures given by Gyftopoulos, et al., and by the National

Petroleum Council. Miles quotes the results of an earlier study

^ which implies that about 2/5 of the energy consumed in petroleum
refineries is low-grade heat. Therefore, it was assumed that about
40% of the total energy consumption in this industry is for low-
grade heating. Assuming that this figure applies to the industry
group as a whole, the total energy consumption for low-grade heating
in this group is estimated to have been about 100 x 10 kJ in
1972.

Chemical and Chemical Products

Again, because of the great diversity of industries within
this group, it is very difficult to estimate the energy consumption
for low-grade heating. Processing temperatures may vary from about
-200 C (e.g., production of industrial gases U0]j to above 2000 C

(e.g. acetylene production1 J ) . Therefore, it is impossible to
define a typical plant in this category, much less a typical
industry. However, let us consider two examples, the Dow Chemical
of Canada Ltd. plant, and the Polysar Ltd. plant, both at Sarnia,
Ont. The Dow Canada plant is a diversified operation producing a
range of chemicals and plastics, including polystyrene, ethylene
and propylene glycols, chlorine and caustic soda, ammonia, ethylene,
styrene and other products. It is estimated that about 60% of the

plant energy consumption goes to low-grade heating . The Polysar
plant manufactures mainly synthetic rubbers and related products. ,.,.,
About 70% of Polysar's energy consumption is for low-grade heating1 '

Granville and McCay ' p< indicate that process steam generation
accounts for about 52% of the total energy consumption in the
chemical industry in the U.S. Since some of the direct heating in
this industry (24% of total) must also be for low-grade purposes,
the total low-grade heat consumption in the U.S. chemical industry
must be greater than 52%.

To establish an accurate value for the total quantity of
low-grade heat used in this energy group would require a careful
industry-by-industry and plant-by-plant study. This procedure is
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obviously impossible. Therefore, based mainly on the f; :_re- cf
Granville and McCay,it was assumed that 60% of the energy ecr.surL,•.-.-:.
in this industry goes to low-grade heating, which results ir. ur.
estimated total low-grade heat consumptio; of about 95 •< '0;i' /. ~
1972.

Non-metallic Mineral Products

As mentioned earlier, the major energy-consuming industries
in this group are cement manufacturers and glass and glass-product
manufacturers. The processes in these industries are essentiallv

high-temperature ones ̂  ' . There are some limited recu: remer.ts
for low-grade heat, including space-heating requirements.

It is assumed that about 15% of the total energy consumption
in this group is for low-grade heating, which gives a total low-
grade energy consumption of about 19 x 10 1 2 kj for 1972.

Food and Beverage

Almost all of the fossil fuel consumption in this group is

for low-grade heating , so that the total low-grade energy
consumption was about 82.4 x 1012 kilojoules in 1972.

These estimates of low-grade heat consumption are s'immarized
in Table 6. A comparison of Table 6 with Table 5 indicates that
low-grade heat requirements constitute about 46% of the total energy
requirements in the six industry groups concerned, which in turn
account for about 89% of the total estimated industrial energy
consumption. If we assume that the low-grade h'vat percentage
estimated here applies to all industry, the total industrial low-
grade heat consumption in Canada in 1972 is estimated to have been
about 803 x 10ll kilojoules. Again, of course, the actual consumption
is undoubtedly higher than this value.

This result can be used with data from reference 1 and
estimates made earlier in this report to ca3culate an energy flow
diagram for industry in Canada in 1972, as shown in Figure 1.

Since the energy input shown in Figure 1 is from reference 1,
which is considerably higher than the total shown in Table 3, as
mentioned before, to produce a consistent flow diagram, it was
assumed that the low-grade heat percentage would remain constant at
46%.

The result of the foregoing analysis indicates the importance
of low-grade heat consumption in industry in Canada. Irdustrial
low-grade heat consumption is also very important in the context
of overall Canadian energy consumption, accounting for about 17.5%
of this total.

The split between low-grade and high-grade heating in
industry, from Figure 1, is about 64% low-grade, 36% high-grade.
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TABLE 6

ESTIMATED CONSUMPTION OF LOW-GRADE HEAT IN SIX
MAJOR ENERGY-CONSUMING INDUSTRY GROUPS IN CANADA

Industry
Group

Paper and Allied
Industries

Primary Metals

Petroleum and
Coal Products

Chemical and
Chemical Products

Non-metallic
Mineral Products

Food and Beveraqe

1S72

10 12 kilojoules

Low-Grade
Heat

Consumption

348

70

100

95

•1-9

82

% of Total
for

Industry Group

73

15

40

60

15

88

% of Estimated
Total for All
Industry Groups

43.4

8.7

12.4

11.8

2.4

10.2

Total 714 46 88.9

Estimated Total for
All Industry Groups 803 100
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The low-grade fraction is less than the figure cited by Pobertsor: ''"fj •
of 76%. Considering the many assumptions required, it is not
surprising that the two estimates do not agree. Also, Robertson's
estimate used 260 C as the upper limit of low-grade heating rather
than 300 C used in the present study, although the results should
not be too sensitive to a difference of this magnitude in the chosen
limit.

A comparison of the estimated splits between high-grade and
low-grade industrial heating for Canada, the USA and the UK is giver.
in Table 7.

The present study indicates that there is relatively less
consumption of low-grade heat in Canadian industry than in U.S.
industry, which is somewhat surprising, considering the make-up of
the two industrial sectors'. However, the many assumptions and,
estimates made in both the present study and that of Reistad l •"
probably result in the above differences net really being significant.
The reasons for the relatively low consumption of low-grade heat
in the UK compared to North America are not known.

3.2 Estimated Temperature Distribution of Low-Grade Heat in
Canadian Industry

As we have seen, many assumptions were necessary to provide
an estimate of the quantities of low-grade heat used in Canadian
industry. Therefore, we should not expect to have any reliable
general information on the temperature distributions of this low-
grade heat. However, some information is available on the pressure
distribution of steam heating in four important industry groups in

[39]the U.S. , as shown in Table 8. Since steam for process heating
is generally used under saturated conditions, the corresponding
temperature distributions can be determined, and are also shown in
Table 8. From Table 6, we see that the four industry groups listed
in Table 8 are equivalent to the four Canadian industry groups which
are most intensive in their use of low-grade heat. The author is
not aware of any information on these industry groups in Canada
which is significantly inconsistent with the temperature distributions
of Table 8. Therefore, the information in Table 8 was used as a
basis for estimating the temperature distribution of low-grade heat
in Canadian industry. First, it was assumed that provision of low-
grade heat by direct heating in these industries followed the same
temperature distributions as the steam heating did. Then, for
each industry group, using the total low-grade heat from Table 6,
a plot was made of the quantity of heating provided within each

The six most energy intensive industry groups in the U.S., in order,
are Primary Metals (24.9% of total industrial consumption), Chemical
and Chemical Products (17.5%), Petroleum and Coal Products (15.3%),
Paper and Allied Industries (7.9%), Non-metallic Mineral Products

r10l
(7.3%), Food and Beverage (6.5%). L J
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TABLE 7

ESTIMATED SPLITS BETWEEN HIGH-GRADE AND LOW-GRADE HEATING
IN INDUSTRY IN CANADA. THE USA AND THE UK

Country

Source

High-grade
heating, %

Low-grade
heating, %

Ca
Present
Study

36

64

nada
Reference

36

24

76

USA
Reference

37

25

75

Reference
10*

21

79

UK
Reference

38

54

46

* Using same proportions for low-grade direct and electrical
heating as employed by Reistadf37].
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TABLE 8

PRESSURE AND TEMPERATURE DISTRIBUTIONS FOR
STEAM HEATING IN SELECTED U.S. INDUSTRY GROUPS

Steam Generation

Steam Conditions and Distribution

Industry

Chemicals and Allied
Products

Petroleum Refining
and Related
Industries

Paper and Allied
Products

Food and Kindred
Products

Pressure Range,
Megapascals

(psig)

3.1-6.9(450-1000)
1.36-3.1(200-450)
0.69-1.36(100-200)

<0.69 (<100)

1.05-4.15(150-600)
<1.05 (<150)

0.69-1.36(100-200)
<0.69 (<100)

0.35-0.69(50-100)
<0.35 (<50>

Temperature
Range,

240-290
195-240
170-195
<170

185-250
<185

170-195
<170

145-170
<145

Distribution,

%

3
15
53
29

20
80

71
29

10
90

Source: Reference ?9.
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temperature range shown in Table 8. A combined curve was built
up from the curves for the four individual industry groups. As
we can see from Table 6r these four industry groups account for
about 78% of the industrial low-grade heat. Therefore, it was
assumed that the relatively stuall remainder of low-grade heat
simply increased the total quantities of heat demand in the various
temperature ranges, without changing the combined distribution.

Two related problems arise in plotting these data, a low-
temperature cut-off point for the plot and the quantity of space-
heating. Becausa of the manner in which the data are presented
in Table 8, with the lowest temperature range being shown in each
case with no lower temperature limit, some lower-temperature cut-
off must be established to avoid a misleading high requirement for
energy at very low temperatures. The lowest temperature
application which will be encountered in general in industry is
space-heating. Following our convention that the temperature of
the medium being heated is the quantity of concern, this
application suggests a lower cut-off point of about 25 C. However,
a plot based on this cut-off temperature, using the data in Table 8
would still be misleading since it would imply a very high demand
for energy at "space-heating" temperature levels. Therefore, it
was assumed that all heat requirements at temperatures below 50 C
are for space-heating, which was assumed to require 15% of the
total low-grade heat, or about 120 x 1012 kJ. This requirement
then constitutes about 5.4% of the estimated total 1972 industrial
requirement of about 2218 x 1012 kJ (Table 1). This figure is
about 20% relatively higher than an estimate of the U.S. industrial
requirement for space-heating, calculated from estimates made by

Re is tad *• . It would be expected that the relative requirements
for space-heating in industry in Canada would indeed be greater
than in the U.S., because of our more severe climate.10 In plotting
the data* the estimated quantity for space-heating was used for the
range 25 C to 50 C and an equivalent amount was subtracted from the
total quantity in the lowest temperature ranges in each of the
industries studied.

The demand for energy in the residential and commercial sector
in Canada was about 35.7% in 1972 (Table 1), compared to about
26.5% for the U.S., evaluated on the same basis 128]. Assuming that
the bulk of this energy is for space-heating, the relative Canadian
consumption is about 35% more. Considering that the relative U.S.
consumption for air-conditioning in this sector is certainly greater
than that for Canada, the relative Canadian space-heating consumption
would be greater than 35% more under the assumption used here.
This suggests that the relative consumption for space-heating in
Canadian industry should be even more than the 20% greater estimated
above. However, the estimates used by Reistad for industrial space-
heating in the U.S. seem rather arbitrary and large, so no further
adjustment was made to the above estimate.
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The results of these estimates are shown in Figure 2, where
the estimated combined total energy consumption for a given
temperature range is plotted against temperature. Figure 2 shows
that, even with the above adjustment for space-heating, the bulk
of the low-grade heat requirements are at relatively low temp°raiurt(
below about 180 C. This result is also shown clearly in Figure 3,
where the cumulative low-grade energy consumption up to any
temperature level is plotted against temperature level.

Obviously/ because of the many assumptions made, the results
shown in Figures 2 and 3 can be considered only rough guides to
the actual temperature distribution of low-grade heat requirements
in Canadian industry. However, this information will serve as a
first estimate of this quantity and its distribution, and will
perhaps act as a basis for better estimations in the future.
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4.0 A MEANINGFUL CRITERION FOR EVALUATION OF ENERGY UTILIZATION

4.1 Need for a Criterion

As mentioned earlier, it is anticipated that industrial
energy consumption will grow in pace with overall energy
consumption in Canada for the rest of the century. We may expect
the demands for low-grade heat to increase in proportion^.
Because of the significant fraction of total energy demand
attributable to low-grade heat in industry, it is imperative
that efforts be devoted to reducing this demand to help avoid
the consequences of continuing profligacy in energy consumption.

Numerous recent studies and papers have shown that there
is considerable potential for reducing energy consumption in general
in North American industry. Many of the references previously
cited give specific examples of design, operation and maintenance
techniques that will result in energy savings in industry, and
there are many other recent publications on the same topic. A
random classification of some recent articles on better utilization
of energy in industry is given in Table 9. Most of these articles
deal in total or in part with low-grade energy consumption.

Rather than attempting to classify and assess all of these
and other possible methods of fuel saving, we will now concentrate
on the discussion of a meaningful criterion for evaluating
effective energy utilization, i.e., a tool by which any proposal
can be measured accurately.

One of the major difficulcies in quantitative assessment
of effective utilization of energy is that energy, of course, is
conserved. In reality, it is never destroyed. However, as we
all know from the Second Law of Thermodynamics, energy, although
not destroyed, can be degraded to a state in which it is no longer
of any use for performing tasks. We may criticize the layman
(and even the scientist or engineer) who talks of the need of
"conserving energy", when we know that energy is always conserved,
but the person using this phrase is really recognizing, intuitively
at least, that what we must conserve is this ability to perform
useful tasks.

Since it is this ability that gives energy its importance
to us, we require a criterion to assess this characteristic of
energy.

4.2 Availability and Effectiveness

Basically, such a criterion has existed for a long time.
Over one hundred years ago, the concept was inherent in the "free
energy" and "available energy" functions of Helmholtz and Gibbsl61!.

The concept was used by Darrieus*62^, Keenan*63* and Bosnjakovic'64^

The proportion of low-grade heating requirements in industry may
vary in the future from that estimated here, but no study of this
question has been undertaken.
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TABLE 9

CLASSIFICATION OF SOME RECENT PUBLICATIONS ON UTILIZATION
OF ENERGY IN INDUSTRY

Classification Reference- Iiur.bers

General, with sections on industry 28, 40

Industry in general 10, 11, 18, 41, 42

Specific industries 14, 20, 23, 43, 44,
45, 46, 47

Specific plants 26, 29, 48, 45,
50, 51, 52, 53

Specific components, processes, etc. 30, 54, 55, 56, 57,
58, 59, 60
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in the 1930*s and was expressed by Keenan in 1941 as
"availability", a function which has appeared in most thermodynamics
texts since then. The availability of a closed system is defined by

A = E • pQV - TQS - (EQ • P Q V O - TQSo) (1)

where the subscript o refers to the particular property
when the system is in equilibrium with the surroundings.
Availability represents the maximum amount of work which can be
produced by a closed system which undergoes a process which brings
it into stable thermodynamic equilibrium with its surroundings^,

In the absence of significant potential and kinetic energy
changes, and ignoring other forms of energy such as electrical,
magnetic, surface, and chemical, the above equation becomes:

A = U • P Q V - TQS - (UQ • pQVo - ToSQ) (2)

For open systems undergoing steady flow processes, the
availability is given by 162,63] .

A' = H - TQS - <Ho - ToSQ) (3)

where, for convenience, changes in potential, kinetic,
electrical, magnetic, surface and chemical energy have been

ignored. Rant , utilized the function

i|> = H - TQS (4)

for steady-flow processes and gave it the name "exprcry" which
has since been used considerably in Europe in virtually the same
sense as steady-flow availability. Of course, these quantities
are both measures of the maximum amount of work which can be done
by a system in steady flow when it is brought into stable thermo-
dynamic equilibrium with the atmosphere. (Ignoring chemical and
other energies as mentioned above.) Recently, a more general
function for open systems has been defined, called essergy (from
essence of energy) , which is given byl"J:

It is interesting to note that the classical definition of energy
as the ability to do work, is, strictly speaking, a better definition
of availability than of energy itself.
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E • p QV- TOS -

where the last term represents the summation of the
diffusional work produced by each of the various chencal species
of the system coming to equilibrium at its own partial pressure
in the atmosphere. Evans, in reference 67, demonstrates that
essergy is the most general form of the many measures of potential
work of a system and includes the others, such as availability
and exergy, as special cases.

In the remainder of this paper, we will use the terms essergy
and exergy, as appropriate, Gyftopoulos, et al. m j , use a general
term "available useful work" for either essergy or exergy, and
this term will also be used interchangeably with essergy ar.d
exergyl-*. Because of its familiarity to engineers, we will alsc
use the term "availability" in a general sense, as appropriate.

To evaluate the availability of a heat interaction (heat
transfer to or from a system) during a process, the fcllowir.^
equation is used:

AQ - (1 - ̂ ) Q (6,

where the quantity in brackets is seen to be the familiar
Carnot cycle efficiency.

The availability of a work interaction of a closed system
i s given by:

^ = W - po(vo - V) (7)

where the last term represents the work done aaainst the
surroundings which is not available for useful purposes. In most
practical cases, this term is quite small and may be neglected,
so that the availability of a work interaction may generally be
assumed equal to the work itself.

The usual thermodynamic conventions for the signs for
heat and work are followed for availability of heat and of work.

1 3 Recently Gaggioli, et al.*68*, have used the term "potential
energy" for available useful work, which is an unfortunate choice
because of possible confusion with the generally accepted term
for gravitational potential energy.
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Unlike energy, essergy or exergy are not conserved during
a process and since they are measures of the maximum work that can be
done by a system in a given environment, the dissipation of either
is a useful criterion for evaluating any process utilizing energy.
For a steady-flow system we may write:

AQ + + E
i

mia'i I
e

m_a + I (8)

where the first term on the left-hand side represents the
availability of heat transferred, the second the availability of
shaft work, the third, the summation of the steady-flow
availabilities carried into the control volume by streams "i",
the first term on the right-hand side the summation of the steady-
flow availability carried out of the control volume by streams
"e", and the last term the dissipation of availability. Of course,
from equation 3:

h - TQs - ( h o - ToSo> (9)

The dissipation of availability is proportional to the
entropy "creation" of a system during any process, the entropy
creation being the increase in entropy resulting from the
irreversibilities of the process. L67#69]

In differential form, the entropy creation is given by:

dSC = dS - (10)

For the equivalent reversible process (dSc = 0):

(11)

From the Second Law of Thermodynamics:

dSc $. 0 (12)

The proportionality constant relating the availability
dissipation to the entropy creation is simply the absolute
temperature of the surroundings.

dl T o d S (13)
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'Jse of the essergy concept requires the development of a
new criterion for efficiency, since we are now concerned with how
well availability is conserved. Keenan i63l in 1932 defined a
criterion which he called "effectiveness" as the ratio of thi-
actual work of a process to the availabilit-, that is, the ratio
of the actual work to the maximum possible. However, a more-
general criterion used by several workers'-11 > -*7 / 68 , 70 ] w i n j-,e
used here. This criterion, also called "effectiveness" is defir.c-d
as:

I A A

finr

that is, the effectiveness is the ratio of the increase
of availability of the desired output over the decrease ir.
availability of the required input, e.g., the fuel.

From this definition, it is obvious that the dissipation
of availability is related to the effectiveness by:

- 1 - e (15)
I A

For more information on this topic see almost any textbook
on thermodynamics (e.g., 1^5»71J)f o r references previously cited,
especially 11. 37, 64, 65, 67, 68 and 69. For a rigorous approach

to the subject, the treatments of Evans^ ^and Evans, et al. , '
are particularly useful. For simpler approaches that are
particularly pertinent to the present topic, the papers of

Gyftopoulos, et al.,^11^, Reistad^37^, Gaggioli14, et a l ^

Berg and Keenan, et al. are recommended.

Although the concept of availability has been known for
some time, until recently it has seldom been applied to the
solution of engineering problems. Now, however, the advantages
of this concept, and related onesf have received greater recognition
and the concept has had more widespread acceptance. This growing
acceptance is of considerable significance because of the utility
of the method in evaluating methods and systems that affect energy
consumption. In fact, the present "energy crisis" might better be
termed the "entropy crisis", as the title of reference 75 suggests,

1 4 The paper of Gaggioli, et al., is of particular interest because
of a novel approach to the Second Law of Thermodynamics and to

entropy, based on the work of Obert '
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or the "availability crisis", since the problem is one of
conserving availability, and minimizing entropy creation. Some
recent applications of the availability concept to problems
related to the energy crisis are described in references 11, 37,
68, 69, 70, 74, 75, 76 and 77.

The major advantage of the availability approach to
thermodynamic analysis of systems is that it accurately pinpoints
the causes of inefficiencies in processes and therefore permits
economic optimization of processes in a more meaningful manner.
This feature is of particular importance within the context of
the present energy crisis.

As an example of the ability of the availability approach
to establish the true sources of losses in a system undergoing a
process or cycle, let us consider its application to a typical

steam-power plant, as described by Gaggioli, et al. and by

Reistad* . The results are summarized in Table 10, which is
taken from Table 3 of reference 37.

Table 10 shows that the overall effectiveness of the cycle,
39%, is not very different from the conventional thermal efficiency,
41%. However, the distribution of availability losses is quite
different from that of energy losses. In particular, the major
energy loss appears in the condenser while the major availability
dissipation is in the steam generator, primarily because of
combustion and heat exchange losses. Therefore, the major causes
of the limited efficiency of steam power plants are tha
irreversibilities in the steam generator, mainly those of
combustion and heat exchange. Note that the availability losses
in the condenser are actually very small. Therefore efforts to
improve the effectiveness of steam power plants should be
concentrated on the steam generator_combustion and heat exchange
processes and not on the condenser .

Although the conventional thermodynamic efficiency and the
effectiveness are almost the same for steam power plants, as we
have seen, and for some other devices, this is not so for many
other systems. Reistad[37] gives a comparison of these quantities
for a number of systems. In particular, he shows that industrial
heating boilers, domestic oil and gas furnaces, electric resistance
heaters, electric and gas water heaters and other devices have
much lower effectiveness values than efficiency values.

Another advantage of the availability approach over the
conventional approach is that conventional thermodynamic efficiency
has no meaning when applied to refrigeration devices and heat pumps,
while the effectiveness of such devices can be readily evaluated.

For a detailed description of the availability analysis of a
steam power plant, see reference 68.
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TABLE 10

ENERGY AND AVAILABILITY LOSSES IN A COAL-FIRED
STEAM-ELECTRIC GENERATING PLANT

[37]
Source - Reistad

Energy Losses Availability Losses
Component (% of Plant Input) (% of Plant input)

Steam Generator 9

Combustion

Heat Exchange

Thermal Stack Loss

Diffusional Stack Loss*

Turbines ~ 0

Condenser 4 7

Feed-water Heaters ~ 0

Miscellaneous 3

Total (Overall Plant) 59 61

n = 100 - 59 e = 100 - 61

41 = 39

* Losses resulting from stack gases having different composition
than environment and therefore not being in equilibrium with i t .

49

(29

(14
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( 3 .

4

1
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To apply availability analysis, data on the availability
r 371

of combustion of fuels must be known. Reistad ' compares fuel
availabilities to higher heating values for coal, gasoline, fuel
oil and natural gas and shows that the differences between
availabilities and HHV's are not very large, being about 1% or
less for qasoline and fuel oil, 4% for coal and 7% for natural
gas. In otJer to obtain the full availability of combustion of
a fuel the combustion process would have to occur reversibly.

Gyftopoulos, et al., and Keenan, et al., describe such a
reversible combustion process, for a simple fuel using fuel
cells, Carnot engines, and semi-permeable membranes and analyze
the available useful work obtainable from it. They also show
that the availability is not greatly different from the higher
heating value for this fuel.
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5.0 APPLICATION OF AVAILABILITY ANALYSIS TO TYPICAL INDUSTRIAL
LOW-GRADE HEATING PROCESSES

In this section, we will consider the application of
availability analysis to a few processes associated with low-
grade industrial heating, so as to demonstrate the utility of
the method to this problem. The examples considered are

a) Process steam generation in an industrial boiler.

b) Process steam production from a back-pressure turbine.

c) Optimization of heat exchanger design.

d) Effect of fouling on heat exchanger performance.

5.1 Process Steam Generation in an Industrial Boiler

Ignoring heat losses from the system, and the work of blowers
and pumps, equation 8 for this case becomes:

m a + m^a, + m,A-, + m a^ = (m + mf)a + m a + I (16)
a a t t i t t s s i a r g b s 2

In equation 16, on the left-hand side, the first tern
represents the inlet exergy flow rate of the air, the second the
inlet exergy flow rate of the fuel, the third the flow rate of
availability of combustion of the fuel and th^ fourth the exergy
f.1ow rate of the feed water at the boiler inlet. On the rignt-
hand side, the first term represents the exergy flow rate of the
flue gases, the second the exergy flow rate of the steam generated,
and the third the rate of dissipation of availability.

To perform the analysis, the following assumptions were made:

a) Fuel - fuel oil, assumed chemical formula C12H26
HHV - 47,400 kJ/kg (20,400 BTU/lbM)

A F = 47,100 k J A g (20,270 BTU/lbM)
 [37]

b) Excess air - 20%.

c) m- << in and therefore m f can be ignored in the first

term on the RHS.

d) Exergy flow rate of the fuel, m f a f j is negligible.

e) Discharge temfierature of combustion product gases
= 65Q°C (1200 F) (No attempt made to recover "waste heat).

f) The chemical potential of the combustion products with
respect to the environment is ignored.
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g) Temperature of inlet feed water - 21°C (70°F).

h) Temperature of environment = 21°C, pressure of
environment = 1 atm.

For this case, the effectiveness is given by:

mfAp

Using these assumptions, a combustion analysis was done
to determine the air-fuel ratio, which was found to be 18. This
result justifies assumption c). A conventional heat balance was
performed for a range of steam pressures and temperatures (assuming
saturated steam is produced). This yielded a ratio of steam flow
rate to air flow rate that varied only slightly over a steam
temperature range from 120 C to 260 C. Therefore, an average
constant value, 0.74, of this ratio was used.

The results of the analysis are shown in Figure 4. Figure 4
shows that the effectiveness for this system is very low, ranging
from about 0.13 for steam at 120°C to about 0.28 for steam at 260 C.
Such low effectiveness will always result from devices of this type,
i.e., where a low-grade fluid is heated by direct combustion, because
of the large irreversibilities in the combustion and heat exchange
process. Reistad gives effectiveness values for such devices
ranging from 0.49 for a large power-plant steam boiler with various
heat-recovery devices down to 0.13 and 0.11 for low-temperature home
gas and oil furnaces respectively t-̂'J . The low effectiveness
values for the industrial heating boiler, which show that 70% to
8f% of the fuel combustion availability is dissipated, give an
entirely different picture of the process than is obtained by a
conventional thermodynamic analysis, which gives a thermodynamic
efficiency for the given conditions which varies only slightly over
the temperature range, and has an average value of about 75%.

While there are methods for low-grade heating that can have
considerably greater effectiveness than the simple direct-fired
heater that we have considered here, as we will see, there are, and
will continue to be, an enormous number of applications where, for
economic or other reasons, simple direct-fired boilers or water
heaters will be used in industry. Gr&nville and McCayl28] estimate
that there are some 50,000 steam and hot-water generators in the
U.S. industrial sector and that these require fuel inputs equivalent
to as much as 450,000 bbls. of oil per hour, considerably more
than the total Canadian petroleum production rate. They list some
of the means by which boiler efficiency can be improved:
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a) Proper matching of boiler operation with stear> den.ands

to ensure optimum boiler operation

b) Combustion rate control

c) Fuel-air ratio control

d) Proper water treatment

e) Addition of heat-saving devices when justified, such as
air pre-heaters, economizers, etc.

f) Continuous operator training in the practice of eneryy
conservation.

Analysis of boiler performance on an availability basis
can be used to evaluate improvements in these areas. Indeed,
such analyses will indicate the urgency of such improvements fay
emphasizing how low the effectiveness of simple direct-fired low-
grade heating boilers really is.

Of these means, item e) is of particular importance in
improving effectiveness. A number of recent technical articles
deal with this question, e.g., references 50, 53, 54 and 55.

5.2 Process Steam Production Using a Back-pressure Turbine

A much more effective way to produce steam for low-grade
heating is to employ the exhaust of a back-pressure turbine (or
steam bled from an extraction turbine). Figure 5 shows a
simplified diagram of a back-pressure turbine, as well as the
cycle on a temperature-entropy diagram.

This technique is, of course, fairly common in certain
industries, particularly the pulp and paper and chemical industries,
but its application could, and should, become more widespread as
the supply of fossil fuel becomes more restricted and as energy
costs grow.

To evaluate the effectiveness of the heating itself in this
case is somewhat difficult, since the availability of combustion
of the fuel goes to produce both work in the turbine as well as
the heating provided by the exhaust steam. To recognize this, the
effectiveness equation becomes:

(18,
m f A p

16 Subscript numbers refer to points shown in Figure 5.
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vhere fj-i represents the fraction of fuel availability of
combustion that contributes to the production of steam.

Of course, the availability balance equation, equation 16,
must be modified by the addition of a te,rm representing the rate
of net work production in the turbine, W, on the right-hand side
of the equation.

The fraction fu was evaluated in the following way.n
Obviously,

fH • fw - 1 (19)

Now, the fraction of fuel availability which goes to
producing work, fw, can be considered to be made up of the fraction

to actual work plus internal dissipation (entropy creation) in the
turbine plus a fraction of exergy increase of the flue gases which
can be attributed to producing work. That is:

fH " 1 " fW

(2Q)

It was assumed that f™* the fraction of the exergy increase

of the flue gases which can be attributed to producing work, is
given by:

f = a.3 ~ a>> [21

GW ( a - a ) + ( a a ) v

In the analysis, the same assumptions and conditions used
in Section 5.1 were used again. In addition, the following
additional assumptions were made:

Turbine inlet conditions, p3 = 8.6 MPa (1250 psi )

T3 = 482°C (900°F)

Turbine isentropic efficiency, n_ = 0.80

Again, a conventional heat balance was used to determine
the ratio of steam mass flow rate to air mass flow rate, which in
this case becomes a constant equal to 0.61. For the same range of
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heating steam temperatures (TO as use i before, fH and f werf.

calculated from equations 20 and 21 and the effectiveness w^s
calculated from equation 18.

These results also are shown in Figure 4, where the
effectiveness is seen to be higher than that for direct-fired
heating by amounts ranging from about 10% to about 30%. This
result demonstrates the better utilization of availability for
heating purposes possible with a back-pressure turbine than with
direct-fired heating. Of course, the overall effectiveness of the
back-pressure system would be greater because the useful availability
output also includes the work of the turbine. If this is allowed
for, the effectiveness equation would become:

Ec = ! J L I ^ _ I _ W _ L ^ ,22
mf ^P

The combined effectiveness calculated from equation 22
is also shown in Figure 4. The significant advantage of a back-
pressure turbine in conserving availability is evident from Figure 4.

It might appear at first glance that separate plants or
units to provide heat and work would require the same total energy
input as would a combined plant or unit to provide the same
quantities of heat and work, other things being equal. However,
this is not so because the combined plant conserves availability
more effectively than do separate plants, as we have seen for the
heating process. Rogers and Swinton"^] have shown that a large
combined plant using a CANDU reactor of the Pickering type can,
under realistic conditions reduce the required energy input by
20 to 25%, for given output work and heat requirements, below
that which would be required for separate electricity generation
and heating load provision.

There are a number of excellent examples of the use of back-
pressure and extraction turbines in Canadian industry. Of particular
interest is the installation at Dow Chemical of Canada, Ltd.,
Sarnia, Ontario which uses a combination of gas-turbines with
waste-heat boilers, direct-fired boilers and back-pressure,
automatic-extraction steam turbines to provide the energy needs

of the plant t 2 6' 3 4' 7 9}. ^ overall plant heat rate of less than
4000 kj/kwh, equivalent to an overall efficiency of 86%, has been
achieved with this system.

A more conventional "total energy" installation is that at
Polysar Ltd., Sarnia, which consists of six boilers generating
steam at 2.88 MPa, some of which is used directly and some
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provided to back-pressure turbines. The back-pressure turbines
exhaust at 1.12 MPa; some of this steam goes to process heating
and some to low-pressure double-extraction turbines which provide
steam at 0.27 and 0.10 MPa, some of which is used for space

heating

As mentioned earlier, there are many applications of such
total energy systems in the Canadian pulp and paper industiy.
Reference 16 lists 22 pulp and paper mills in Canada with back-
pressure turbines and 16 with extraction turbines, with a total
installed capacity of about 584 MW. A typical example is the pulp
mill at Thurso, Quebec (Thurso Pulp and Paper) which burns oil,
spent liquor and bark to generate steam for a double-extraction

turbine. The Klimoff report emphasizes that no industry
in Canada is better suited for total energy systems in its plants
than the pulp and paper industry.

There is also some scope for the recovery of waste heat
and the internal generation of electric power, combined with plant

fl8lheating and cooling, in the glass industry . This practice is
apparently quite common in Europe, where some glass plants even
contribute to municipal district heating.

When old, low-pressure plants, whether with or without
electrical generation, require more steam capacity, they can often
be "topped" with high pressure boilers providing steam to back-
pressure turbines with exhaust at the old operating pressure,
to provide the increased steam flow to the process as well as

[56]electric power

The opportunity exists for significant fuel savings in
Canada if back-pressure and extraction turbines are utilized to
a wider extent than at present in industry. The greatest savings
to the nation as a whole would result if the electricity were
considered strictly as a by-product, which could be used to the
fullest extent possible to meet plant needs, with the excess being

sold to utilities . This approach obviously requires general
acceptance by Canadian utilities as well as industries.

5.3 Optimization of Heat Exchanger Design

As stated earlier, the concept of availability and its
dissipation lends itself readily to economic optimization of a
cycle or a process. In effect, the cost of purchasing energy can
be considered as really the cost of purchasing availability.
Dissipation of availability at any point of a cycle then can be
assigned a cost proportional to the ratio of the availability
dissipated to the availability of the purchased energy. This
optimization process will be illustrated by an example of considerable
importance in low-grade industrial heating, the design of heat
exchangers. A diagrammatic sketch of a heat exchanger and the
temperature variations across it are shown in Figure 6.
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In the analysis, i t i s assumed that the duty required
heat a fi'-.id stream flowing at a fixed rate, m , from a fixed
temperature T, to a fixed temperature TM . Obviously, then f.i
heat transfer rate, Q, i s fixed. An exergy balance on the he
exchanger, assuming i t well-insulated, yields:

m a3 + m, ai = m ai,+ m, a 2
+ * (23;

c n c n

The effectiveness is given by:

mc(a^ - a 3)

An analysis was made for the heating of a water flow by a
hot oil stream, e.g., a heat exchanger in a petroleum refinery or
a chemical plant providing boiler feed-water heating by recovering
waste heat from a process stream. Using a conventional heat
balance to establish the water temperature rise, T2 - Tlr for the

given fixed conditions, the effect of the temperature approach,
Ti - Ti,, on the required surface area and on the effectiveness was

determined for an assumed fixed overall heat transfer coefficient.
The results are shown in Figure 7 for the assumed conditions
specified on the Figure.

Figure 7 shows that as the temperature approach decreases,
the effectiveness increases. This reflects the fact that as heat
is transferred over smaller-and-smaller temperature differences,
irreversibility decreases, as we know from the Second Law of
Thermodynamics. Of course, this increase in effectiveness is achieved
at the cost of rapidly increasing surface area. In other words we
are reducing operating costs (by increasing effectiveness) by
increasing capital costs.

To demonstrate economic optimization by availability
analysis, we will now optimize this exchanger under the following
assumptions:

This term should not be confused here with the conventional
use of the term effectiveness applied to heat exchangers which
gives the ratio of the actual heat transfer duty to the maximum
possible heat transfer rate.
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Heat exchanger capital costs - $108/m2 ($10/ft2)

Fixed charge rate on capital - 10% per year

Operating time - 7000 hours/year

Fuel - oil, Ap - 47,100 kJ/kg.

The analysis was done for two fuel costs, $3/bbl(barrel)
representing pre-197 3 prices, and $12/bbl, representing present
day prices. Pumping costs were ignored for this example. With
a cost of $3/bbl, the cost of fuel availability, at 47,100 kJ/kg,
is $0.34 per million kilojoules, and at $12/bbl, the cost of
availability is $1.36/106kj. Knowing the quantity of availability
dissipated for any temperature approach, the operating cost of the
heat exchanger can be calculated readily.

The results are shown in Figure 8, where the total yearly
costs, capital and operating, are plotted against the surface area.
At the pre-1973 cost of oil, the optimum heat exchanger area was
about 90 m2, with an approach temperature of about 45 C,
while at $12/bbl., the optimum design area would be about 230 mz

with an approach temperature of about 20°C. This result
is typical in that it shows that with increasing fuel costs18

greater capital costs will be justified for optimum economics.
This trend is emphasized in many of the recent articles in the
technical literature on the industrial energy situation
, [20,41,43,53,55](e.g., ; .

Of course, this trend to larger surface areas and higher
capital costs so as to reduce operating costs is not to be confused
with the tendency to over-design heat exchangers to compensate for
uncertainties, unknowns and simplified design methods. Knelmannt40!
mentions his experience in this regard in industry in the U.K. and
estimates that the application of sound technology and design
could lead to general savings of up to 50%. The experience of the
author in the Canadian nuclear industry is quite similar. The
rising costs of energy and equipment make it more imperative than
ever that the best available information and techniques, including

[8l[8llprobabilistic design methods1 , be employed in heat exchanger
design.

The conclusion of this analysis is that, given the best
available design techniques, the rapidly rising costs of fuel
will force the designer to higher surface areas, i.e., higher
capital cost designs, to achieve optimum economy.

18
Of course, the continuing inflation of capital costs will tend

to counteract this trend to some extent at least.
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5.4 Effect of Fouling on Heat Exchanger Performance

The effect of fouling on the therrnodynamic effectiveness
of heat exchangers was investigated for the optimized e/:char.q<. ;
established in Section 5.3 under present fuel costs usinq the
availability approach. It was assumed that, as the exchanger
fouled, the temperature Ti was raised so as to provide the sane-
heat duty to the feedwater.

The results are shown in Figure 9, where the effectiveness
and operating cost (ignoring pumping costs) are plotted against
the overall fouling factor for $12/bbl. oil. The operating cost
was evaluated as before from the cost of fuel availafci]ity and
the dissipation of availability in the exchanger. The rapid
decrease of effectiveness and increase of cost as the fouling
factor increases is evident.1' As energy costs increase, plots
of this type can be used to specify shorter periods between hea*.
exchanger cleanings. More frequent cleaning of heat exchangers
or even treatment of streams with "anti-foulant" materials
128 4 8 831

are very effective means of conserving availability,
particularly since, unlike many other effecti/e means, they dc
not require capital investments. Granville and McCay[2°J, suggest
heat exchanger by-pass lines to facilitate on-stream cleaning in
refineries.

Of course, the prediction of heat exchanger fouling factors

is still very much of a black, art ; with growing concern about
conserving availability, there is considerably more incentive for
research in this field than has existed up to now.

1 9 Although the maximum fouling factor shown in Figure 9, 0.03 0,

is rather large , it is certainly not beyond the realm of
possibility. Note that the operating costs have approximately
doubled when the heat exchanger surface deteriorates from the clean
condition to the condition of worst fouling shown.
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6.0 SOME METHODS FOR REDUCING ENERGY REQUIREMENTS FOR LOW-GRADE
HEATING IN INDUSTRY

We have already alluded to many methods and practices which
will result in the reduction of energy requirements for low-grade
heating in industry. Practical considerations prevent a thorough
evaluation of each of these and of many other techniques which
are available. In any case, each of these availability-conserving
methods must be evaluated under conditions specific to a given
plant; blanket assessments are impossible to make in general.

Nevertheless, in this section we will list a few methods,
not previously discussed, relevant to industrial low-grade heating
which should prove useful in many cases for conserving availability,
Most of the methods listed are general in that they can be applied
to almost any industrial plant. However, a few are industry-
specific. There is no attempt to make the list exhaustive;
readers will undoubtedly think of other methods. These methods
will be listed in no particular order of priority.

a) Waste Heat Recovery - Recovery of hea+". from boiler flue gases,
gas turbine exhaust gases, process exhaust gases and process
discharge fluids by air pre-heaters, economizers and other

recuperative heat exchangers^ 1 8' 2 9' 4 6' 4 7' 5 4' 5 5^. As an example,
in coke ovens in North .America, the coke after production is
quenched and cooled by water, producing dust-laden air and
dirty water. In Europe, the coke is cooled by recycled inert

gas from which heat is then recovered .

b) Pre-heating of Process Streams - Pre-heating by using otherwise

wasted heat, or other means^ 2 9' 3 0' 5 3'.

c) Increased Boiler Feed-water Heating - The use of regenerative
feed-water heating in industrial power plants can be increased

significantly .

d) Power Recovery from Waste Gas Streams - The use of gas-turbines

can be considered ' ". In certain cases, power can even be
recovered from very low-temperature gas streams (~100 C) in

this way t 4 3 ].

e) Mechanical Power Recovery from Flow of High-pressure Liquids -
In the past, high-pressure process liquids have generally been
reduced in pressure for further use or processing by a
throttling valve. A hydraulic turbine can be used instead
[11,20,43,50,85]

f) Recovery of Air-compressor Inter-cooler and After-cooler Heat -
[42,60]
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g) Improvement of Insulation on Pipes and Ducts - With the
increasing costs of fuels, greater insulation thicknesses

can be economically justified^ 1 8' 2 0' 2 9' 4 4' 4 8' 5 0^.

h) Recovery of Heat from Building Ventilating Systems - This heat
is almost invariably discarded now in industrial plantsL!8,26]_

i) Use of "Bottoming" Rankine-cycle Power Turbines - With the
development of closed Rankine-cycle turbines using organic
fluids, the economic conversion of low-grade heat (150 C-300°C)

into work becomes feasible1 ' ' . This could be a very
effective way of recovering low-grade heat rejected from
processes, or in boiler or gas-turbine exhaust gases.

j) Use of Absorption Refrigeration Rather Than Mechanical
Refrigeration - With absorption refrigeration, low-pressure
steam, 69-83 kpascals (10-12 psig) which might otherwise be
difficult to recover, can be used, when the temperature rar.c-e
required is about 0 C to 20 C I45'46'49J.

k) Elimination of Steam Wastage - There are many obvious ways cf
accomplishing this, e.g., by ensuring proper selection and
operation of steam traps, by eliminating leaks, by replacing
jet nozzles more frequently, by proper attention to stear
tracing (or by eliminating it in favor of heated water-glycol

mixtures in a closed circuit) v~~ ' " *" •""-•"•'-" -"•« .

1) Use of Hot-Liquid Systems for Processing - Closed-circuit water
or other liquid heat transfer systems are generally more energy
economic than steam systems, since trap losses and boiler blow-
down losses are eliminated, heat losses from lines are generally
reduced because of smaller line sizes, and since the liquid
system can better handle peak loads because of its large

[59]
thermal capacity

m) Use of Solar Heating for Space or Low-Temperature Process Heating
Using flat-plate collectors, solar heating could be employeg
in many cases for space heating and for low-temperature (80 C -

125°C) process heating . In many process systems, inherent
thermal storage capacity exists, which would facilitate the
application of solar energy.

n) Reduction of Reflux Ratio and Increase in Number of Trays
in Distillation Columns - This is another example of increasing

. , . ,_ [20,28,43,44,45]
capital costs to reduce energy cost

o) Use of Vapor Recompression Distillation - Overhead vapors from
a distillation tower are compressed mechanically, thus raising
their temperature, and then condensed in the reboiler to provide
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the necessary temperature differential to operate the re-boiler.
This technique can reduce overall energy requirements by as

much as 25 to 75% I20'28'45J, A similar method is used in the

vapor-compression desalination plant' ' ' . Other energy-
saving modifications of the distillation process may be possible
such as side-stream draw-off and steam generation on the column

[281
condenser 4.

p) Use of Heat-cascading in Process and Power Plants - This
principle is widely used, e.g., in closed-type regenerative
feed-water heaters. It enables a given amount of heat to be
transferred at low average temperature differences, thus

reducing irreversibilities and conserving availability *• ' '

q) Use of Steam Stripping Rather than Reboiling - This method,
where practical, reduces energy demands, provided over-stripping
does not result from excess steam usage ' .

r) Use of Cryogenic Processing to Recover Light Components of
Natural or Refinery Gases - For many years, such components
have been flared, but they can be recovered by cryogenic

[43]processing

s) Burning of Off-gases and Heavy Fractions in Heaters -
[44,46,47,48]

[44]t) Reduction of Wash-water in Chemical Processes -

u) Improved Operation and Maintenance of Boilers -

v) Improved Combustion Control of Boilers and Heaters - Most
boilers and heaters operate with too much excess air, for

example [28'44'46'47].

w) Computerized Control of Processes and Systems - Energy savings
can result from improved process control l20f52].

x) Increase of Heat Exchanger Surface Area to Facilitate Use of
Low-pressure Steam - This is another example of increasing

[49]capital costs to reduce energy costs

y) Avoidance of Heat Rejection from Steam to Cooling Water or Air -
Wherever possible, rejection of steam latent heat to cooling
water or air should be avoided, since, of course, approximately
2300 kJ/kg of energy is discarded when this is done.

z) Recovery of Low-grade Heat from Grinding Operations in Paper
Mills - Considerable energy is dissipated in the grinding
operation, which ends up in the "white water". Effective savings
are possible by recovery of this low-grade heat 110,12]g
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Many of these methods require large capital expenditures
while others do not. Not all are pertinent to any one plant of
course, but an evaluation of those that are, using the availabilit
approach should yield considerable reductions in fuel demands ar/!
improvement in economy in a plant.

A number of the references listed in this section outline
systematic procedures for assessing and implementing energy-savi r/.
techniques in industrial plants. Two papers presented at the

r 8 71
recent American Power Conference, by Brown and Leimkuehler

r go 1
and by Stecl are also useful in this respect.
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7.0 NUCLEAR POWER FOR INDUSTRIAL LOW-GRADE HEATING PURPOSES

So far, we have not considered the use of nuclear power
for industrial purposes, except indirectly in the form of purchased
electricity from utilities. With the situation with respect to
the supply of fluid fossil fuels expected to continue to worsen,
and with methods of coal gasification and liquefaction not yet
commercially developed20, it is imperative that the question of
nuclear power for direct use in industry should be examined. Of
course, this is a very complex question, and many factors must be
considered before nuclear power could be adopted for direct use
in industry. In this section, we will simply consider briefly
how a CANDU reactor might be employed in Canadian industry.

First of all, we should recognize that CANDU reactors,
whether PHW or BLW types, in common with other water-cooled
reactors, have maximum coolant temperature limits which restrict
temperatures of process steam generated to a maximum of about
260 C, well within our low-grade heat definitional. Therefore,
the use of CANDU for industrial purposes is of particular interest
to the topic of this paper.

If we exclude those reactors, including at one time
Canada's NRU, which were used as plutonium producers for military
purposes, there have been only a few reactors used for purposes

22
other than electricity production . Included amongst these are
the original UK power reactor, Calder Hall, which also provides
process heat to the neighboring facilities, the Swedish reactor
Acjesta, now shut down, which combined electricity production with
district heating of a suburb of Stockholm, and the Douglas Point
CANDU reactor, now being used mainly to supply steam to the Bruce
Heavy Water Production Plant.

In addition, a reactor is under construction at Midland,
Michigan by the Consumers Power Co. to provide thermal energy and
electricity to the Dow Chemical Co., as well as electricity to

[51 891
the grid1 ' . Also, a dual-purpose reactor is being planned
by BASF in Ludwigshafen, Federal Republic of Germany, to provide

heat and power to a chemical plant ' . Reference 91 discusses
the general problems of nuclear plants for industrial purposes
in West Germany.

The application of the Douglas Point plant to supply steam
to the Bruce Heavy Water production plant has been very successful,
both technically and economically. Because of this success, other

Except for the obsolescent Lurgi process for gasifying coal *• •" .

21
The organic-cooled CANDU reactor, should i t be developed, could

produce process steam at temperatures of about 350 C or even greater.
22

Ignoring research and development reactors, of course.
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heavy water production plants in Canada, under construction and
planned, vfill be provided with steam generated in CANDU reactors'92-

Studies have been undertaken of the application of the CANDU
to other industries!93]. One of the difficulties here is that even
the largest single energy-intensive industrial plant needs an
installed reactor capacity of only a few hundred megawatts thermal,
plus electrical, which is well below the present economic size of
even single CANDU units (Pickering: 508 MW electrical, 1750 MW
thermal. Bruce: ~750 MW electrical, ~2600 MW thermal). One of
the few industrial applications in Canada where capacities of this
magnitude will be necessary is the Alberta Tar Sands, where large
amounts of thermal and electrical energy will be needed for mininq

[931and upgrading the bitumen . Studies indicate that the CANDU
should be'more economic for this purpose than oil-fired plants,
and would have the added advantage of increasing the output of the

23
tar sands by some 20 - 30%.

One possible solution to the size mis-match between reactors
and typical industrial plants is to organize an energy park, that
is, a grouping of energy-intensive industries which would provide
a suitable electrical and thermal load for one or more locally
situated power reactors. The concentration of chemical and
petroleum industries at Sarnia might provide the nucleus of an
energy park. A small version of an energy park exists at Port
Hawkesbury, Nova Scotia, where the Point Tupper plant of the Nova
Scotia Power Co. provides both electricity and steam from a back-
pressure turbine to a number of industries, including the Port
Hawkesbury Heavy Water production plant, as well as electricity

[951
to the local grid l* .

Several studies of large-scale energy parks have been
undertaken, of which that by Miller, et al., is notableL39J. A
more recent assessment is that of General Electric for the National
Science Foundation Advisory Committee on Energy Facilities Sitingt
In the study by Miller, the nuclear plant also provided district
heating, hot water and air conditioning for a nearby city. Waste
heat was assumed to be used for agricultural purposes in green-
houses. The study showed the feasibility of this approach, which
has the additional benefit of reducing air and water pollution24.

It is interesting to note that the ultimate recovery of petroleum
from low-lying deposits in the tar sands requires heating at a
temperature beyond the capabilities of the PHW or BLW versions of
CANDU, but not beyond the capability of CANDU-OCRI94J.

A side benefit of the use of nuclear reactors in energy parks
would be that irradiation facilities could be made available which
could be used to advantage in the plastics industries 19'J and others.
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The power plant in the Miller study was a true dual-purpose
plant, using extraction and back-pressure steam at various pressures
from the turbines to meet the various demands. As with conventional
plants, availability can best be conserved in nuclear plants by this
approach. Studies by Margen have demonstrated the potential of

[981
nuclear combined-purpose plants for district heating

To illustrate the attractiveness of the dual-purpose nuclear
plant, the results of a preliminary study on a CANDU Pickering

[78]
type reactor using an extraction turbine are useful . Figure 10
shows the energy utilization factor plotted against the extraction
temperature, where the energy utilization factor is defined as

W + Q,.

Q.

r = H. (25)

a

That is, T is ratio of useful energy out to total
energy in. Figure 10 shows that values of T up to 0.6 and higher
should be feasible.

Figure 11 shows the results of a preliminary economic
analysis. Figure 11 shows that the unit thermal costs (UTC) of
steam from the combined-purpose reactor are considerably less than
those from a single-purpose heating reactor over the entire range

of heating capacity factors analyzed. The study also shows that
the dual-purpose CANDU is more economic than an oil-fired plant
down to heating capacity factors as low as 0.40. The analysis was
based on heating oil at $10/bbl., and is very conservative in that
it assumes that any heating capacity factor less than the capacity
factor for electricity, taken as 0.8, results in an amount of energy
equivalent to the difference between F-, and F_u being dumped.

We may conclude from these studies that the provision of
energy directly from reactors to industry in Canada for low-grade
heating as well as electric power will be feasible. This provision
will probably require the organization of energy parks in general,
except for special applications such as the tar sands.

The study assigns a value to electricity generated equal to that
for a single-purpose CANDU. The capital cost of the combined nuclear
plant is assumed to be 20% greater than that of a similar-size
conventional nuclear plant. The heat load of the 600 MW(th) separate
nuclear plant corresponds roughly to that of the combined plant with
an extraction ratio of 0.2, while the heat load of the 1500 MW(th)
separate nuclear plant is roughly equivalent to that of the combined
plant with m /a». of about 0.5. The capacity of the separate oil-
fired plant is assumed to correspond to that of the low end of the
range of the nuclear plants.
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FUTURE PROSPECTS FOR LOW-GRADE HEAT CONSUMPTION IN CANADIAN INDUSTPY

Time did not permit, nor does the available data justify, a
systematic analysis of the projected future needs for low-grade heat
in Canadian industry. Lacking such an assessment, we can only assure
for now that, as suggested earlier, the demand for low-grade heat
will increase proportionally to that for energy in general.

Are there real possibilities for improvement in energy
utilization in Canadian industry in the future? Some argue that
there is little room for improvement because economic incentives
and technical capabilities have ensured the optimum use of energy
in industry. However, as the foregoing discussions have showr:
(see especially references 10, 11, 18 and 28, as well as 74 and 99, ,
this is not so. For one thing, it ignores the effect that rapidly
changing fuel costs have had on the situation in the last few years.
As alluded to in earlier parts of this paper, and pointed out ir. a
number of the references cited (e.g., 10, 11, 41, 43),
practices in European and Japanese industries, where energy costs
have traditionally been significantly higher than in North America,
have generally been much more frugal in the use of energy than has
been the case in North America. Yet, even in Europe, experts recognize
that industrial energy consumption can be reduced. Recently, the
U.K. Department of Industry stated that the industrial sector was
the most promising in the U.K. economy for achieving savings in energy

utilization . A good example of what can be achieved in even
a supposedly mature industry is the development of a completely new

technology in the ammonia industry ' . Beginning in 1960, a
complete re-design of ammonia plants resulted in considerably
improved production with fuel and electrical energy costs reduced
to about one-half of what they were previously. Such an accomplish-
ment may be possible in other industries.

Let us now consider possible energy savings in the six major
energy-consuming industries in Canada. Estimates were made from

data in both Canadian and U.S. sources ' for the six
industry groups that we have been considering. Of course, many
assumptions were once again required in assessing the data, and the
bases for certain projections in the sources were not clear. Also,
the time span required for the improvement varied among the sources.

Fl81Fl81
The Klimoff study suggests a time span of 3 to 5 years with

proper incentives, the Conference Board projections are for 19 80

and Gyftopoulos, et al., expect the reductions they specify if
1973 technology were put into practice. As to reliability of data,
the Conference Board study is by far the most detailed and extensive,
while that of Gyftopoulos, et al., although limited, is quite
thorough. Finally, it is not known to what extent economic
considerations modified forecasts of possible improvements, although
they were explicitly ignored in the study by Gyftopoulos, et al. iJ-J-J.
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For U.S. data, allowances were made for the different
structure of Canadian industry. For example, U.S. data for different
industries within an industry group were weighted by Canadian
consumption figures to determine the Canadian industry group average.

Also data for the enriched uranium industry ' ' were omitted from
the inorganic chemicals industry.

Table 11, which shows the results, displays great
discrepancies among the various estimates. This is not surprising
considering the factors mentioned above. Although there would
thus seem to be little point in attempting to project possible
reductions in total energy consumptions in each group, it is r,, i
informative to do so using the estimates of Gyftopoulos, et al. ,
as modified for Canadian conditions in Table 11, because their
estimates are based on the improvements possible using the best
available current (1973) technology, irrespective of cost. They
therefore set a lower limit on possible energy consumptions for the
short term. Unfortunately, Gyftopoulos, et al., did not analyze the
Chemical and Chemical Products industry group nor the Food and
Beverage group. For these groups, the Conference Board estimates
were used. For "Others", the Klimoff estimate was used.

Based on these selected estimates. Table 11 also shows the
potential lower limits of energy consumption for these groups if the
best present technologies had been in use in 1972. It can be seen
that there would have been a reduction of about 532 x 10 1 2 kJ, or
30%. Consistent with our previous assumptions, the corresponding
lower limit reduction in demand for low-grade heat would have
been about 244 x 1Q12 kj. Obviously, the actual savings which might
be realized in practice would be less than this figure, but it does
demonstrate that the potential for savings in low-grade Heat
utilization in Canadian industry is truly immense.

In addition to the industry group lower-limit estimates,
forecasts for overall improvements in energy utilization in Canadian

industry were taken from two sources ' , and applied to the

"standard forecast" projections of EMR for 1980. The results
are in Table 12, which shows that forecasts of potential short-
term reductions of energy demand in Canadian industry range from
3.4% to 6% of the total energy consumption in 1980, according to
the EMR standard forecast. The potential lower limit using 1973
technology was estimated for 1980, assuming the previously estimated
reduction of 30% to apply. The contrast between this lower limit
and the two projections is rather striking. Although, for obvious
practical reasons, the lower limit cannot be achieved, perhaps we
need to set more-ambitious targets.

What of the longer-term future, with the possibility of
introduction of new technologies which are more availability-
conservative? The only realistic approach to this question is to
consider each industry individually, evaluating proposed
improvements considering, in addition to energy savings, economic,



InduBtry Group

Paper and Allied
Industries

Primary Metals '

Petroleum & Coal Products

Chemical & Chemical
Products

Non-metallic
Mineral Products

Food and Beverage

Others

Total

TABLE 11

ESTIMATED POTENTIAL REDUCTION IN ENERGY DEMAND IN SIX MAJOR
ENERGY-CONSUMING INDUSTRY GROUPS IN CANADA

Estimated Energy
Reductions, %

Source 18 ( 1 > ii < 2 ) 1 1 ^

32 39 25

4 32 ( 5 ) 9(5)

S 15 25 7

11 - 26(7>

Selected
Reduction, %

39

32

25

26

Energy
Consumption,

1972, 1 0 " kj (8)

472.9

465.1

251.3

156.7

Reduced Energy
Consumption,

1972, 10 1 2 kJ

286

316

188

116

1

3
1

3
 

-

35

13

43 (6) 5

17

43

17

13

12 4.6

93.8

194.1

1758.5

(9) 169

(1} Based on purchased energy.
(2) Based on total energy.
(3) Improvement from 1971 to 1980.
(4) Including coal for coking.
(5) Weighted average for iron and steel

mills and aluminum mills for Canadian
energy consumption in these industries.

6 i L'omont on ] y .
7) Wei i jh t i i ' ! a v o i . i i | r f m l : . ih;s t i i a 1

o n j a n i i : a n d i n i ' r a j p i r I + . I T K M J S
f o r C a n a d i a n e n c i . j y n ^ ; s n : ' | ' l :.-r.
t h o s e Ind us t r i o s .

(?) F r o m T t ) b ) e r>.
9 ) F r o m T.i 1-11- t .
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TABLE 12

POSSIBLE AND POTENTIAL MAXIMUM REDUCTIONS IN
ENERGY DEMAND IN CANADIAN INDUSTRY

1980

Standard Forecast

Energy Demand, "• '

1 0 1 2 kJ

Anticipated
Demand Reductions,

10lz kJ
[18]

Klimoff Knelman
C40]

General Industry

Energy Supply Industry

Non-energy Use

Total Industry

2170

1302

408

3880

Reductions

Percent Reduction,
Total Industry

Revised Forecast,
Total Industry, 1012kJ

Potential Lower Limit,
Using 1973 Technology,

1 0 1 2 kJ

218

5.6

124.8

3. 2

3662 3755

2720
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environmental and social effects. In such assessments, the
availability approach will be a powerful tool. To help set
realistic targets for long-term improvements in industrial energy
consumption, we can establish the theoretical lower limit in ar.-/
given industrial process by again applying an analysis baseu or.' *-.-.<
Second Law of Thermodynamics. We know from this Law that the
maximum useful work can be obtained from a thermodynamicj 1 Ir-
reversible process, i.e., one in which there is no entropy crea t. ic r..
Similarly, for processes for which work input is required, the
minimum quantity will be needed for reversible processes. It is
possible to define an idealized reversible version of a given
industrial process and hence to determine the theoreticaJ lower
limit to the energy input required for it. This is ar. analogous
procedure to comparing the performance of an actual engine to th.it:
of an equivalent idealized engine operating on the Carnot cycle.

Gyftopoulos, et al., ^have done this type of analysis for
the industrial processes which they have studied and present their
results in Table 2-3 of reference 11, which is reproduced here as
Table 13. Also shown in Table 13 is the potential lower limit
consumption using 1973 technology^. The large differences between
the theoretical lower limits and those using 1973 technology
graphically suggest that there is considerable scope for improvement
beyond present technology, and indicate the potential for long-terrr;
improvement.

In any proposed improvement in a low-grade heating industrial
process that would increase conservation of availability, there are
a number of constraints that must be considered in addition to the
obvious economic one. An important one is the environmental impact

[2 8 ]of the improvement . Environmental impact cannot be neglected,
and indeed, utlimately, the growth of energy activities is probably
more likely to be restricted by environmental limitations rather

[4 1than by resource limitations . Another important consideration
is the necessity for energy-budgetting, that is, to trace back
through the economy the cumulative energy requirements for a given

improvement (e.g., ) . A local improvement might result in an
overall deterioration in energy use. This kind of analysis is,
of course, beyond the responsibility of an individual industry and
will have to be done on an industry-group or wider basis.

Finally, many articles have emphasized that an effective
program to reduce energy consumption in industry requires those
managing it to engage all employees meaningfully in the effort if
it is to be successful. This necessity was emphasized strongly by

Percent reductions from 1968 actual to lower-limit potential
with 1973 technology from Table 13 will not agree, in general, with
the % reductions from reference 11 shown in Table 11, as the latter
have been adjusted to Canadian conditions.
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TABLE 13

COMPARISON OF SPECIFIC FUEL CONSUMPTIONS OF KNOWN
PROCESSES WITH THEORETICAL MINIMA FOR SELECTED

U.S. INDUSTRIES

from Gyftopoulos, et al., Ul]

Specific Fuel
Consumption

(1968)

106 kJ/Mg

Potential
Specific Fuel
Consumption

(1973
Technology)
106 kJ/Mg

Theoretical
Minimum Specific
Fuel Consumption,

Reversible
Processes

10* kJ/Mg

Iron and Steel 30.7 19.9 7.0

Petroleum Refining

Paper

Primary Aluminum

Production

Cement

5.

45.

220

9.

1

0 ( 1 )

0

3

27

176

5

.8

.6

.4

0.46

> - 0
< +0

29

0

.23

.12

.2

.93

(2)

(1) Includes 16,. 8 x 106 kj/Mg produced from waste products
consumed as fuel by paper industry.

(2) Negative value means no fuel is required.

(3) Does not include effect of scrap recycling.
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industry personnel with whom the author talked. Also, there is
need for government policy decisions and incentives or: energy
matters to encourage industry to adopt availability-conserving

methods

To sum up, a few brief conclusions can be drawn

a) There is need for improvement in the 3ata base
for industrial energy consumption in Canada.

b) More information is required on low-grade heat
consumption in industry, and its temperature distribution.

c) Availability analysis is a powerful tool for evaluating
low-grade heat processes in industry,

d) There are innumerable methods to improve thermodynamic
effectiveness of low-grade heating in industry.

e) The growing use of nuclear reactors will eventually
require better thermodynamic effectiveness in their
performance, which can be achieved by using their, for
both electricity and thermal loads. CANDU reactors,
probably located in energy parks, could supply steam
for low-grade industrial heating at very economic rates.

f) There are considerable short- and long-term potentials
for conserving availability in low-grade heating in
Canadian industry.

I hope that this paper will be of some benefit to those in
industry, and elsewhere, concerned with energy matters in general,
and low-grade heat in particular.
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V. R. J'uttagunia

Atomic K n e r ^ v of (".mada I. initr
White.sheil N u c l e a r Peseari h F.stab! i

I'ln.iw.i, M.in 1 r.jh.i, ! -1ii-1.1.-* P."! : ;

In g e n e r a l terms of r e f e r e n c e to this C»n:'er-.-riCf, the deficit
of l o w - g r a d e h e a t a s that ust'd .it or bel o w a t e m p e r a t u r e ••: Uiii'' is t.ii:•
M o s t p a p e r s h e r e a r e d e a l i n g w i t h less than 100°C.

D r . R o g e r s covered several rlost'lv rj-l.nteri ti-pirs sequential
in h i s p a p e r . I w i l l follow the same s e q u e n c e .

ENERGY CONSUMPTION AND 1 KMPKRATl'RK DISTRIBUTION 0'-

I have analvzed the energy consumption riatd for Canada for r ,
the years 1958 to 2000 and the results are being published in AF.CL-5 2"•• '"• • :

The purpose of my analysis, the approach, and the definitions used art-
somewhat different from the present work. A remarkable agreement between
our results, in spite of these differences, warrants a closer examination.
In Reference [1], high temperature heat was defined as any heat i-unsuwd
over 260°C compared to 300°C in the present work. Statistical reports in
Canada classify the economy into the following sectors:

1. Energy supply industry

2. Transportation

3. Domestic and farm

h. Commercial

5. Industrial

6. Non-energy use*.

* The use of potential fuels as raw material for chemical manufacture
(synthesis) constitutes the non-energy use sector.
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The saint! classification is used in Reference [l], whereas Dr.
Rogers combines items 1, 5, and 6 and defines it as industry. In Refer-
ence [l] the energy consumed as heat is separated from the total energy
consumed. For example, energy consumption in thermal generation of elec-
tricity, in operating mobile equipment, and in chemical reductions are
considered as non-heat applications. To make the comparisons meaningful,
I regouped the data from Reference [l] to fit Dr. Rogers' definition of
'industry'. The results are presented in Figure 1.

From the close agreement between my resultsI'J and those of
Dr. Rogers, I conclude not only that our data analysis represents a
picture closer to reality in Canadian industry, but also that there appears
to be very little heat consumed between 260 and 300°C.

I would like to take this opportunity to show you the result
of my studym for the entire Canadian economy. Approximately half of
all the energy consumed in Canada has an end use as heat. The temperature
distribution of the energy consumed as heat in Canada for the years 1958
to 2000 is presented in Figure 2. The data in this Figure show that less
than 10 % of the energy consumed as heat is over 260°C, 12 to 14 % is in
the temperature range of 140 to 260°C, 21 to 27 % is in the temperature
range of 100 to 140°C, and 50 to 58 % is used for space heating.

These data indicate that most of the heat energy consumed in
Canada is in the low-temperature category.

3. COST OF CAPITAL AND COST OF ENERGY

The methods suggested in this paper for reducing energy
requirements for low-grade heat in industry can be broadly classified as
follows:

1. Methods requiring increased capital expenditures

2. Methods requiring increased operational expenditures.

The latter methods lend themselves to straightforward cost benefit analysis,
whereas the former do not.

In our economy there are two different inflation rates - one
for the consumer goods and services and another for capital expenditures
(wholesale index). An excellent discussion of this phenomenon is presented
by Schofieldl^J. To demonstrate this difference, I have reproduced Scho-
field's data in Figure 3 (Figure 2 of Reference [2]). It can be seen from
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this Figure that until 1972 the wholesale price index escalated slower
than the consumer price index. Since 1973, however, the escalation of
the wholesale price index has been phenomenal. Therefore, to do a mean-
ingful Cost benefit analysis of an improvement involving additional
capital expenditures, we require up-to-date information on the costs.
If the cost of energy does not escalate as fast as the wholesale price
index, the improvements involving capital expenditures will erode- with
time.

There are two other points worth noting.

1. To maximize the thermodynamic availability of energy, the
complexity of the power plant may have to be increased sub-
stantially. For example, a back pressure turbine is needed
instead of a simple boiler to extract low-temperature heat.
This modification requires, in addition to extra capital,
snore skilled and trained operators. This increased complexit-
may also result in increased down time of the power plant.
Thus, these changes can be beneficial only in large power
plants.

2. It is true that the international price of oil is in the
range of $12 per barrel. However, the internal price in
Canada (and in the U.S. as well) is much lower. It is not
clear when the internal price will escalate to the inter-
national price levels. Until that time, we cannot use the
international price for the cost benefit analysis of any
proposed improvement.

4. THE ROLE OF NUCLEAR ENERGY IN PROCESS INDUSTRY

At WNRE we have conducted a study on this topic. The results
of our study are in the process of publication^] . The nature of the
nuclear energy is such that it is amenable to large sizes and centraliza-
tion. The process heat requirement of the present unit sizes of the Cana-
dian industry is too small when compatred to the energy output of an opti-
mized nuclear power reactor. The concept of energy parks discussed by
Dr. Rogers is in the right direction. However, I would like to point out
that the entire industry in and around Sarnia at present will make a very
small nuclear energy park (Sarnia area is expected to require ^ 5000
MW(th), whereas the nuclear energy parks proposed produce 30,000 to 40,000
MW(th) ).
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The tar sands of Alberta is an outstanding exception. Th-2
temperature requirements, size match, and possibilities for centralization
of nuclear energy all exist in this application. As suggested by Dr.
Rogers, we should vigorously pursue this application. The results of our
studies conducted at WNRE on this topic are in the process of documenta-
tion 14J.

5. FUTURE PROSPECTS

Ever since man invented fire, the fuels he used are capable
of giving extremely high temperatures. With the advent of Carnot Cycle,
we have had all the Incentive to use the highest temperature the fuel is
capable of producing. It is sad that we have not been able to do it.
Our thermal power generation is limited to a mere 500°C. We calculate
Carnot efficiencies baaed on this steam temperature but not on the maximum
temperature the fuel is capable of yielding. We have a long way to go to
improve the conversion efficiencies.

Dr. Rogers points out the potential for energy reduction in
process industries based on the calculated theoretical minima. Are these
theoretical minima similar to calculating the Carnot efficiencies of
power generation based on the maximum temperature the fuel is capable of
generating, or are they similar to using the maximum steam temperature in
the turbine cycle? The latter is a better approach to' judge the potential
for imp r ovemen t.

The inability of the current technology is reflected in
our present method of using high grade fuels (oil and gas), capable of
giving extremely high temperatures, for home heating with an end use of
% 25°C. A breakthrough in this pattern in Canada is urgently required.

6. CONSERVATION OF ESSERGY*

I would like to conclude my comments with this topic of
essergy conservation. Throughout the report Dr. Rogers stresses the
need for cutting down the energy demand. This is the most important
message of the report.

Dr. Rogers correctly points out the necessity for energy-
budgetting or to trace back through the economy the cumulative energy
requirements for a given improvement. "A local improvment might result
in an overall deterioration in energy use." This has been recognized as

*F.ssergy - Available energy
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the most important exercise, but no successful formula has been di-vcl <>;,i-<<
yet. Dr. Rogers correctly points out that this kind of analvsis is
beyond the responsibility of an individual industry.

I believe that energy-budgetting is a challenging and impor-
tant problem most suited to university research groups. 1 urge tliem iu
take up this topic urgently.
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a)

b)

c)

ENERGY CONSUMPTION

Total energy consumption
in Canada, 1015 Joules

Total energy consumption
in Canadian industry,
10 1 5 Joules

Per cent of total energy
consumed in industry,
b) x 100/a), %

FI'.URE

DATA

1958

2 727

1 019

37.4

1

FOR CANADIAN INDUSTRY*

1969

4 861

1 917

39.4

1980

9 282

3 888

41.9

1990

14

6

969

802

45.4

2000

21 322

9 670

45.4

d) Energy consumed in industry 685 1 208 2 205 4 011 5 354
as heat, 10 1 5 Joules

e) Per cent of total energy 67.2 63.0 56.7 59.0 55.4
consumed in industry as heat,
d) x 100/b), %

f) Energy consumption in Indus- 146 241 408 672 906
try as heat above 260°C,
10*5 Joules

g) Per cent of total energy 14.3 12.6 10.5 9.9 9.4
consumption in industry as
heat above 260°C,
f) x 100/b), %

h) Energy consumption in indus- 541 967 1 797 3 339 4 448
try as heat at or below
260°C, 10 1 5 Joules

i) Per cent of total energy 53.1 50.4 46.2 49.1 46.0
consumption in industry as
heat at or below 26O°C,
h) x 100/b), %

* The definition of 'Industry1 in this Figure is consistent with that
of Dr. Rogers (sum of energy supply industry, industrial sector, and
non-energy use sectors).
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FIGURE 3

PRICE ESCALATION IN THE CANADIAN ECONOMY
(Per Cent Change in Annual Price Index from Prior Year)

1970 1971 1972 1973 1974*

Consumer Price Index 3.3 2.8 4.7 7.5 12.0

Wholesale Price Index 1.4 1.2 3.5 21.4 20.1

Representative Components

Electric Wire and Cable 8 (2) (1) 11 23
Electric Industrial Equip. 6 3
A.C. Motors 4 3
Structural Steel
Bars: Concrete Reinf. Incl. 5 5
Ready Mix Concrete 3 1
Construction Mach. & Equip. 2 2
Wage for Major Construct. Tr. 13 12
Steel Pipe and Tube Mills 4 4
Valves: Carbon Steel
Pumps: Centrifugal
Boilers: Field Erected
Exchangers: Shell and Tube
Field Fabr. Vessels and Tanks
Instruments: Analyzers, etc. - -

* Changes from 1973 to 1974 are for the latest 12 month period,
generally to November or December.

Source: Statistics Canada 62-002 Prices and Price Indexes
11-003 Canadian Statistical Review

Shell Canada Supplier

(Reproduced from page 7 of Reference [2])
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SUMMARY REPORT: INDUSTRIAL APPLICATIONS

J.W. James
Ontario Hydro

Toronto, Ontario

This is a report of the discussions of the morning
session on this subject.

Mr. J. Haydock gave a keynote paper on combined
power and heat for industry. This discussed the cycles
used for both power generation, and power and heat
generation. He noted the improvement in efficiency as
a result of using 800°F (425°C) exhaust heat from a gas
turbine to generate steam for either a process or a
steam turbine. This efficiency gain accrues from heat
that would otherwise be wasted.

The large conventional steam power plant cycle was
also examined and the difficulty was noted in utilizing
the waste heat from these plants because of its low
temperature (many plants reject heat at 53°F (12°C) for
the four coldest months of the year). It is possible
to increase this temperature to a level where it can be
utilized for process and space heat, say 200°F to 400°F
(95-200°C), and this results in improved overall
efficiency because it reduces the total heat wasted.
It does, however, reduce the electrical power generation,
and there is a greater reduction for cycles which supply
higher temperature process heat.

The match of heat to power supply is important in
such combined systems. In general, industry is more
likely to size the unit to supply the required amount
of heat at the required temperature, and accept the
electrical power output that results. This power could
be considered as by-product power and if it is insuff-
icient to supply the industry's needs, it could be
augmented from the utility's grid. Alternatively it may
be in excess of the industry's needs and a portion could
be sold to the utility. The turbine used for such an
application would be a back-pressure turbine where the
whole steam flow at the turbine exhaust goes to process
heat.
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When considering large turbine generators similar
to those currently used in North America, the full
exhaust flow far exceeds the steam heat needs of several
large industries. In this instance, the required
quantity of higher-temperature process heat is extracted
from the turbine after it has passed part way through
the turbine. For this portion of the steam, the waste
heat at the power plant is eliminated and the overall
efficiency is increased. The remainder of the steam,
not required for process, expands through the turbine
and is rejected as before at a low temperature. This
portion of the cycle has the same efficiency as the
normal power generation cycle. The turbine in this case
is known as an extraction turbine.

Mr. Haydock emphasized the balance between improved
efficiency and increased capital cost that faces every
designer.

Mr. Roger Larivie're commented on some interesting
applications of the use of the very-low-temperature waste
heat as discharged from existing power plants. These
included desalination, melting of ice in navigation
channels, aquaculture and agriculture.

The group discussion generally involved the petro-
chemical industry, pulp and paper, and the electrical
utilities. All of these industries have waste heat of
about 100°F (38°C) and below. Many require process heat
at higher temperatures of say 200°F - 400°F (95-200°C).
Because of the known difficulties in finding application
for the very-low-temperature waste heat, much of the
discussion centered about combined heat/power cycles
which could supply the higher process heat from steam
after it had been used to generate power. While this is
unlikely to reduce waste heat at the industry, it does
reduce waste heat at the power plant.

The major thrust of the discussion was in regard to
the best means of supplying process heat from combined
heat/power processes. In particular, should the heat/
power systems be on the utility's property supplying
heat to the industry, or should they be on the industry's
property with the possibility of selling some power to
the utility?

An important consideration is the future avail-
ability of basic energy supplies. Different assumptions
in this regard may indicate quite different courses of
action.
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(a) If sufficient satisfactory fossil fuels are
available to industry, the best opportunities for
industrial utilization of waste heat probably lies
in heat/power processes located on the industrial
property. In many cases this would involve elect-
rical interconnection with the utility, with the
possibility of power flowing either into or out of
the industrial plant. This prospect seems best
because:

- individual industrial heat/power processes could
be designed to tailor the heat supply to the
specific needs of the process;

- the intertie between the industry and utility
would be an electrical distribution line which
would be present in any case (this is preferable
to more expensive heat transmission pipes);

- this system provides little or no siting con-
straints for the industry or utility as far as
heat is concerned;

- the industry is tied to a large grid and not a
specific power plant, thus the scheduling problem
of a heat demand and supply does not exist.

There is a need to provide better information for
this scheme upon which individual industries can
base their economic studies. A better understand-
ing of each utility's position regarding conditions
and revenue for industrial generated power would
be helpful.

(b) If there are insufficient fossil fuels to meet
industrial demand, it seems likely that some
industrial heat will have to be supplied from
nuclear fuel. One of the ways that this could
occur is by using low-temperature heat provided by
extracting steam from nuclear turbines.

To reduce the high cost of heat transmission it may
be advantageous for industries with a large heat
demand to locate in an industrial park adjacent to
the generating site.

- One of the problems is commitment of the industrial
plant sufficiently early to influence the design
of the nuclear station, i.e.,.8 years before first
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steam is needed.

- There may be an advantage for utilities to know
the range of possible heat supply quantities and
temperatures for various industries, and consider
what provisions can be made at the time the
nuclear plant is committed, to accommodate future
industrial heat load.

- There could also be opportunities for industries
to locate adj acent to large energy centres, pro-
vided there were no serious disincentives to do
so. They may then be able to switch to heat
from the power plant when the next nuclear station
is installed, providing they have previously made
adequate provisions to do so.

(c) There was also discussion on the possibilities
of an industrial complex, similar to that discussed
above, in certain areas of Canada having adequate
coal resources. Presumably the attraction to
industries locating next to a power plant in this
instance would be the displacement of their oil or
gas fuels by coal; economics; or the need to
conserve fossil fuels.

In summary, the opportunities for greater utilization
of generated heat through more integration between the
utilities and process industries seems high. The uncert-
ainties and the problems associated with such schemes are
high as well. Such a climate is one demanding a better
understanding by each party of the opportunities and
constraints facing the other, particularly as we approach
increasingly tighter supplies of fossil energy.

N.J. Teeter
Agriculture Canada
Ottawa, Ontario

In our afternoon session the keynote speaker was
Dr. J.T. Rogers, a member of the engineering faculty at
Carlton University who has been coordinating the work of
the Energy Research Group at Carlton University. His
paper was on the "Industrial Use of Low Grade Heat In
Canada". The commentator was Dr. V.R. Puttagunta of the
Whiteshell Nuclear Research Establishment, ABCL, Pinawa,
Manitoba.
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Low-grade waste heat was defined as heat below 300°C.
Although no concrete solutions or conclusions were reached
at our session, much of the discussion was devoted to
recognition of the problems involved in the utilization
of low-grade heat from the supplier's point of view and
from the user's point of view.

Forecasts of Canadian energy requirements indicate
that electrical energy will grow in importance to the
extent that the predominant form of energy supply by the
middle of the next century will be electrical. The
same forecasts indicate that nuclear reactors will provide
an ever-increasing percentage of electrical energy,
reaching about 44% of total raquirements by the year 20C0.

The growing use of nuclear reactors presents the
problem of large quantities of was»t.e heat discharged from
power plants. This waste heat represents two problems:

(1) the thermal pollution resulting from its
discharges to the air and water adjacent
to the plant, and

(2) the depletion of energy resources used in
generating the waste heat.

The highest energy-consuming industries in Canada were
listed as Paper and Allied Products, 30% of total energy
purchased in Canada; Primary Metals, utilizing 19%;
Petroleum Products, N.A.; Chemical and Chemical Prod-
ucts, 12%.

The concept of energy budgeting arose several times.
This is the investment energy in new capital works, for
example, many different industries are involved in build-
ing a car - the iron-ore has to be crushed to produce
the metal, energy is needed to assemble it, etc. It was
felt that the universities could do some work in this
area, that is, to assess exactly how much energy is really
used in creating the final product. We may know how much
the product costs in dollars but we would like to know
how much it costs in energy.

One key point was the "availability concept" where
power is generated as a by-product of a low temperature
process. It would take twice as much fuel to generate
this much electricity by a single-purpose electrical
generation plant. If a high temperature process were
used you would get no electrical by-product. The direct
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fuel costs in cents per million BTU may be the same,
but in a high temperature process there is the further
opportunity cost of the by-product of power.

(--»• high temp, process -*• one output

mp.

by-product elect, power •*• low temp, process •+ output

high temp,
fuel

It most cases it was recognized that much of the
waste energy was very low-grade - less than 40°C in the
case of both nuclear energy plants and industries such
as the pulp and paper industry. Finding a market for
such low-grade heat without any additional capital out-
lay was seen as a major problem. All suggested solutions
were highly capital intensive and hence very expensive.
It was finally decided that perhaps industry should
pause in its expenditures on new systems for using waste
products to allow for short-term adjustment in conserv-
ing energy in the obvious ways - such as turning off
lights, lowering thermostats, etc. During this pause it
could consider longer-term questions such as what might
be done with the design of future plants now on the
drawing board for the recovery of their waste products -
to consider, for example, whether it is better to
optimize for the recovery of chemical products or to
optimize for the recovery of heat; to take time to try
to grapple with the problem of projecting fuel prices 10
to 15 years into the future; and to estimate the ratio
relationship between the Gross National Product and
energy use in the year 2000. Of course, it was realized
that to make this kind of prediction one would need the
help of the "proverbial crystal ball" but the general
consensus was that attempts should still be made at
guesstimates in this direction.
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