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PREFACE

This repori on productive uses of waste heat rep-
resents the results of an intensive effort over a limited
time period to collect information on the subject topic.
We recognized that within the time period allott.d for
this effort, it would not be possiole to include all
relevant informztion on heat utilization, but an effort
was made to present information on the primary
identifiable uses. The work benefited fiom the experi-
ence on the subject of a number of the contributing
authors, and particularly from the many review com-
ments of S. E. Beall of ORNL. This report is confined
to discussions of waste heat uses only. In the report, we
address principally the use of heat rejected from large
central station electric generating plants. The coupling

of heat utilization applications with smaller integrated
utility sysicms is recognized as having significant
potential advantages, but these systems are not exten-
sively treated in this report. The section on Considera-
tions in Implementing Waste Heat Use draws liberally
from ideas, discussions, and information presented at
The National Conference on Waste Heat Utilization
held in Gatlinburg in October of 1971.*

*Proceedings of the National Conference on Waste Heat
Utilization, October 27-29, 1971, Gatlinburg, Tennessee,
Report Numbe: CONF-711031. (Available from Dept. of
Commerce, National Technical Information Service, $pringfield,
Virgini» 22151.)




SUMMARY

Pres:nt steara power plants in the United States
discharge as waste heat, energy equivalent to approxi-
mately twice their total present electrical generating
capacity (~300,000 MW(e)). Because this energy is
desraded in temperature it is difficult to use. It
represents a necessary, but unwanted, by-product of the
eergy conversion process for generating electricity,

Because of the growing quantities of waste heat
discharged and the increasing national concern with
energy growth, ene gy utilization and therma! discharge
problems have stimulated an examination of methods
for productively using energy presently wastec to the
environment.

The productive use of waste heat from steam electric
plants that substitutes for heat energy which would
otherwise have to be generated, results in a net
improvement in our efficiency of erergy use, and in
energy conservation. Using a steam electric plant to
supply both heat and electricity improves energy
utilization. It is important to note that improving
energy utilization in this fashion may be as effective as
improving electrical conversion efficiency.

All energy ultimately appears as low temperature
heat; indeed, low temperature heat has beea aptly
called “the ultimate waste.” It would be wrong to
suggest that waste heat is “‘used” and that after use it
disa pears from the environment. The term “utilization
of waste heat” refers to the performance of useful
functions with the heat before it is discharged to the
environment. Even though all energy ultimately appears
in the environment as heat, the energy may move from
a highly concentrated point source to a widely dis-
persed geographic aréa where it may be environmentally
more acceptable. !

There are relatively few applications where serious
consideration has been given to the use of reject heat
from steam electric power plants. These include: the
use of heat for food production in agriculture and
aquaculture; the use of heat for urban and industrial
applications; and the use in specialized processes. No
one of these individual uses would be expected, by
itself, to have a very significant effect on energy
utilization and conservation at any single plant site.
However, combinations of the various uses selected for
a particular site could have a significant effect at that
site.

Agriculture
Agricultural operations can use waste heat from
power plants withou* -~ *.icing electrical energy produc-

vii

tion. While these uses will not sole the problems of
thermal discharge, they may, in particular locatiors,
reduce the impact of thermal effluents on the iocal
ecology, cor serve energy resources, and be profitable to
both the electric utility and the farmer.

Thermal effluents from power plants potentially can
be used in open-field agriculture to promote rapid plant
growth, improve crop quality, extend the growing
season, and prevent damage due to temperature ex-
tremes. Water, used for botk irrigaiion and heaiing, con
be applied through nozzles (spray irrigation) or iizough
subsurface porous pipes. With these systems the farm
acts as a large, direct-contact heat exchanger for the
power plant, while the utility provides irrigatior. water
to the farmer.

This heat is important for only a small portion of the
year (early spring and late fail). During the rsmainder of
the year, water is needed for irmrigation, but not for
heating. However, most power plants are sited near
urban centers and most urban centers are in areas where
rainfall is sufficient to obviate the need for irrigation.
The long-term implications of waste heat applications
for soil management, disease and pest control are not
yet known. Thus the justification for the capital costs
required for open-field agriculture requires careful
study at each site.

The use of power plant waste heat for warming and
cooling greenhouses can improve crop growth and yield
and reduce operating (fuel) costs by 2s much as
$4000—6000/acre. This use appears especially attractive
for large growers to locate near power stations. Green-
houses may eliminate or reduce the need for cooling
towers in certain instances.

Research at the University of Arizona, University oi
Sonora, and the OQak Ridge National Laboratory sug-
gests that using waste heat for greenhouse climate
control is both feasible and economically attractive.
However, no large-scale field demonstrations or opera-
tions are currer. ly underway in this country.

Waste heat also could be used to provide optimal
temperature control in swine and broiler houses. In
addition to reductions in heat costs, savings in feed
costs should result from improved feed efficiency under
contiolled environmental conditions. To Cate, no de-
tailed studies have been performed to determine the
technical and economic feasibility of such systems.

The fraction of the total waste heat produced in the
US. that might reasonably be used in agriculture is
quite low, probably less than 10%. Additicnal study is
required to determine the limitations imposed by
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climate, geography, product marketing, waste heat
reliability, animal waste disposal, effects of biocides and
corrosion inhib’tors in the cooling water, and consumer
acceptance of products grown using cooling water from
nuciear plants. These problem areas shiould be thor-
oughly investigated before a commitinent is made to
large-scale agricultural applications of waste heat. In
some “local” situations, agricultural applications seem
* offer significant economic value.

Aquaculture

The use of heated discharge water to improve the
yields and productivity for fish and seafood species is
receiving attention in this country and abroad. Basic
data indicate that catfish grow three times faster at
83°F *ha~. at 76°F. Similarly shrimp growth is increased
by about 80% when water is maintained at 80°F instead
of 70°F. Though few experiments in thermal aquacul-
ture (the culturing of aquatic species using heated water
to achieve near o timum water temperatures) have been
carried out, studies indicate that maximum yield may
be achieved in facilities employing flowing water
channels where control is exercised over water tempera-
tures. Control of dissolved oxygen and the buildup of
wastes, as well as controlled feeding of 2 nutritionally
balanced food will be essential to achieve maximum
yiclds. The few operations conducted in this country
and abroad have produced equivalent annual fish yields
above 100 tons/acr=.

The use of heated discharge water for aquaculture will
have essentially no impact on the total quantity of heat
discharged at the ,ower plant. The discharge tempera-
ture, however, nay de reduced somewhat by blending
ambient water with the heated discharge water during
the summer to prevent over-heating the culture facility.
Unless fish wastes are removed, particularly :n channel
culture, water quality leaving the facility may be
degraded in oxygen content because biological oxygen
demand is increased and this in tumn may degrade water
quality in the receiving water body. Ameliorating thesc
problems is technically difficult and costs for doing so
have not been studied.

The development of extensive thermal aquacultural
fac:lities appears 10 have the potential for revolutioniz-
ing the production of fish and seafood in much the
same manner as has been done in the poultry industry.
The economic potential appears attractive. As with
agriculture, however, the fraction of the total waste
heat from power plants which is used may be small.
This fraction would be sensitive to the growth in
consumption of seafood in this country, and localized
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applications may be the first to evolve. Aquaculture
may oifer an answer to the major problem foreseen by
th: seafood industrty — a scarcity of supply from
natural sources.

Studies, to date, have presumed direct cooling sys-
tems where discharge watcr from the plant would be
used for agriculture or aquaculture en route to the
receiving water body, but systems operating with
cooling towers might also be feasible. Operating water
temperatures with cooling towers are higher and this
may increase the flexibility of operations. Water quality
considerations, however, in closed cycle cooling tower
systems will require careful attention in the design of
such applications.

Implementation

The application of existing technology to the large
scale use of waste heat requires the consideration of
many problems of implementation.

Most moderr. steam power plants discharge much
more waste heat than may conveniently or economi-
cally be used at one location, thereby presenting
problems of matching the supply of waste heat with the
demand. The investment in facilities at a single site to
use all the waste heat produced would be very large,
while the use of only a fraction of the waste heat
produced may preclude an effective substitution for the
cooling methods originally proposed. Soluiions to
problems such as these must be achieved before
widespread us- of waste heat is possible.

Utilities are concerned about how expenditures on
research and development for using waste heat will be
treated by rate regulating agencies. Questions arise on
whether utilities marketing heat at profit will have to
credit the profits against electrical production costs and
therefore be penalized on their permissible electrical
rates. The position taken by regulatory agencies will be
strongly influenced by the specific arrangements be-
tween the utility and the waste heat entrepreneur. The
position taken by the regulatory agencies will affect the
decisions of the utility on marketing of waste heat. Side
benefits accrued by the utility, such as a reduction in
heat dissipation equipment costs, may encourage the
utility to offer heat at very low cost.

The tr1zind toward increasingly restrictive water qual-
ity standards may affect the development of certain
uses of waste heat. Imposing very low temperature rise
limits in receiving water bodies, for example, may pose
serious problems to developing a viable aquaciiture
operation. In some heat use applications, such as
open-field agriculture, water is consumed and in mos:




states water laws restrict the permissible quantities of
water that can be removed but not returned to the
water bodies. These restrictions may preclude certain
uses of waste heat.

The waste problems created by the use of heat for
agriculture and aquaculture must be examined and
defined in sufficient detail so that the environmental
effects do not negate the advantages gained by combin-
ing the application of heat use with nower production.
Problems ascociated with animal waste from areas of
high density animal production (cattle and poultry, for
example) are well recognized. Little information exists
on the waste problem from aquaculture facilities, but
this topic should be carefully considered.

Heat applications should be considered in the power
plant site selection process. This may facilitate the use
of waste heat and can effect the water use rights
established for the power plant facility.

The real and imagined problems associated with the
use of heat from a nuclear power plant cannot be
ignored. Food produced in or very near the exclusion
area of a nuclear plant may be held suspect by the
public. The degree of public acceptance must be
determined. Even heat supplied from a nuclear power
plant to an urban area may suffer from public skepti-
cism. These and other probiems need to be addressed
before widespread use of waste heat will become a
reality.




AGRICULTURAL AND AQUACULTURAL USES OF WASTE HEAT

M.M. Yarosh E. A. Hirst

INTRODUCTION

Few will dispute the importance of abundant energy
in our national development. Through its massive
energy capacity, the United States, with 200 million
people, marshals the equivalent manpower effort of 100
billion individuals. Abundant energy has enabied the
production of goods and materials 2nd the establish-
ment of a standard of living which would otherwise be
unattainable. Through inescapable byproducts, how-
ever, the rapiu crowth of energy has had increasing
impact on our society in ways that were previously
unforeseen. One of these byproducts is low-temperature
energy in the form of heat. W2 sometimes find this heat
difficult to discard, and because of its low temperature,
always difficult to use.

The principal energy consumption sectors in this
country include transportation, industry, residential
and commercial uses, and the generation of electricity.
Of these, the last is the fastest growing consumer. While
our population doubles approximately every 50 years,
our consumption of electrical energy doubles approxi-
mately every 10 years.

A basic principle cf nature (enunciated as the second
law of thermodynamics) is that ultimately all energy
(mechanical, electrical, nuclear, -hemical, etc.), when
converted, appears as heat. For example, a nuclear
power plant operating at 33% efficiency requires 3
kWhr of nuclear energy to produce 1 kWhr of electrical
energy. The remaining 2 kWhr appear as thermal energy
in the condenser cooling water and are discharged to
the environment. Ultimately, however, the 1 kWhr of
electricity also is degraded to heat. The energy supplied
by the electricity may be used to operate air con-
ditioners, water heaters, television sets, washing ma-
chines, for industriai and other applications, and then
appear as heat at these individual sites. Thus, even
though the power plant is capable of converting nuclear
and fossil fuel energy into electrical energy, eventualiy
all the energy appears as heat.

Availability of Waste Heat

In modern plants electricity is generated with effi-
ciencies ranging from about 33 to 40%, depending
principally on the age and type of the power plant. The
water-cooled nuclear plants presently being built have
efficiencies of about 33%, while modern fossil-fueled
plants are near 40% efficient. Projections for advanced
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gas-cooled reactors and breeder reactors show effi-
ciencies of near 40%. Significant quantities of waste
heat are also available from smaller energy sources such
as those employed for industrial applications or small
system applications as in shopping centers. Indeed the
smaller system sources provide a means of achieving a
better match between available heat and potential uses.
Unfortunately, efficiency has been increasing only very
slowly over the past two decades, so the waste heat
produced has been increasing almost linearly with the
growth in electrical generation; this is shown in terms of
heat rate and efficiency in Fig. 1.

Compared with other energy conversion processes,
the generation of electricity is efficient. The internal
combustion engine, for example, converts chemical fuel
to mechanical energy with an efficiency of about 15%.
Electrical generation, however, is carried out in large
plants, and thus large point sources of waste heat are
produced that must be dissipated at or near the point of
electrical generation.

Ovei the past two decades, the capacity of electrical
power plants has increased significantly, as snown in
Fig. 2. In 1950 the size of the average unit placed in
operation in the US. was cnly 48 MW(e), but by 1970
the size of the average nuclear plant scheduled for
operation was over 700 MW(e). Also the construction
of multiple units at a given site has further incr.ased the
difficult task of handling the large, but local, sources of
waste heat. In 1970 the electrical generating capacity of
steam-electric plants in the United States was approxi-
mately 265,000 MW. These plants annually produce
about 5 X 10' 5 Btu of waste heat.

The generation of large quantities of waste heat at
point sources requires the development of techniques
for safe disposition of this heat. The traditional method
of handling it has been to discharge it to a nearby
natural or artificial body of water. When adequate
cooling water is not availabie, evaporative cooling
towers are used for discharging the heat to the
atmosphere. Because of the increased size of power
plants and the consequent increased waste heat load,
adequate cooling water supplies for heat dissipation are
becoming difficult to find. Commonly for direct water
cooling, between 1.2 and 1.8 cfs of water is required
per megawatt of electrical power generation. The
amount is dependent on plant efficiency and condenser
water temperature rise. Power plant sites of more than
3000 MW of capacity are becoming more common.
Thus for large plant sites several thousand cubic feet per
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Fig. 1. Heat rate and thermal efficiency of steam generating plants.

second of water elevated perhaps 20°F in temperature
above normal ambient is discharged from the power
plant,

Plant thermal 2ificiency is often expressed in terms of
ihe plant “heat rate,” which is the number of BTU’s of
energy requued to produce a kilowatt hour of electric-
Ry. As efficiency wreases, the plant heat rate de-
creases.

Incentive; for Using Waste Heat

The discharge of lurge quantities of heat to a body of
weter pay alter the temperature of the receiving water
sufficiently to cause unacceptable changes in the
aquatic biota. As a result, increusingly stringent stand-
ards on acceptabk: temperature alterations to such
water bedies are being imposed by state and federal
rogulations,

Disposition of the heat to the atmosphere through
sovdag towers may produce undesirable meteorological
effects. Cooling towers also impose extra equipment
costs on the plaat operator and reduce plant cycle
efficiency. Ultimately, of course, all net hzat loss is

transferred through the atmosphere to the ultimate heat
sink — space.

These factors have increased interest in methods for
utilizing the rejected heat from power plants. The
utilization of waste heat might, in some cases, afford
the opportunity tu reduce the adverse environmental
impact of waste heat discharge, reduce the cost of
handling thermal discharges, and will improve overall
energy utilization.

It is imporcant to define waste heat and distinguish it
from low-temperature heat. “Waste” heat designates
energy which is so degraded in temperature that its uses
are limited, and usually it is considered practical only to
discharge it directly to the environment. Typically, such
energy appears in the large quantities of cooling water
used for condensing the steam: discharged at the turbine
in steanrelectric power plants. Typical outlet tempera-
tures for such cooling water are in the range 60 to
95°F, depending on the ambient water temperature, the
quantity of water circulated, and other factors. For
.hose power plants that have evaporative cooling towers
the outlet water temperature would be increased by 15
or 20°F (i.e., to the 75 to 115°F range), while for dry




cooling towers i* would be increased by 20 to 40°F (80
to 135°F range).

“Low temperature’ designates heat that has not been
degraded to waste heat temperature levels. For ex-
aniple, the extraction of steam from a turbine before it
has reached waste heat levels permits utilization of the
heat extracted for functions requiring higher than waste
heat temperatures. Typically, low-temperature heat is in
the temperature range 100 to 400°F. Utilization of this
heat from ihe turbine permits better utilization of the

energy remaining in the steam, but it also reduces the
efficiency of the turbine cycle. Low-temperature heat
r.ay be typically used in space heating and cooling for
urban applications. The use of this heat will not be
discussed in this report.

Waste heat, as discussed in this report, can be used for
heating greenhouses and animal shelters, for providing
frost protection in open-field agriculture, or to maintain
optimum temperature for the culture of aquatic orga-
nisms such as shrimp or fish in aquaculture.
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At present, the waste heat from power plants repre-
sents an unpurchased product. If this heat could be
marketed, the power plant owner could realize an
additional return from his operation. In view of more
restrictive regulations on the discharge of heat to the
environment, this might provide the best opportunity
for both a ieduction in impact and in cost to the power
producer.

The user of heat might benefit from the opportunity
to purchase heat at a lower cost than is otherwise
possible. In cases such as the heating of greenhouses,
heating costs range from $4000 ‘o0 $12,000 per acre per
year, depending on the crop and the location. Energy
costs of fuel vary fiom 40¢ to $1.50 per million Btu,
and the lower energy costs possible from the use of
waste heat could provide for considerable savings.
Comparable savings might be possible for other uses.
Total integrated waste heat utilization designs for
power plants would allow use of the heated effluent
during the entire year. Even if heat were sold only
during the winter, however, the savings to the power
producer could reduce the “add on™ costs which result
from requirements to provide treatment of the heated
effluent coming from the power plant.

This report is ir.tended to provide a survey of some of
the possible uses for waste heat from steam-electric
plants. The state of technology for use of this heat and
the primary applicatiors are discussed. This report also
attempts to answer the more likely questions on waste
heat use and provides references to additional in-
formation.

The methods described in this report cannot reduce
the total thermal energy dissipated from power plants
per unit of electricity generated. However, these
processes can provide ways in which this heat can be
substituted for the heat consumption of other energy
sources. In this way energy and fuels can be conserved
and thermal discharges redu:ed on a national and global
scale. These processes may also permit the introduction
of heat into the environment in a more acceptable
manner and reduce other environmental insults. Though
individual uses may be small, integrated waste heat use
for several purposes could provide for better use of
energy and increase the total use of the site.

It should be recognized that no single solution exists
to the problems of waste heat discharge or to the
increasing difficulties in finding sites for steam-electric
power plants. However, under some circumstances these
problems may be partially alleviated by methods
employing heat utilization. No single method for heat
use may, by itself, represent a significant outlet for
waste heat. The total energy use (hence, energy

savings), however, for a variety of heat applications can
be significant. If it were possible to use only 10% of the
heat rejected from the generating stations to be built
over the next 30 years, the net effect would be to use
more rejectea energy than the equivalent in electrical
energy generated today [~300,000 MW(e)]. On the
other hand, it must be recognized that the economic
utilization of large quantities of energy at low tempera-
ture is a difficult task, which ctherwise would have
already been solved. The incentives for solitions to
waste heat utilization have increased, however, and
seem likely to continue to increase in the future.

The opportunities that exist for utilizing waste heat
are just beginning to be explored in this country.
Because it is important to recognize the role that heat
utilization may play in the generation of electrical
energy, this report summarizes the methods available
and the status of their application.

The use of lowtemperature heat from electrical
generating centers is not discussed in this report.
Nonetheless, sauch use also permits the application of
heat energy in a2 manner which improves overall energy
utilization and contributes to energy conservation. This
energy conservation should become a national goal — so
many people think.

AGRICULTURAL USES OF WASTE HEAT

In contrast to many urban and industrial heat
applications which require heat at temperatures higner
than is normally wasted from electric generating or
other steam process plants, several agricultural uses
(e.g., spray irmrigation, soil heating, and environmental
control of animal sheiters and greenhouses) offer a way
to use the thermal discharges without reducing elec-
trical energy production. (For example, steam or hot
water at 300°F is needed for the various urban energy
requirements cumently under consideration. If steam
from back-pressure turbines is extracted at 300°F
rather than at 100°F, the gross turbine cycle efficiency
is decreased from 47% to 30% for a modern fossil-
fueled plant, and from 33% to 18% for a light-water
reactor nuclear plant.') Power plants with cooling
towers are normally designed so that the temperature of
condenser effluent is between 80 and 120°F; plants
with once-through cocling operate aear these tempera-
tures much of the year but may discharge water as low
as 55 or 60°F in the winter. In many locations these
temperatures are high enough to provide satisfactory
thermal environments for many plants and animals.
Thus, agricultural operations which can be located close
to the power station may truly be considered potential
wuste heat users




Spray irrigation ard soil heating can be used to
lengthen the growing season and provide frost pro-
tection in certain regions. Maintaining animal skelters at
the proper temperatures can increase growth .ates and
feed efficiencies; this is particularly important for the
smaller animals, such as poultry and swine. Greenhouse
production of both flowers and vegetables is critically
dependent on artificial heating and cooling, and the use
of waste heat from condenser cooling water can
significantly reduce fuel costs to greenhouse operators.

In spite of these obvious benefits from the use of
waste heat for agricultural applications. severai poten-
tial obstacles exist. Most important, the current level of
agricultural production is such that only a small
fraction of the waste heat discharged from power plants
can be used profitably, and the projec’ed growth
patterns suggest that this picture will noi impscve in the
future. In addition, the use of waste heat is strongly
dependent on geography, climate, and season. The size
of the greenhouse, poultry, or swine operation required
to use a reasonable fraction of the waste heat generated
by a typical power plant is an order of magnitude larger
than any installations in the US. today. However,
several toreign countries do have greenhouse operations
that could use all the exhaust heat from a several
hundred magawatt electric plant. Future greenhouse
operaticns in the US. may be able to use the waste heat
from power plants to r:place the dependence on gas
and other fuels which are in short supply. Such large
operations, however, riay introduce new problems in
management, disease .ontrol, and wasie disposal. Also
for some operations, temperature control is not a
con‘rolling cost, and the lure of cheap (or even free)
heat may not be safficient to attract agricultural
operations to power pant sites. rirally, certain prob-
lems may arise in coupling the power plant operation
and the agricultural operation. The utility may be
reluctant to have a second party on its cooling system
or to obligate itself to supply the wann water from a
nuclear plant where concern on the liability for
radioactive contamination may be a problem.

Nevertheless, agricultural uses of waste heat are
sufficiently attractive, under certain conditions. to
warrant serious consideration. While these uses will not
solve the “therrizl poilution” problem, they .an, in
particular locations, reduce the impact of thermal
effluents on the local ecology, conserve energy re-
sources (reducing demand for fossil fuel heat), and save
money for both the electric utility and the agricultural
operator. The potential and problems associated with
the use of waste heat for open-field agriculture,
greenhouses, and animal shelters are discussed in the
following sections of this chapter.

Open-Ficld Agricultwre

Throughout the history of agriculture, man has
generally been at the mercy of nature and has adapted
to or accepted the vagzries of the weather or climate in
his particular area. Control of (emperature in agricul-
tural activities was initiated only recently and is still
limited primarily to greenhouse horticulture and poul-
try operations. The importance of environmental con-
trol has long been recognized and studied, but the high
cost of heat and equipment has limited its application
to a few high-income crops.

Considerable study has been devoted to the effects of
irrigation water (and soil) temperature on crop pro-
duction and, of course, to the technical aspects of
design and operating techiniques intended to minimize
the temperature changes.? It is, however, important to
recognize that much additional work is required as
evidenced by the fol' )wing statement, “Knowledge of
how root temperature affects plant growth is woefully
incomplete, partly because critical experiments are few
and partly because of ignorance about root function.”™

The idea of using waste heat from power stations for
agricultural purposes was suggested at least as early as
1957,* but it i only recently that several investigators
have begur. to study and evaluate the potential benefits,
costs, and problems. As a consequence, little informa-
tion in the literature is specifically directed toward the
productive use of waste heat in field agriculture.
Nevertheless the use of warm water for field irrigation
through subsoil or sprinkler application techniques
represents potential applications for the waste heat in
discharge water.

Incentives for Use of Waste Heat in Open-Field
Agriculture

Both plants and animals respond to specific environ-
mental conditions that are conducive to optimum
growth. Although these conditions vary considerably
among species and at different growth stages, it is
seldom that optimum values are maintained in nature.
Chue of the important variables influencing plant growth
is the temperature of both soil and air, and although
this discussion deals primarily with temperature, it
should be recognized that many other critical environ-
meatal factors interact with temperature and may
require simultaneous adjustment as the temperature
approaches an optimum level. These factors include soil
moisture, air humidity, plant nutrition, and soil-air and
atmc:pheric-air composition. It is known that within
certain temperature ranges, biologic activity essentially
doubles with each temperature increase of 10°C, but
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that t0o0 low or toc high temperatures are lethal to
plants ®

Potential benefits of temperature control to open-
field agriculture include the following:

1. prevention of damage caused by temperiiure ex-
tremes,

2. extension of the growiag season,
3. promotion of growtn,

4. improvement of crop quality,

5. control of some diseases and pests.

Prevention of icmpersiwre extremes. Perhaps the
most obvious and the most easily adapted use of waste
heat in the form of warm water is in frost protection,
particularly to tree crops. Frost protection by sprinkier
application depends on the “heat of fusion,” that is, the
release of heat by water as 1t freezes. A critical factor in
this technique is the proper maragement of water
application to preclude limb or stalk breakage fro ice
formation, which can cause losses that exceed the losses
caused by frost. The use of warm water in the spray
system can alleviate this problem.

Warm water can also be used to cool plants during the
hot, dry summer months when atmospheric humidities
are low. In such a situation it has been demonstrated
that warm water applied through 2 sprinkler system
attains ambient temperature by tne time it reaches the
soil surface.® Heat loss results from evaporation, cool-
ing both the plants and the water supplied through the
sprinkler.

The use of warm water for the purpose of controlling
cop damage due to extreme temperatures, while of
vitz] agricultural importance, generaliy is required only
a few hours during a few days of a year. Thus, this
application requires a highly reliable heat source which
is used at a very low load factor, and would present
problems in capital cost amortization, unless the warm
water can be distributed through an imigation system
which would have been needed cnyway.

Expansion of the growing season. and promotion of
growth., Tempenature is one of the most important
factors governing the germination of seeds. Germina-
tion, emergence, and early growth of plants are inti-
mately reiated to soil temperature. The effects of
weather are probably more critical during germination
and early seedling development than during any other
stage of vegetation growth. Unfavorable soil tempera-
tures at seeding time often produce a poor stand and
consequently a reduced yield. Retarded growth of
young seedlings may not only further reduce yield but
also adversely affect the quality of the crop produced.’

Favorable temperatures at the seedling growth stage
may =nhance growth sufficiently to provide the possi-
bility tor producing two or more crops per year, and
thus greatly increase farm ancome. Also, achieving
earlier crop maturity can give a large marketing advan-
tage, particularly for high-value crops.

As indicated above, basic knowledge of the relation-
ship of scil temperature to nlant growth is limited.
Some literature is available on this subject, although
much of it is related to plant growth in the noneco-
nomic sense, that is, rate of net photosynthesis, total
dry matter accumulation, time of (or percent) seed
emergence, root volume, etc. There is, however, some
literature that discusses yields. In onc experiment, rice
(grair) yields were increased from 32% to 55% by
increasing the root temperature from 18°C « 30°C®
Com yields (silage) increased by 68% when the soil
temperature was increased from 12°C to 27°C, while
for potatoes (tubers) the yield increased by 47% for a
soil tempenature change from 12°C to 20°C, but then
decreased by about 40% when the temperature was
further increased to 27°C.° Table 1 summarizes some
recent data based on field experiments by Boersma.'®

While all yields obtained in these experiments were
depressed by water shortage, the growth in the heated
corn plots was particularly restricted by insufficient
firigation. Based on the observed rate of yield increase
and past experience of corn silage production potential
in this region, yields of 13 to 15 tons/acre of dry matter
are considered attainable. Soil warming also added to
the quality of the product, and the nitrogen content in
the silage was increased.

Table 1. Results of ficld experiments® designed to
measure the effect of warming the s0il above its
natunal temperstures (ref. 10)

Yield (tons/acre) Yield
Crop increase
Unheated Heated (%)
Com
Silage 55 8.0 45
Grain 3.2 4.3 34
Tomatoes 321 48.3 50
Soybeans, silage 2.25 3.74 66
Bush beans
First planting 644 7.80 21
Second planting 3.30° 5.70 7
Total 9.74 13.50 39

“Conducted during 1969 near Corvallis, Oregon.
5Did not meture.




Two crops of bush beans were grown in succession on
the same area, but the second croo on the unheated
area did not mature. The beans harvested on the
unheated plots were extremely small and could not
have been sold commercially. On the other hand, the
second crop on the heatcd plots was of the same quality
a; the first. Based on these observations, bean yields of
12 to 15 tons/acre, or more than twice the unheated
yields, are considered feasible. Even higher yields
probabiy can be obtained by asing cptimum practices
and high density planting.

Improved crop quality. Crop quality is believed to be.
in part, a function of the overall plant growth cycle,
and therefore control of the environment over the
plant’s lifetime should improve the final product. Little
is known, however, about the specific effect of elevated
root temperature in commercial crop production.?
Crop quality may not necessarily be increased, since
plant production of certain materials is not assumed to
be a single-valued function of root temperature over the
whole range of plant growth temperatures.

Coatrol disease and pests. Cool soils tend to encour-
age certain diseases, particularly in cotton, and cooiness
also advessely affects the quality of the fiber. The use
cf water heated above the temperature usually con-
sidered in the “waste heat” range, has been proposed
for soii sterilization. For example, the golden nematode
(and its eggs) are killed by S min exposure to water at
125°F (49°C).!' With lower temperature exposures
(105 to 110°F) it may take 20 to 60 min to be
lethal.!?

Cwurrent Research Programs and Applications

The importance of soil temperature to plant growth
has long been recognized, and research studies of this
factor have been in progress since about 1905. A review
by Richards, Hagan, and McCalla” summarizes knowl-
edge of s30il temperature as a biologica! factor up to
1952, and Neilsen and Humphries extend this review to
1966.2 An extensive bibliography (1152 references) on
the general subject of soil temperature was prepared by
the US. Agricultural Research Service in 1964 (W. O.
Willis, “Bibliography on Soil Temperature, throvgh
1963, US. Agricultural Resources Service, Sec. 41-94,
1964). The USDA is continuing to sponsor work at
several universities and area experiment stations. The
work at the Ohio Agricultural Recearch and Develop-
ment Center on The Relation of Soil Temperature to
Growth and Mineral Absorption by Plants’ ? is particu-
larly pertinent, as is the wotk at Oregon State Univer-
sity on Control of Soil Temperature with Reactor

Cooling Water.' 4

The states of Washington and Oregon have a number
of programs investigating the agricultural use of warm
water from power generating stations. Boersma of
Onon State University has proposed the system shown
schematically in Fig 3 for utilizing (and dissipating)
power plant waste heat.'® This system includes two
primary means for heat dissipation, sod warming anrd
evaporative cooling. The power plant turbine-condenser
water cooling loop would be a closed recirculating
system giving up heat through a pipe wall to either the
soil anc/or to water in the evaporative cooling basin.
One use proposed for the heated water from the tasia &5
for treatment of animal waste with algae production
which, m tum, would be recvcled as animal feed
suppiement. In the summer the waste stream could be
used for field crop irrigation, and thus many nutricats
could be returned to the soil. Alternatively the waste

could form the basis for an aquaculture activity.

In 2 current experimental project supported by the
State of Oregon, the USDA, and the Pacific Power and
Light Company, clectric heating cables are used instead
of buried pipe for soil heating.'® Preliminary crop
response data are reported in Table 1. Based om
projected yield improvement aed dowbie cropping of
some of the land, 2 benefit-cost analysis indicates that
this system or modifcation of it using warm water may
be extremely attrac ve. In an example amalyzed,
cooling water from a 1 100-MW(e) reactor power station
was asumed to heat the sod on a 5000-acre farm and t0
provide the water for a 500-acre evaporstive cooling
system.

In a separate program a 170-ucre demonstration farm
project has been operasing for three years at Spring-
field, Oregon, sponsored by the Eugene Water and
Electric Board and nuaaged by Vitro (Division of
Automation Industries).!- Primary emphasis in the
experimental program is on evaluation of the wse of
warm water (90 to 130°F, sbtained from a nearby pulp
and peper plant) for frost protection, plant cooling, and
irrigation.' ¢ In tests conducted over three full growing
scasons using heated waste water from the industrial
plant for spraying of fruit and aut trees, R0 crop losses
occurred from temperature damage (frost) on the test
fields, while adjacent fields not being spoayed suffered
crop lomes up 10 50%.'¢ A considersble improvement
in maturity dates, yields, and quality of several frwits
and vegetables has been demonstrated.

Economic studies are in progress at Washington State
University to evaluste the potentinl benefits to be
derived from soil warming and from isrigetion with
warm water.'? The study s in thime perts, of which the
first will assess and chart iriig:ti land areas and thea
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Fig 3. Schomstic diagram of sa agricuitueal indusiry developed sround a power generating station for the puspose of wing the

wasts heat commercially.

establish cost-benefit ratios for imrigation. The second
part of the study will predict environmental impacts of
warm water additioas to land masses. Part three will be
a systems analysi¢ of an integrated multiple-use water
program. ’

Theoretical investigations are being carried out at the
University of Arkansas to amalyze the .multancous
movement of heat and moisture in soils.'® One
potzntial problem in heating soils with bu-ied pipes is
that as the soil temperature around the pipe rises, the
90l dries out. The drying decreases the soil thermal
conductivity and effectively insulates the pipe; this
further reduces heat transfer. If the heating could be
combined with subsurface irrigation, this problem
might be alleviated. The Western Washington Research
and Extension Center is starting an experimental
project to study subsurface heating and subsurface
irrigation. This work is sponsored by Puget Sound
®ower and Electric Company.

Field experiments are being initiated by North Caro-
Ess State University at Raleigh to evaluate the use of

waste heat for soil warming in the southeast section of
the US.'® This project has the objectives of de-
termining the feasibility of transferring waste heat to
the soil system without crop damage during the hot
months and determining the extent to which the soil
environment can be modified and plant yields increased
during the cooler periods of the year.

As part of the Tennessee Valley Authority’s program
on waste heat utilization, tests have been conducted on
subsoil heating and irrigation to extend the growing
season. Heating the soil more than doubled the yield of
string beans on both irrigated and nonirrigated soils,
and yields of sweet corn were almost doubled.

Potential Problets Areas

Most of the incentives for controlling soil temperature
and the resulting benefits are of considerable signifi-
cance. A basic problem exists in the economic risks due
to the undemonstrated techniques and crop yields on
large farms over extended operating times; that is, the
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overall economics have not been established, particu-
larly with regard to the high initial investment where
irrigation would not normally be needed. Also, long-
term testing may reveal problems in soil management or
plant discase and pest control, although there is
presently no indication of such problems.

A significant question appears to exist in the breadth
of application of waste heat from power stations for
soil temperature management or irrigation. Most power
stations are located relatively near population centers in
areas of adequate rainfall where irrigation is only
supplemental. On the other hand, many power stations
are located in the higher latitudes where the soil
warming feature could be advantageously used. Gen-
erally, the western part of the US. is deficient in
rainfall, and particularly in parts of the Northwest both
soil warming and irrigation appear to offer good
potential for the use of waste heat from power plants.

There are also problems in continuously utilizing the
entire flow of warm water [a 1000-MW(e) power
station would continvoudy dischage 500,000
700,000 gpm] on nearby farms. However, even if the
entire flow could not be distributed continuvously, the
careful selection of sites in regions of arid agriculture
could benefit large farming areas. Since irrigation results
in some consumption of water by evaporation and
transpiration, the use of condenser water on previously
unittigated land might be objectionable. Such a use and
its benefits would have to be weighed against the
alternate choice of wet cooling towers and their water
makeup and blowdown requircments, and the com-
parison of pumping and piping cost would have to be
determined for soil irrigation cooling. In the western
states, the avaiabihty of water would have to be
determined, and legal restrictions would have to be
defined.??

There may also be questions raised on the *irect
agricultural use of cooling water from nucizar plants
from the standpoint of potential radicactive con-
tamination.?! Special precautions may be necessary to
prevent this problem from occurring.

Problems of power plant operation, refueling, shut-
downs, and effect on the power conversion cycle
efficiency have not yet been adequately amalyzed, and
additional costs or areas in which research is needed
may be revealed.

Conclusions
While agricultural uses for power station waste heut

appear to be beneficial, especially for arid sreas where
water quality standérds prohibit the return of heated

water tu streams, the cument state-of-the-art for open-
field use is quite limited. Most of the required research
and development areas have been identified, and imtial
results are encouraging. However, areas in which work
may be needed are: (1) induced power-station problems
such as increased pumping costs, siting restrictions, - tc.;
(2) the economics of the total opuiasiron, including
marketing and projected price structure of agricultural
products; (3) ovenill ecological effects; (4) additional
legal restrictions resulting from the combination of
power production and imrigation. Since several of the
research and development projects mentioned are being
sponsored by power utility companies, it would be
expected that these problem areas are receiving at-
tention, but as yet they have not been discussed in the
literature.

Greeahouses

The utilization of waste heat for greenhouse op-
eration has been suggested in several studies’-?? 2 d
papers®*2¢ recently. Since an exclusion area is re-
quired for nuclear power plants, it has been suggested
that greenhouses might be constructed on this idle land
sdjacent 10 nuclear plants to use the waste heat from
the power plants and under certain circumstances might
conceivably replace cooling towers which would other-
wise be required.2? In areas where the heating costs
amount to from 10 to 30% of the operatirg cost (or
$2000 to $11,000/acre) for greenhouse production of
vegetables, the potential reductions in cost of heating
provide a considerable incentive to develop large green-
house operations in comjunction w:'h power plants.
This arrangement would allow the use of otherwise
wasted resources (heat and land) without reducing the
efficiency of the power plant. The incressing dicficulties
in obtaining natural gas (a primasy fuel for heating in
greenhouses) provide additional incentive for Jooking to
the use of waste heat for heating and cooling of
greenhouses.

Crop yield* can be greatly improved through the
utilization of heat, in controlled-environment glas or
plastic houses, providing an added incentive for the use
of waste heat. However, because the amount of heat
available from large power stations is 3o great, it is not
likely that tlhe construction of greenhouses would be
practical for the dissipstion of all the waste heat
produced by the power plants heing constructed today.

Inceatives for Using Weste Heat in Greenhouses

The we of greenhouses for the culture of vegetables
enables larger crops and crop yields (up to 10 times the
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open-field ou’put) to be realized with small amounts of
land area. In addition, the ability to culture crops the
year round allows more umiform productivity and
permits the matching of crop harvest with periods of
high demand and kigh price. Providing plants with the
optimum temperature can reduce the time required to
produ.e a crop and cn greatly improve the yield per
plant. Optimum temperatures vary with the species.
Vegetables cultured 2’ w2vm daytime temperatures of
80 to 100°F and mgnttime temperztures of 75 to 80°F
indude squash, watermelon, cantaloupe, and cucum-
bers; those cultured at daytime temperatures of 75 to
85°F ad 60 to 65°F nighttime temperatures are
tomatoes, peppers, okra, eggplant, and onions. At low
daytime temperatures of 70 to 80°F and nighttime
temperatures of 50 to £0°F, spinack radishes, cabbage,
broccoli, carrots, beans, beets, lettuce, and cauliflower
are cultured.?*

Although many crops can be grown ia greenhouses,
the differences in vilue tend to encourage intensive
production of only 2 few species. These include
tomatoes, cucumbers, and lettuce. Growth curves for
these three plants are shown in Fig. 4. The costs of
prodv cing vegetables in greenhouses vary with location,
but the largest items in the operating costs are always
kabor and fuel.27-23 jn Ohio,2® Michigan,?® Mlinois,?”?
and Ontario,?® the heating costs represent $2000 to
$11,000/acre, or .0 to 30% of the operating cost
(depending on location and crop species). With heating
costs reduced, the profits may be increased, or more
moncy may be available to pay for increased costs of
lsbor or materials. The use of waste heat from
steam-electric power plants there‘ore appears p_ ‘mising
as a source of low-cost heat for use in greenhouses,
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especially if the plants have cooling towers with
wintertime operating temperatures of 60°F or higher.

Commercial cultivation of tomatoes is usually profit-
abie with heat from fossil-tueled sources at $1 to
$1.50/milion Btu. If reactor teat at 20¢/million Btu
were available, operating costs in some parts of the
country could be reduced by $4000 to $6000/acre."
Capital costs 10 deliver the heat from the reactor and to
provide the necessary emergency heating are estimated
at $28,000/acre (for each 100-acre installation), as
compared with the normal capital investment in heating
equipment of $15,000 to $25,000/acre.?? If the heat in
warm water fijom power planis couid be sold at
20¢/million Btu to a 500-acre greenhouse installation,
an operating profit to the power plant of $500
thousand to $1 million/year could be realized 3!

The extensive use of ,yeenhouses in or near areas of
high population density would permit supplying food
to nearby markets at seasonably favorable periods.
Labor is considered the greatest single problem in the
industry, and it may limit extensive use of greenhouses

in some areas.3!
Cwuirent Greenhouse Practices and Designs

Current greenhouse operations employ either glass or
plasticcovered houses. Recent interest in plastic-
covered houses results from their low capital and
construction costs and their tax advantage.®* Develop-
ments in plastics and the use of twin-layer plastics for
greenhouses have reduced the heating costs by reducing
the heat lomes through the roof. Wittwer notes that
double-layer plastic houses require only % the amount
of heat requinvd for glass houses. Detailed discussions of
greenhouse design are available in refs. 33—35.
Greenhouses have been heated with hot water for
many years by using radiators w finned tubes. In
addition, water is often used for cooling with evapo-
rative pads and fams. Studies have shown that warm
vater in the pad and fan system, in conjunction with
finned tubes, can be used for botk summer cooling and
winter heating **

The best documented studies of the use of waste heat
in greenhouses invoive the jomt efforts of the Univer-
sity of Arizona and the University of Sonora at Puerto
Penasco, Sonora, Mexico.2? At Sonora the waste heat
of diesel engine—generator sets is used in 2 desalting

*Assunl replacement of the plastic is an operating cost, and
dhe lower capital cost sesults in lower seal estate taxes. In some
states plastic howsss are mot taxed becawse they are mot
considesed permmsent structures.

ARSI iy g g e,

¢




plant and the growing areas of the ccntrolled-environ-
ment greenhouses. Environmental control is provided in
the University of Arizona experiment by use of a
direct-contact heat exchanger in which air is ‘orced
through packed columns into which seawater is .prayed
at the rate of 120 gpm Variation in flow rate is used to
regulate the temperature. When warmer temperatures
are required, the 94°F blowdown water of the desalting
plant mav be used instead of seawater. In this system
the humidity remains at nearly 100%, and the air
temperature is close to that of the water passing over
the packed-column heat exchangers. Approximately
20,000 cfm of moist air is circulated for ventilation and
temperature control in the greenhouses. Warm water
from power plants and other industrial processes could
be used for such agriculture.2*

A preliminary feasibility study of the use of warm
water for heating and cooling greenhouses in the Denver
area was camried out by Oak Ridge National Labora-
tory3' The study showed that the cooling tower
planned for the 330-MW(e) Fort St. Vrain nuclear plant
of the Colorado Public Service Company could be
replaced with low-cost (relative to cooling tower capital
cost) evaporative heat exchangers located in the green-
houses.** For the design wet bulb temperature in the
Denver area (65°F), calculations indicated that the
greenhouses could be cooled to at least 75°F in the
summer by evaporating 92°F water (available from the
turbine condenser) with once-through air, the heat
bein discharged to the outside. By recirculating the
greenhouse air through the evaporative pads during the
winter, the air temperature could be maintained above
65°F with a 0°F outside temperature. In either made of
operation, heat dissipation is constant and “full lxad.”

in the ORNL design, water is circulated tt:-ough
evaporative pads as shown in Figs. S and 6. Air passing
theough the pads is evaporatively cooled during periods
of high ambient tempefiture and heated during periods
of low ambient temperature. To maintain the humidity
at levels under 80%, finned-tube heat exchangers are
placsd downstream of the evaporative pads so that dry
heat could be added to reduce the aiwr humidity.
(Discussions with plant physiologists and horticulturists
suggest tha: plants are more prone to fungus and disease
at humidities above 85%; hence the need for humidity
reduction. However, the University of Arizom e peri-
ments have been with nea-ly ssturated aiw.) The witer
returning to the condenser approaches the wet buld

**Gulfl General Atomics, designer, snd Public Service of
Colorado, ownet of the plast, granted perminion for the ORNL
study, but there are 0 plans t0 build such a geeenbouse facility.
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temperature of the air during operation, and the water
heats or cools the zir moving through the pad,
depending on water temperature and entering air
temperature conditiors.

Figures 7 «nd 8 show the greenhouse arrangement.
Except for the plastic sheet used for the attic to permit
air recycling, the arrangement is fairly typical of large
greenhouse Uuits that use evaporative pads for summer
cooling. During the summer, air enters the greenhouse
through the pads and exhausts at the opposite end. As
outside temperatures drop, the discharge louvres close
and force the air to recycle through the attic and
subsequently through the evaporative pads. During cold
nights the relative humidity of the air leaving the pads is
nearly 100%, and the finned-tube heat exchanger is
used to heat the air to reduce the humidity in the
greenhouse to 80—90%.

Table 2 gives the calculated air and water conditions
for several summer operating cases, with evaporative
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PHOTO 0707-71 pads replacing the cooling tower of the Fort St. V-ain

~ plant.>' It was asumed that hot water from the
condenser would be piped directiy to the greenhouses.
The flow rates expressed are for each 50 X 100 ft
greenhouse. In all cases the range of the temperature is
22°F, the same as for the Fort St. Vrain plant. which
has design tempzratures of 80 to 102°F.

Table 3 gives similar data tor winter operating
conditions.>! Data for wind and sky conditions are zlso
given in the table, and the relationship between the air,
water, and roof temperatures is shown. The heat
available from the Fort St. Vrain plant would be
encagh tor 250 to 300 acres of greenhouses. During the
summer, water returning to the power plant from the
pads would be cooler than would normally be delivered
by the existing cooling tower and therefore would
increase the efficiency of the plant during hot weather.

Summer cooling conditions are favorable for the
Denver area, because of the design wet bulb tempera-
ture of 65°F. It should be noted that the water
temperature irom the pad approaches the wet bulb
temperature of the air within 3 to 5°F. In areas having a
high wet bulb temperature, the cooling effectiveness
would be less than in areas with a low wet bulb
temperature.

Cwurent Development Programs

While there are no large greenhouse operaticns in this

Fig. 6. Pud sad fianed-tube syswm for cvaposative cooling.  COunlsy using low-level heat from power plants, experi-
The pods are on the right, and the fmacd-tube heat cxchanger is mental work s being carried out which could lead to
om the left. Air flow is from right to left. icrge-scale use in the future. As mentioned earlier, the
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Fig. 8. Intevior of the ORNL experimental greenhouse showing the finaed-tube hest exchonger. The pads are behind the fimned
tabes.

Table 2. Greeahouse conditions for sssmer opesation® (ref. 31)

Ambient - Range of conditions
. A Water ) Range of
Case conditions flow flow m greenkouse water
Dry balb Relative rate rate T Relative temperature
temperature Tumidity (/) (To/hr) ""(.,_.)" e bumidity CF)

P %) %)
d 95 16 306,000 33.200 76-86 80-67 67-89
p s0 73 306000 $8.200 ~58 ~95 51-73
3b.c 50 73 153000 88,200 ~67 ~100 $7-79
e 95 16 306000 44.100 71-81 8s-11 64-36
5¢ S0 73 306,000 44.100 ~53 ~90 48-70
¢ 50 73 1S3.000 44,100 ~57 ~100 50-72

*Data are for each SO X 100 fi greenbhouse.

‘Summer conditions fo: Nemver (64°F wet bulb) and 500 MW of weste heat Jumped to 100 acres of
greenhouses.

'Iohunhﬁmdtomha.cafaaymm&yhbwwww’F.
€Air flow rate reduced by one-half.

dConditions sar.e 13 in case 1. except that 200 acres of greenl Juses were assamed and the water flow rate
was reduced by one-hail.

“Similas 10 case 2, with 200 acves of greenhouses and water flow rate reduced by one-huf.
fﬁuﬁhﬂoaxlvﬁh!@mdManhmmww.
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Table 3. Grezaboute conditions for winter operation® (ref. 31)

Wind velocity: 1S mph
Effective sky temperature: -100°F
Greenhouse area: 200 acres

Outside Water Air flow ate Arx tet(?;:e)ntm R::fge Mean
: - ture ﬂ‘:' Maddl Over Through water temmoft
TS ®hy  RIE Vel e athic e P
-30 A4,100 153.000 3 72 72-65 66-88 1
-15 44,100 153,000 0 76 7669 71-93 15
0 44,100 153,000 0 80 80-74 75-97 26.5
) 44,100 148400 4,600 72 7265 66-88 21
0 44,100 141,400 11,600 63 62 -56 56-13 15
o* 26,500 153,000 0 56 56—50 51-73 12
o 26,500 148400 4,600 51 5144 45-67 8.5

*Data are for each S0 X 100 ft greenhouse.

*Emesgency conditions: reactor shut down and an emergency heater being used to supply heat at

the rate of 1.5 MW/acre.

Umi rersity of Arizona and the University of Sonora are
usitg heat from diesel generators to provide heat frr
gre:nhouses 2t Puerto Penasco, Sonora, Mexico, where
creps have been grown at neas 100% relative numid-
ty.22:>® The success led to a request from the
Skaikhdom: of Abu Dhabi for construction of a 5-acre
fa:llity on the island of Sa’Diyat in Abu Dhabi, and this
system is now in operation.?¢

One of the unique features is the ability of the facility
to conserve water througn collection of the condensaie
vhich occurs on the plastic roof. It is reported that
each 4500-ft? greenhouse will yiel2 up to 1500 gal of
water per day during periods when the exterior temper-

tures are low enough to result in condensation on the

inside of the plastic roof.2¢ Since this is distilicd water
which c*n be recovered and used for makeup water,
du’ing the winter there would be a potential recovery
of water amounting 1o 214.2 thousand gallons per acre
of greenhouse per day. This water could also go to
supplying the approximately 10 thousand galions per
acre per day irrigation needs of the crops being raised,
snd tc provide high-quality makeup water for the
power plant cooling system.

Although the ORNL feasibility study®' described
emlier indicates that several advantages exist for using
graenhouses to cool reactor condenser water, no plans
exist to indicate that greenhousts will be built in the
US. 10 use a sizable portion of power plant waste heat.
However, regaidless of wheiher the power plant is

cooled significantly. even a fraction of the heat should
be an aitraction ‘0 a greenhouse operator because of
low heat costs. Zurthermore, there are many industrial
processes and cooling towers wasting heat which could
be used in greenhouses at a small expense to the grower.
Recently, an experiment was star.ed at Oak Ridge to
determine the actual operating periormance of a pad
and fan system for use in heating and cooling green-
houses. Waste heat in the water from a building
air-conditioning system is being used for temperature
control in a2 small plastic greenhouse. Preliminary rasults
thus far have revealed small differences betvieen the
theoretical calculations used in the feasibility study and
the pad performance, but additional work is required to
prove details of the system. The Tennesse: Valey
Authority is planning a pilot test of the “Oak Ridge
System” of heating and cooling in a joint TVA-ORNL
program.**

Each of the systems mentioned involves the flow of
water from the power plant to the greenhouse, where
tae water is cooled and ->nt back to the power plant or
discharged to surface  :zrs. The systems available for
blending and controlling the water to maintain certain
temperatures require conventional engineering. The use
of greenhouses in series or paralle! with cooling towers,
cooling ponds, or other systems could afford increased
1lexibility for waste heat use.

Although work is being conducted throughout the
United States on design of greenhousss, greenhouse




equipment, and on growing methods, little work hav’
direct applicability to the utilization of waste or
low-temperature heat from power plants i< currently
under way. Sufficient information exists to design a
greenhouse system to use waste heat. dowever, the
integrated performance of large complex s may require
on-site demonstration facilities before rnany questions
can be answered.

Economics of Greenhouse Operation

Incentives for the utilization of low-temperature heat
from powar plants include the legal restraints on heatcd
discharge water to water bodies, the economic potentiai
to the utility for the sale of heated effluents, and the
reduction in heating costs to the greenhouse operator.
For the nation, such use could result in some improve-
ment in national energy utilization.

The economic and marketing incentives for green-
house products deserve some attention. Current green-
house tomato production is distributed in the United
States as shown in Fig. 9. Most production is in areas
having high population densities and represents green-
house operations of S acres or less, with an average
being about 1 acre.

15

The costs and net return for greenhouse tomato
production are illustrated by the data in Tables 4 and §,
which are for operations in the US.27-2? Canada,3°
and Freat Britain.® Table 6 illustrates the investment,
production costs, and returns for flower production.3’
In the data presented, the investment and operatirg

Table 4. Approximate annual operating costs to
produce two tomato crops pers acre

Illinois' Labor $ 4.800-6,720
Fuel 2,500-3,500
Total* $ 9,025-12.700
Ontario® Labor $ 7,730
Fuel 397
Total* $19,320
Great Britain3
Totar* $14,520-21,780
! Courter (1965).
2Eischer (1966).
3Sheard (1970).

‘Reptnents total operation expense, not ;ust the sum of
labor and fuel.

ORNL-DWG 72-7421

GREENHOUSE TOMAT(ES, (969
S.M. WITTWER AND S. HONMA
MICHIGAN STATE UNIV. PRESS
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® 25 70 100 ACRES
A OVER 00 ACRES

Fig. 9. Major greenhouse tomato-producing aress in North America.



16

Table S. Estimated net returns for labor and management
for production of | acre of greeahouse tomatoes®

Semipermanent Temporary
Item Glass R .
plastic plastic
Fixed costs $ 8,175-11,150 $ 1,325-9,050 $ 6,000-8,650
Operating costs 9.025-12,790 9,025-12,790 9,025-12,790
Total costs $17,200-23,940 $16,350-21,840 $15,025-21.440
Gross cost returns less $27,940-33,000 $27,940-33,000 $27,940-33,000
direct marketing costs”
Net retums to labor $ 4,000-15,200 $ 6,100-16,650 $ 6,500-17,975
and management
*Courter (1965).

9Calcvlated for a production of 20 Ib per plant, for total production from two crops per year, at
an average price of $1.75 to $2.00 per 8-Ib basket.

Table 6. Greeahouse flower production costs 2ad returns
by years ia Ontario per acre, 1966 and 1968—1969*

Labor costs 1966 $31,076
1968—-1969 31,697
Heating 1966 8,496
1968—-1969 9,941
Total costs 1966 88,140
1968 1969 85,744
Net returns 1966 2,167
- 968—-1969 3,252

*«Report of Greenhouse Flower Production in Ontario —
Production Costs, Retums and Management Practices.” 1970.
Farm Economics, Co-operative and Statistics Branch, Ontario
Department of Agriculture and Food, Chatham, Ontario.

expenses to provide heat represent sizable fractions of
the total expense.

An examination of the data from experiments at
Puerto Penasco??:24+2¢ indicates that annual yields in
greenhouse culture are as much as i0 times greater than
for open-field culture; prices fluctuate, however, and
the profit from a crop is determined not only by the
yield and the value per unit but also by the expense of
production. Fluctuation in the value of tomatoes is
illustrated by Fig. 10. For the large-scale greenhouse
facilities considered in the ORNL study of Fort St.
Vrain,®' a proposed mixture of crops that might be
raised was suggested and is shown in Table 7. Also
shown are potential yields and crop value.

Reasonable profits can be realized from large-scale
greenhouse vegetable operation; however, current pro-

ORNL-0WG 72- 7423
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Fig. 10. Averags gross valwes received for tomatoes.?®

duction costs are hLigh and returns are unpredictable, so
the risk invoived is high. The operation of such
large-scale facilities by integrated companies would
reduce the risks. The companies could raise the
product, own the processing plant, renovate the
processing water with waste heat, and have their own
market outlet.

Evalustion and Sumsnary of Use of Waste Heat
for Greenhouses

A principal advantage of using waste heat from power
plants for geenhouses is that it does not require
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Table 7. Possible mixture of crops foe controlied-enviroament greenhouse complex

Crop m':‘m’;d Yield per C;:t‘” Yield per Wholesale value Acres Total

per crop crop-acre year® acre-year per acre- assigned value
Cucumbers 100 144,000 b 36 518,000 b $31,080 at 6¢/B® 50 $ 1,554,000
Eggplants 130 24,060 b 27 67,500 1b 5,400 at 8¢/ 50 270,000
Lettuce (leaf) 40 84,000 heads 9 756,000 heads 37,800 at S¢/head 100 3,780,000
Bell peppers 146 30,000 B 25 75,000 b 9,000 at 12¢/1> 50 450,000
Radishes 30 40,000 bunches 12 480,000 bunches 24,000 at S¢/bunch 5 120,000
Squash 105 22,200 ™ 3.6 80,000 B 12,000 at 15¢/B 50 600,000
Tomatoes 140 92,000 B 2s 230,000 b 25.300 at 114/® 100 2,530,000
Flowers 180 40,000 piants 2 80,000 plants 20,000 at 25¢/plant 50 1,000,000
Strawberries 180 40,000 B 2 80.000 B 17.600 at 224/ S0 £20.000
308 $11,184,000

. $11,184,000
Projected average valoe: ——————— = $22,146/acre

“Winter season, Puerto Penasco Experiment Station, Sonora, Mexico.
51970 wholesale prices, mostly fror. U.S.D.A. Vegeiables — fresh market, 1970 Ansual Summary. (Acreage, Yield, Productioa,

Value. These represent the amount received for outdoor crops.)

“For areas of the country having high light intensity, low cloud cover, and near uniform day length.

modification of the plant and does not reduce power
c;cle efficiency. The application is one of several
options available for the dissipation of waste heat
produced during the production of electric power or
other industrial processes. However, if all of the
commercial greenhouses existing in the United States
today used waste heat, they would consume only a few
percent of the heai being wasted from existing power
plants. Since the growth rate for power plants exceeds
the precent growth rate for greenhouses, it is question-
able whether more than 1-5% of the total waste heat
could be utilized by greenhouses, and therefore the
primary incentives must be economic rather than a
solution to the thermal discharge problem.

Although a large amount of water would be con-
sumed in greenhouse operation, water losses would be
less than for cooling towers if the water condensing on
the greenhouse surface were collected and returned. As
described earlier, during recirculation in winter, most of
the water could be recovered from condensation in the
attic. A

In the studies at Puerto Penasco,??:'¢ the closed
environment itself greatly improved the yields of a wide
variety of crops even though relative humidity was
nearly 100%. Most successful varieties were those
developed in hot humid areas. Tomato varieties such as
Floradel, N-65, and Tropic did well, while varieties such
as Michigan-Ohio, Wolverine 119, and Tuckcros-0 did

not. Whether operation at 100% humidity is possible, in
colder cloudy arcas of the country and with other
varieties, reraains to be seen. High humidity at night can
result in the collection of water on the leaves of plants.
This may result in growth of fungi and the spread of
bacteria which are likely to be detrimental to the plant.

During winter the greenhouse operator must depend
on a reliable supply of heat. At power sites with
multiple units the reliadility of the heat supply should
be high. During scheduled or unscheduled outages of a
unit, heated water would be available from alternate
operating units. Base-load nuclear plants with high
reliability seem aptly suited to the greenhouse require-
ments. Nuclear stations are equipped with a fossil-fired
heater of 100 MW or more, which would provide
additional reliability. In some cases a separate emer-
gency heating unit would have to be provided.

The use of low-temperature heat therefore represents
a potential way of signifi-antly reducing operating
expenses and increasing profit for the grower. A very
large greenhouse operation could in tum reduce the
capital investment and operating expense of the power
plant operator by providing a sulstitute heat rejection
system and a market for previousy wasted heated
water. Thus gains might be realized by both parties in a
greenhouse operation large enough to use a sizable
fraction of the waste heat from a power station, bt the
invesiment required would be large. For examgie, glans
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houses which usca one-fourth of the waste heat from a
100-MWe) power plant would requirs a capital in-
vestment of approximately $25 million and occupy
about 250 acres. Although no such large installatiors
are expected for many yean in the United States, it is
repori»d that single operations of 250 acres exist in
Hunga:y.*

Lit'le work has been done to date on the evaluation
of the market for greenhouse-produced crops at the
scale necessary for using such massive quantities of
waste heat. Most of the existing data are extrapolated
from small-scale operations of S acres or less.

Ttere are many unanswered questions concerning the
use of waste heat from power plants. Chemicals such as
chromates used for water treatment in the cooling
water systen might affect the piants in a greenhouse.
Similarly, the pollen from the greenhousc couid possi-
bly affect the cooling system. The determination of
whether such effects will occur requires experimental
studies. In the case of nuclear plants the real and
imagined hazards of rzdioactivity must be considered,
and public acceptance of products produced in such
greenhouse complexes would have to be analyzed.
Potential sources of activity in the cooling water would
have 15 be considered and measuring devices installed to
contmivously monitor the water for radioactivity.

The most difficult questions to resolve appear to be
those of institutional arrangements neccssary for the
financing and operating of such an enterprise in
conjunction with the operating of a power plant. The
organization and training of the greenhouse operating
teams, agreements with the utility on shutdown sched-
ules, provision for auxiliarv heat supply. and protection
of the power plant coolants from loss or fouling are
several of the important problems. If risk insurance is
common to greenhouse operation, the degree to which
it might be affectsd by coupling to a power plant for
heat would have to be detecmined.

All of these questions poimu to the necessity of
conducting research or studies to resolve uncertainties
which now exist. Although engineering que:tions can be
resolved fairly easily, these and the biological and
economic questions require demonstration projects
with crops in a gresnhouse facility.

Marketing data, legal restrictions, economic incen-
tives, insurance, ar{ other questions need extensive
probing before the 1ull potential can be ascertained.
Labor is considered the number one problem.?? Prob-

*Personal communication, J. A. Deum (Voskamp En Vrejland
N.V. The Netheriands) to S. E. Beall (ORNL), 1971.
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lems of providing the large skilled staff necessary for a
successful operation must be investigated and solved.

Conclusions

Adequate enginer.ing informaticn is available to
allow the design and operation of a heating and cooling
system for greenhouses utilizing waste heat from
steam-electric power plants. Prospects and incentives
exist for the coupling of greenhouse vegetable operation
with electric power production. The principal un-
certainties are in the marketing problems related to high
production rates, institutional arrangements for
implementing suck a program, and the problem of
public acceptance of the product.

Presenuly there is need for detailed examination of
the operation of a large-scale greenhouse complex in
order to resolve these questions.

Apumal Shelters

The feed efficiency (pounds gain/pound feed) and
gowth rate of some farm animals are strongly de-
pendent on environmental temperature. Proper temper-
ature control can decrease feed consumption and
increase productivity. This is particularly important for
smail animals (with a large surface area to volume ratio)
such as poultry and swine, and considerably less
important for cows. Because the prcduction of other
farm animals (e.g, sheep, goats) is small, only poultry
and swine production will be discussed here.

Poultry Opentions

During the past several decades, broiler production
has become concentrated in fewer, but larger, farms.**
A typical operation today might produce 40,000 o
100,000 birds annually. Broiler production has grown
spectacularly in recent years, from 6 billion pounds in
1960 to 11 billion pounds in 1970, an increase of
80%.>® In recent years, broiler prices have decreased;
see Fig. 11.

Table 8 lists the eight leading staies in broiler
pivduction. Prcduction is heavily concentrated in the
Southeast; almost 60% are grown in Georgia, Arkansas,
Alabam., North Carolina, and Mississippi. The reasons
for this geographic concentration are probably related
to low labor costs and a warm climate.

**Egg-laying hens asre not discussed here because their
supplemental thermal requirements are so low.



19

ORNL-DWG 72-7424

18

16

14

12

AVERAGE BROILER PRICES (cents/Ib)

10

1956 1958

1960 1962

1964 1966 1968 1970

Pig. 11. Broiler peices received by formers a5 & function of time.>*

Table 8. U.S. broiler production’?® (1969)

Pescent of

10° » cotal

Georgia 1,548 154
Arkansas 1,410 14.1
Alsbams 1,235 123
North Carclina 1,038 10.3
Mississippi 774 7.7
Maryland 680 68
Texas 597 59
Delaware 521 5.2
Rest of U.S. 2,243 223
Total 10,046 100.0

Typical costs 10 the farmer of producing broilers are
tabulated in Table 9, from ref. 40. Thie t2ble shows the
importance of maintaining high fced efficiency. Feed
accounts for 62% of the total cost of r2ising broile:s.
The figures presented in Table 9 are in good agrezment
with more recent USDA figures.*’

Poultry physiology. The value of a controlled environ-
ment for broilers has been recognized for some time.
Numerous experiments have been conducted which
show that feed efficiency and growth rate can be

improved by properly adjusting the temperatwre,
humidity, and ventilstion withia poulity shelters.

Barott and Pringle*2™** demonstrated the importance
of temperzture control for young chicks. Their experi-
the air temperature starts at 95°F os the day of hetch
and drops continuously t0 8O°F on the 18t: day and
65°F on the 32nd day. Figure 12 shows the effect on
growth rate of changing air temperatures.

Tests conducted in Maryland*® showed thut maxi-
mum growth rate and feed efficiency occur between 60
and 70°F for broilers four weeks of age and older.
These rcsults are summarized in Fig. 13. Prince et al.*¢
showed that the feed efficiency was 11% higher for
broilers housed at 65°F than for broilers at 45°F.

Figure 13 shows that increasing the temperature from
40° to 60°F increases Yroiler growth rate by 14% and
feed efficiency by 11%. This suggests that proper
temperature control can reduce feed costs (improved
feed efficiency) and reduce per usit lsbor and capital
costs (higher growth: rates).

This shows that broilers grow best when the tempera-
ture is maintained within the appropriste temperature
range, sssuming the humidity is maintained between 50
and 70%.47* Adequste ventilation is required to
remove moistzie and odors, and to provide a usiform
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temperziure distribution and adequate oxygen. Ventila-
tion rates should be about 1 cfm/Bb in winter and 2
cfm/Bb in summer.*®

Current shelter engineering practices. A well-insulated
house can cut fuei costs by a factor of 4 compared with
an uninsulated house ' **2 Research demonstrated that
energy requirements per broiler ranged from 20,000
Btu in the summer to almost 60,000 Btu in the winter
with an uninsulated house for a full eight-week period,
that is, from birth to market. These figures were
reduced to 5000 and 13,000 Btu for an insulated house.

Drury®?® compared several different kinds (coal, gas,
and electric) of brooders. Some were operated in a
warm room, the purpose of which was to maintain
comfortable conditions throughom the house so the
chickens could keep warm with less feed. In cool-room
brooding, only the area near the brooder is kept warm.
The temperature in the rest of the house fluctuates with
the ambient.

Table 9. Bsoiler production costs*®

Cents/B Percent of

sold total cost
Fixed costs: depreciation, interest, 1.0 5.7
tanss, insutance, meintensnce

Chicks 3.1 17.6
Feed 110 625
Labos 14 8.0
Fud 06 34
Mincellancows 0.5 2.8

Totsl cost 17.6 cemd® 100.0

®These costs ase based on 1962 data for the New Eagland
asen, which may noi be reprcsentative of current mational costs.
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Under winter conditions, costs range from 4 cents/
bird with warm-room coal heaters (60,000 Btu/bird) to
0.5 cent/bird with cool-room electric heaters (7500
Btu/bird). In summer these figures are reduced by a
factor of 3 to approximately 20,000 Btu/bird with coal
and 2500 Btu/bird with electric heating.

The use of evaporative coolers for poultry is still quite
controversial. Drury,’* in Georgia, expressed doubt
that the operating costs of the equipment would be
offset by the increased productior. On the other hand,
Longhouse and Garver®*$S note that evaporative cooling
is successfully used in Texas for broilers, where the
wet-bulb depressioz is 20 to 30°F during midday.
Ota*® pointed out that evaporative cooling can be used
in the Southeast during the warmest part of the day,
because then the wet-bulb depression is greatest. In
almost all cases, dry-bulb temperatures above 80°F
occur with wetbulb temperatuzes below 60°F.*7°*
Table 19, from ref. 47, shows the inside conditions to
be expected with evaporative cooling. If the inside
humidity is to be maintained below 80% (a reasonable
upper limit), then the outside relative humidity must be
lower than 50% in order for evaporative cooling to be
effective.

Current design recommendations for broilers include
proper ventilation, adequate insulation, and the use of

?Wmmmmhmﬂym.um
75°F.
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Table 10. Temperatures and refaiive humidities inside evaporatively
cooled buildings, for sev=1al outside conditions® (ref. 47)

Reft}inof Dry-bulb temperature of outside air (°F)
outside ai. 85 90 _ 95 100

(% RH) T Tc RHc T Tc RH¢c T Tc RHec T Tc¢ RHc
20 65 68 72 68 n 73 n 15 7 75 78 n
30 68 1| 15 72 15 75 76 ™ 73 80 83 73
30 n 74 ” 15 78 ™ ™ 82 ' 83 86 78
50 4 77 82 78 81 82 82 85 82 87 9% 81
60 76 ™ 86 81 &4 84 85 88 2% ¢ 93 85
10 » 82 87 83 86 87 38 9 0

TH = dry-bulb temperature of air as it leaves the cooler; Tc = dry-bulb temperature of diffesed air
nsiie the Dudding; Riic = reiative mmidity of diffased air innde the building.

brooders for young chicks. Installed brooder capacity
ranges from 1S to 30 Btwhrbird, depending on
insulation and geographic and climatic conditions.
Summer cooling is usually accomplished with increased
ventilation rates, although evaporative cooling is used in
some locations.

Swiz e Openations

Hog production has remained fairly constant over the
past several years, increasing only slightly from 96
million in 1955 to 102 million in 1970.>* Hog prices
received by farmers have varied emratically over the past
15 years, as shown in Fig. 14, ref. 57; however, the
trend seems to be toward an increase in hog prices.

Table 11 lists the eight leading hog-producing
states.>® Hog production is very conceirtrated; 70% of
the hogs produced come from the eight midwestern
states lis'ed in Table 11. Production is concentrated in
these staies because of the availability of inexpensive
feed, primarily midwestern corn.

Currently, a large Fog operation produces about 5000
pigs/year. In the past. hogs have been grown in two
annual shifts — a spring and a fall crop. Recently, the
trend has been to year-round growing to make better
use of the farrowing houses.

Economic data concerning hog production is quite
scanty. Table 12, based on information in refs. 59 and
40, shows that feed accounts for 65% of the costs in
raising hogs. Fuel accounts for about 4% of this cost.

Swine physiology. Heitman, Kelly, and Bond®! stud-
jed the influence of ambient air temperature on the
growth rate of swine; see Fig. 15. The optimum
temperature for hogs varies from 73°F for 100-Ib piy.
to 65°F for 2504b pigs. The growth rate drops oft
sharply on either side of the optimum temperature a*.d

Tabie 11. U.S. hog production®® (1979)

10> head om iarms 12/1/70  Percent of total

lowa 16,322 242
Iimois 7.468 10
Indiana 5129 7.6
Missouri 5,120 76
Minnesots 3,692 58
Nebraska 3,691 L%
Ohio 2,838 4.2
Kanss 2,202 33
Rest of US. 21,078 31.1
Total 7,540 100.0
jos of
Table 12. Avproximate i-u’mm- bog
Dollars/hog Pescent of
sobd total cost
Buildings, equipment $ 3.60 18
Feed 1390 65
Labor 1.60 8
Fuel 0.80 4
Veterinary medicine, 1.0 -
miscellaneous .
Total cost $20.00 100

even becomes negative at high temperstures. For
example, above 95°F larger pigs begin to lose weight.
This occurs because of depressed appetites and in-
creased respiration. The growth mate of a 200-b pig
decreases by 33% if the temperature is mors than 13°F
higher or lower than the optimum (69°F).

Warwick,*? Sorensen,*? and Mangold et al.** present
results which confirm Hii*man's data and show thst the
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Fig. 14. Hog grices received by farmess 28 3 fanction of tims.*¢

temperatures for optimum feed efficiency are nearly
identical to the temperatures for maximum growth rate.
These results are well summarized in Figs. 16 and 17,
from Dale.®® Figure 16 shows that the optimur
temperature for feed efficiency decreases with i
creasing hog weight, in agreement with the data shown
in Fig. 15 for daily weight gain.

Figure 17 shows how temperature influences the time
to market a1 240-b pig. As the daily weight gain
inci.. =<, the time required decreases. Both the total
feed consumption and the time required are a minimum
between 60 and 70°F.

The effect of humidity un swine was investigated by
Morrison et al.%¢ Ir general, both feed efficiency and
weight gain decrease with increasing humidity. Weight
gui; drops approximately 0.1 Ib/day (~5%) with an
increase in humidity from 45% to 95%. Despite the
adverse effects of high humidity, the authors conclude
that “evaponative cooling of hot dry air at the expense
of increasing the iumidity is desirable, since the benefit

of lower air temperature would morc than offiser the
possibly small detrimental effect of the higher humid-
ity.” :

For example, evaporative cooling of ambient air from
90°F and 30% RH to 74°F and 70% RH will increase
daily weight gain almost 60%. Thus, evaporative cooling
would iacrease weight gain by mo.e than 0.5 lb/day
under these conditions.®’

The optimum temperature range for pigs is between
60 and 70°F, and the relative humidity should be
maintained between 50% and 75%.*7'® Ventilation
rates vary from 50 >fm fus a sew and litter, and 20 cfm
for a finishing hog in wimter, to 200 cfm for a sow and
litter, and 100 cfm for a finishing hog in summer.**®

Cutrent shelter engineering practices. Traditionally,
environmental control in hog huuses has been limited to
ventilation and insulation. Several USDA publica-
tions**7' on swine shelters were issued in the late
1950's and make no mention of supplemental i eating
or cooling for noninfant swine. Infrared brooder s were




AVTIRAJE DAILY WEIGHT GAIN (1b/pig)

30 40 ‘0 6 7
A TEMPERATURE (°F)

80 90 00 "0

Fig 1S. Myﬁﬂ—'l.af—d'naiimh

recommended for warming baby pigs. and shades and
wallows were suggested for cooling :.igs in summer.

More recentiy, supplementa’ peating ras been recom-
mended for all swine in winter®® (0 improve weight
gain and feed efficiency. Heater capacities of 2000 to
5000 Buwu/hr for a sow and litter. and 100 to SO0 Btu/hr
for a finishing swire 2re suggested *°

Experiments r:rfonned in Sonth Ca-olina’? using
electrical strip heaters showed 22, .==1¢¢ (based omn 2
year’s operation) supriemental heating requirement of
1400 Btu/h: for a sow and litter confined in the heated
pens for 21 days.

Shades, wallows, sprinklers, and drinking water offer
considerable relief from high temperatures for
swine.”>7* Garrett 2t al.”® compared the effects of
mechanical air conditioning with those of a shaCed
water wallow on hog performance. While feed effi-
ciency and growth rzte were improved with air condi-
tioning, air conditioning is generally uneconomical; that
is, the capital and operation costs of air conditioning

diffevent pig body weights.® exceed the value of increased weight gain. However,
mechanical air con.‘tioning is useful for spot cooling of
lactating sows.”® Cooling only the sow, rather than the
entire building, reduces the reguired capacity by a
factor of 10.
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Hazen and Mangold®*® suggest that evaporative
coolers are usefui omly in arid regions. Where the
wet-bulb depression is slight, evaporative cooling may
even be detiimental, because hogs cool themselves in
warm weather by incrzasing evaporation through higher
respiration rates. If the humidity is increased, thea lung
respiration is less effective. These conclusions, however,
coaflict with the resuits obtained by Morrison et
II.."‘?

Thus, current trends in hog production ure toward
greater environmental control. Specifically, some form
of supplemental heating (under-floor or hot air) is
becoming increasingly prevalemt for both farrowing and
finishing operations. Protection from thermal stress in
the summer is normally obtained by high ventilation
rates, proper insulation, and drinking water. Neither
mechanical air conditioning nor evaporative cooling
appears to be widely used.

Potential Benefits of Waste Heat Utilization

It is of interest to compute the fraction of waste heat
produced by steamr-electric power piants which can
profitably be used for temperature control of swine and
poultry shelters.

Approximately three billion broilers were grown in
the US. in 1970.3® Since broilers are grown year-
round, the average energy required to brood all these
chicks can be taken as 10,000 Btu/chick for a well-
insulated house.' Thus approximately 0.3 X 10'*
Btu/year are required to brood all the broilers currently
grown in the US., using current data. With low-cost
waste heat available from power plants, heat use might

be higher since the ecomomic penalty of providing
optims’ thermal conditions would be greatly reduced.

Jimeson and Adkins’’ estimate that 5.3 X 10'°
Btu/year of waste heat was rejected from power
generating stations in 1970. Thus, about 1% of the total
waste heat generated could be vsed for raising broisers
— under current conditions if all the broilers were raised
using waste hezt from power stations. In the winter,
broiler heating could use almost 2% of the waste heat
discharged, but in the summer it could use only 0.5% of
this heat.

Hazea’® estimates that S000 Btu/hr are desirable for
a sow and litter during a typic ' lowa winter. This heat
would be uged for the equivaient of 50 days at the
sbove rate. Assuming 5 million litters/winter implies
that 3 X 10'? Btu would be required for heating all the
sows and litters produced in winter. This compares
quite well with 0.7 X 10'® Btu sugyested by data
obtained in the much warmer climate of South Caro-
lim_‘l?

In addition, approximately 300 Btu/hr are required
for finishing pigs. Using the same 50-day full vse factor
aod 50 million pigs per winter gives 1.8 X 10'? Btu
required for the finish'ng operation in winter.

Thus, about 5 X 10'? Btu/winter are required to
supply the current winter heating needs of American
hog production. This is 1% of the total waste heat
genenated and about 3% of the winter heat generated.
During the summer, very little waste heat would be
requircd, just enough to keep the litters wzrm at night.
The thermal requirements of hog production are slight-
ty greater than those of broiler production. However,
broiler heat requirements are not so concentrated in the
winter.

The use of waste heat c2n reduce fuel bdills and
increase feed efficiencv 2ad growth rate for both nogs
and broilers by previding optimal temperature condi-
tions. A pad and fan system, in conjunction with a
finned-tube coil (system describer later), can provide
both winter neating and summer cooling while, at the
same time, cooling the condenser water.

Ir heating costs $1/million Btu, then the maximum
potential savings for broiler and hog growers are about
$3 million/year (30.01/broiler) and $5 million/year
($1/hog) respectively. This assumes that 10% of
American broilers and hogs are grown using free waste
heat, before incremental costs are subtracted. Alternate
computations of the fuel savings using data from refs.
40, 41, and 60 give figures in reasonable zgreement with
those above.

Thus, the use of waste heat for warming arimal
shelters might save poultry and swine operators $8



million/year in fuel costs based on cwrent fuel con-
sumption figures. However, since current practice does
not maistain optimal temperatures, the potential
savings may be higher than indicated here because of
improved feed efficiency and increased growth rates.
Feed accounts for over 60% of the total cost in both
broiler and swine operations *®¢!-5?

For example, ref. 45 shows that increasing the
ambient tempenature from 60° to 79°F increases the
feed efficiency for broilers by at least 0.05 Ib-feed/lb-
gain. With feed at $0.05/b (and production of 11
billion pounds of broilers annually) this represents a
savings of $2.7 million/year ($0.0075/broiler) when
appiied to 10% of broiler production.

Similarly. increasing the air temperature from 60° to
65°F for swine reduces the total feed consumed by 20
Ib/hog®5 see Fig. 17. This represents a savings of $7
million/year ($0.70/hog) with feed at $0.035/Ib and
production of 100 million hogs annually, Again, a 10%
appiication factor is used. Thus, even slight changes in
ambient temperature can significantly reduce feed
costs.

The Evaporative Pad and Fa.. System

The system envisioned for heating and cooling animal
shelters involves the use of conventional pad and fan
systems with finned-tube coils; see Fig. 7 and the
discussion on greenhouses in this report. Pad and fan
systems are currently used in many greenhouses and in
some poultry and swine operations for cocling pur-
posés. The pad and finned-tube svstem used in the
ORNL experimental greenhouse is shown in Figs. 6 and
8.

The pads (see Fig. 5) are typically filled with a
semipermanent fibrous material. Condenser cooling
water flows onto the pads from a trough at the top and
drips vertically down along the fibers. Air flows
horizontally across the pads and is heated or cooled
depending or. the ratio of sensible to latent heat
transfer. The cooled water is collected at the bottom of
the pads and in a closed system would be pumped back
to the condensers.

Warm water from the condenser may also be pumped
through the finned-tube coils, located downstream of
the pads.* The air coming from the pads is heated and
dried by the transfer of sensible heat across the fins. By
varying the relative fractions of water pumped through
the pads and the coils and the air flow rate, the

*Alternately, the warm water could be run through pipes
embedded in the floor of the sheltes.

temperature and humidity of the air entering the animal
shelter can be adjusted over wide ranges. This system
can b> used for toth summer cooling and winter
heatine. The heated (or cooled) air passes through the
house and out .he other end through exnaust fans.
Automaticaily controlled louvers would permit recircu-
lation under conditions of extreme cold.

With this system the environment within the animal
shelter can be maintained near the optimum. Siaml-
taneously, the power plant condenser water & cooled,
approaching the ambient wetbulb temperature. Thes,
the animal shelter serves 2s a horizontal cooling tower.
The engineering detaik of thic system ar: descrbed by
Beall and Samuels ?*

Problems

A significant obstacle to the use of waste heat for
animal shelters is insufficient knowledge. Further
studies are needed to determine the techmical ama
economic feazbility and desirability of such a system.

Using cuisut tioures, broiler houses and swine shel-
ters could use akoct 2% of the total waste heat
generated at steam-electric power plants if all present
animals were raised using such heat. The generation of
electricity has been doubling every ten years for the
past several decades and will probably continue to do so
for some time. The growtk rate in swine production is
considerably lower, only a few percent per decade.
Broiler production has increased rapidly, about 80%
during the past decade. However, this growth rate is
also slower than the growth in electrical generation
Thus, it appears that in the future, animal shelters will
require an even smaller fraction of the waste heat
generated — assuméng current trends continue.

Geographic concentration is another factor which
may inhibit the use 0i waste heat for animal shelters.
Hog production is very concentrated in the Midwest,
and broiler production :s concentrated in the Southeast.
Power plants in these areas may be able to couple their
operations with agricultural enterprises, but throughout
most of the country, broiler and swine production are
so low that they will be unable to use more than a small
fraction of the power plant waste heat. However, it is
possible that the lure of cheap (even free) ..eat may
induce broiler and swine production to shift geographi-
cally. For example, New York produces only 0.1% of
American broilers®® but psobably consumes 5—10% of
the total production. If the use of waste heat can lower
production costs sufficiently, New York may be able to
grow its own broilers.

In order to minimize pumping and piping costs, the
broiler and swine operations would have to be located
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adjacent to the power plant (within th< exclusici area
for a auciear plant). The waste heat irom a 1{U0-MW ¢)
plant 1s sutficient to broud almost one bill >~ broilers a
year ot farrow and finish about 10 million hogs a year.
As indicated earhier, a typical broiler operation cur-
rently produces about S0.000 tirds znnually, and a
lamge hog operation produces aboat 5000 pigs/year.
Thus. current operations are rwo o7 three orders of
magninale smgller thon would be required to use 10%
of the waste heat from 2 modern power plant.

Seweral problems may arise with large operations such
as discase, odot, and wasie disposal. a:'d these have not
yet been resolved. In particuiar. waste disposal may be a
majos problem with hog operations. Cuivent legislation
and regulations require improved wasie ticaiment, and
the resulting ~conomic penalty may inhibit the develop-
ment ol larger operationis. However, future techno-
logical devetopments may elirtinat: this problem.

Similarly, hog opcuaiions require a considerable
amouni of tand. Hazen®' estimates that a2 1000-hog
operation requires about 30 acres. This includes hog
housing. feed storage. and waste disposal facilities for a
controlled environment operation. Linear extrapolation
indicates that 30,000 acces would be required to
produce a2 million hogs/year jenough hogs to use 10% of
the waste heai from a typical :000-MW(e) plan:).

The capstal costs of the pad and fan and f(ianed-iube
coil system plus the pumps and piping are higher th' n
the costs of conventionai brooders and space heaters.
These additional capital costs must be compared with
the reduction in operating costs due 0 the use of waste
heat. In many locations (e.g., the South? the additional
capital expenses may not be justified.

The demands for hest in animal shelters are quite
seasonzl — considerably higher in the winter than in the
summert. Yet it is during the warm summer months that
thermai pollution problems are most severe. In the
summer the animal shelter would serve as a horizonial
cooling tower, with little advantage to the farmer. In
fact, the high humidities and temperatures associated
with this operation may be detrimental in certain
tegions of the country where the wet-bulb depression is
small.

Variations in electrical generation may seriously
hamper the use of waste heat Jor hestizgy animal
sheiters. If the power plant shuts down fcr 2 long time
during a period when Leat is required. alternate means
must be provided for warming the chicks or pigs. The
cost of installing a backup heating sysiem must he
compared with the savings from the use oi waste heat.
This would not be a problem at multiunit pcwer plants.

Biocides and other toxic substances are usually added
to condenser cooling water to prevent the growth of

algae within the cundenser tubes and accessory piping.
Carry-over from the evaporative pads may be harmful
to poultry and swine.

During th> winter, when air is heing recirculated
within the animal shelters, high dust levels may accumu-
late on the pads and in the cooling 'water. This dus.
buildup may block airflow, reducing heat transfer, and
may also change the chemical quility of the cooling
water sufficienily to aggravate corrosien problems.

The condenser cooling water circulaisd through the
pads in the animal shelter is csoled largely by evapora-
tion. This represents 3 consumptive wse oi water,
amountiag to about 2% of the total flow rate. !n aria
regions this water loss may be unacceptable. However,
tire water iosses are no higher than they would be witl
an evaporative cooling tower.

Climatic vaniability is ancther factor which may
inhibit the use of waste heat in animal shelters. Only
certain regions of the country have climatic conditions
suitable for the use of waste hem. The Midwest is a
good candidate for waste hea! applications, because the
winters are cold and the summers are cool, with
reasonsble wet-bulb depressions. The Southeast, on the
other hand, has warmer winters and 5 very small
wet-bulb depression. So heai utilization vall probably
be minimal in the Southeast.

Concemn sbout radioactivity may make people reluc-
tant to buy pork and broilers grown in a reactor
exclusion area. This problem can probably be overcome
with a suitsble public education program.

Figures !1 and 14 show the annual average prices for
broi'srs and hogs over the past 13 ycars. Broiler prices
have steadily deciined, while hog prices have increased
erratically. These fluctuations in the avergge _rices
show that broiler and swine operationc are somewhat
risky. This risk and the low return on investment may
hamper the expansion of these operations into areas oi
waste heat utilization.

Conciusions

The use of »aste heat for environme.iia! control of
animal shelters has the potential for reducing costs and
minimizing environmental impacts at certsin locations.
Potential fuel savings are about $8 million/year for the
industry, and the potential reduction in feed costs are
in the same range. However, various problems exist
which might inhibit such uses. Studies are needed to
determine the technical, economic, and environmental
desirability of such a system. Research is needed in
several areas 1o beier define the problems and potential
associated with waste heat utilization in animal shelters.



ARL

Technical questions concerning the actual perform-
ance of pad. fan. and finned-tube systems remain.
Preliminary work at ORNL suggests that this system
can provide adequate environmental control in inany
parts of the country. but applications 10 ccmmercial
operations must be demonstrated.

The problems associated with economics and manage-
ment have not yet been addressed. Research is needed
to answer the following questions: Can feed efficiencies
oe further increased or are curreat practices nearly
optimal? What are the problems associated with very
large Yroiler and swine operations” Are such large
operatioas economically viable? Are the savings in fuel
costs worth the additional capital expenses associated
with pumps and piping? How should the capital costs
be apportior; between the utility and the farmer? Will
cheap heai reduce the riskiness of these farm opera-
tions?

if research suggests that such systems for animal
culture are feasible and desirable, then a pilot-plant
progrum should be initiated to obtain field data.
Ideally, the field trial should inciude greenhouse,
poultry, and swine operations. In preliminary trials the
size of the operation should be kept smzli, but in later
tests these operations should be significantly increased
to about 50 acres of greenhouses, 500,000 broilers/
year, and 50,000 hogs/year to icveai the problems
caused by larger agricultural operations.

Summary

Agricultura! operaticns are capable ~f using low-
temperature (waste) heat from power plants without
reducing electrical energy production. While these uses
will nct solve the thermal pollution problem. they can,
in particular locations, reduce the impact of thermal
effluents on the iocal ccology, conserve energy re-
souices, and save money for both the electric utility
and the farmer.

Thermal effluents from power plant. can be used in
open-field-agriculture to p:omote rapid plant growth,
improve crop quality, control pests and disease, extend
the growing season, and prevent damage due to tem-
perature extremes. Water, used for both irrigation and
heating, can be applied through nozzles (spray irriga-
tion) or through a subsurface piping system. With these
systems the farmi acts as a large, direct-contact heat
exchanger for the power plant, while the utility
provides irrigation water to the farmer.

Several research projects are under way in the Pacific
Northwest to investigate the feasibility and desirability

of these systems. Some additional work is being
performed in the Southeast.

This use of heat is of importance for only a few days
of the year (early spring and late fall). During the
remainder of the year, water is needed for imrigation but
not for heating. Howrever, most power plants are sited
near urban centers where ra:nfall is sufficient to obviate
the need for irrigation. Also, the long-term implications
of waste heat applications for soil management and
disease and pest control are no: yet known.

The use of power plant waste heat for warming and
cooling greenhouses can improve crop growth and yield
while reducing operating (fuel) costs by as much as
$4000 to 36000/acre. With approximately 7090 acres
of greenhouse production today, this represents 2 ictal
potential saving in fuel costs of $28 to $42 million
annually on a national basis (10 to 30% of operating
costs).

Research at the University of Arizona, University of
Sonora, and the Oak Ridge National Laboratory sug-
gests that using waste heat for greenhouse climate
control is both feasible and economically attractive.
However, no large-scale field operations are currently
under way.

Waste heat can be used to prcvide optimal tempers-
ture control in swine and broiler houses. Fuel costs
could be reduced by $8 million annually on a national
oasis. Additional savings in feed costs may result from
improved feed efficiency under controlled environ-
mental cond:tions.

Additional study is requised to determine the limits-
tions imposed on agricultural uses by climate, g2~s
raphy, product marketing, waste heat reliability, <ffects
of biocides and corrosion inhibitors in the cooling
water, and consumer acceptance of products grown
using cooling water from nuclear plants.

1t is essential that these problem areas be thoroughly
investigated before a commitment is made to large-scale
agricultural applications of waste heat.
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AQUACULTURAL USES OF WASTE HEAT

Aquaculture is an ancient art. It has been practiced
for centuries in the Orient, particularly in the tropical
and subtropical areas where framers raised fish in
flooded rice fields to provide a protein supplement to
their basic grain diet.!*? Yet the practice is al*o a new
technology. A few fish species have been int2rsively
cultivated in controlled environments, and yields of
these species have been enhanced by the degree of
management exercised over the operation.>* In pond
culture, for example, with nitrogen and phosphorus
fertilization, yields for carp are 100—600 Ib/acre-year at
sttes in Israel and Southeast Asiz. With supplemental
feeding, these yields increased to 1600—2400 Ib/acre-
year. Mos¢ impressive of all are the yields in running-
water culture with intensive feeding as practiced by the
Japanese. Yields of 0.8--0.3 million ib/acre-year for
carp have been (btaimd.® Catfish culture in ponds
under senicontrolled conditions may yield 2000
Ib/acre-year,* while yields as high a< 2 million Ib/acre-
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year for catfish and trout might be achievable i
intensive culture in a flowing stream with a relatively
high degree of enviconmental control.” By coatrast,
fishing for wild spcoies on the continental shelf by
mwl:maﬁmmingmyyiddonlymb/m
year.

Aquaculture is more like farming, whereas fishing is
like hunting. " 'hile yields from aquaculture cannot be
compared witn yields from fishing for wild species, the
contrasi provides an insigat intc the: potesatial fov
aquaculture in supplying future fish deraands.

The methods described above are afl seasonal activi-
ties. No attempt is made to maintain th~ temperature of
the culture system in the uptimum ninge for growth.
Yet basic data on fish growth indicate the potestial
benefits of maintaining optimum temperiture (Fig. 18)
For example, <hrimp growth'® is increased by 80%
when water is maintained at 80°F instead of 70°F, and
catfish'! grow (hree times faster at 83°F than at 76°F.
Growth of both both aquatic species benefits appre-
ciably more from temperature contro! than does growth
of animals such as broilers, cows, and swine.
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Heated discharge water from stesm power plant:
represents a large t!.ermal energy source for maintaining
the temperature of a culture medinm in 2 range thet is
optimum for the growth of some aquatic specics. Also,
electricity is available for pumping power, permitting
greater envimamental comtrol over the water system.
Thus, thermal aquacultvre at power plant stes offers
the poteatial of producing high-qguality acuatic foods
continwously in some locations, and the possibiity of
decreasing the presest high varishility in available
supply due to the seasonality of sach prodmce.
Temperature coatrol alone, however, is not sufficient
for optismsm production of aquatic species. Dissolved
cxyveen content, hinlogical oxygen demand of e
culture system, fish waste cootrol, and metritionsl
adequacy of the food diet are some of the other

Metheds Used ia Fish Culture

Of the 2500 known fish species, lexs than 1% of them
have been successfully cultured at all, ead probabiy less
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then 0.5% of them have beea intensively cultured as in
animal hwtbandry>** The simplest operation is poad
culture,' ia which envirommental coatrol is quite
limited and varisble. Here fish are simply stocked in 2
body of water. At low stocking rates (huadreds of
pounds per acre), fish can exist on matwaal food in the
water. As the stocking deasity is increased, mutrient
levels of the pyrad have to be enriched by nitrogen and
phosphorous fertilization and addition of supplemental
foods. Acistioa may become 3 necessity t0 satisfy the
increased metabolic oxygea requirements. In addition,
buildup of 5 wastes and oxygen consemption by
other aquatic organisms in the syrtem become impor-
tant factors in overwhelming the syrtem.

{a comliati (o siationary poads, dyawaic systems of
celture can offer = sreater degree of eavironmental
control. Fish can be comfined in cages'? (eg., 30 ft
long X 10 ft wide X 5 ft deep) and placed in a large
volume of waier such as natural lakes and streams, or
cooling ponds or channels of coolant water. A greater
water flow rate (incressed rumber of volume changes)
permits higher stocking deasity. Food is fod at regular
intervals. Cage culture can result in disease problens
when it is carricd out in large bodies of water where
wild fish populations e:ist and the fisk in culture
cannot be isolated.' 2

Flowing water culture s also practiced in muhtiple
chanmels or raceways, each of which might be 100 ft
long X 4 ft wide X 5 ft deep in 2 commercial
operation.'> Water depth and flow rates can be
~ontrolled. The water is utilized more efficiently aad
productivity (yield/acre .3 enhanced. Fish popuistion
density can be high. Whh flowing water, enviroar.«ntal
control is easier than in other systems; that is, dissolved
oxygen is distributed more uniformly acd biological
oxypea denand is lower because fish wastes are flushed
away. However, capital costs are sbout ten times that of
the pond or cage culture.* ¢

Cwsvent Techniques

Catfish is commercially the most widely cultured fish
in this country (sbout 54 million Ib in 1970).'* Thisis
a warm-water species whose aptimum growth wmperz-
ture is between 80 and 90°F. Seasonal culture is carried
out largely in Arkansas, Mississippi, and Louisiana.
Farmevs usually finl their culture ponds in the spring,
stock them with catfish Tngerlings, feed th. ¢ during
the growing season, harvest them in the. iste f=8, and
sell them to processors who market the rrepared
peoduct. However, this simple culture mitnod is not
without problems. High temperatures and low dissolved

oxygen concentrations can result from solar heating of
the ponds and pond stratification. Sudden algae blooms
can increase biological oxygen demand in the powd
system sad cause oxygen deplition. Development cost
for such poads is sbout $400 to $1200/acre.”

Sowne of the newer commercial catfish culture proj-
ects are more sophisticated in design. Flosting cages' 2
have beea placed in flowiag water, or 70-75°F
{Toundwater has beea pumped continuously imto circu-
lar tanks.'® In both types of technology, yields up to
200000 Bjecre-year ot better have ben re-
m&.l"..

A successfsl commercial demonstration of intensive
aquacuiture is the Thousand Springs Trout Compasy in
Buhl, Idsho.” This the largest farmw o iis kind in the
world, sepplying 30% of the US marker (4—-5 million
b in 1969) for rainbow trout.'” Yields of 200,000
400,000 b of rainbow trout per acre-yesr are abtained,
and each year shipmerts of 1.5 million B of dressed
trout are made to domestic and foreign markets. The
year-round culture is made possible by a 250,000-gpm
supply of constant-temperature (60°F) springwater that
comes from canyon walls. One-fourth of this flow is
diverted and distribuied into chammels where high-
demsity culture is practiced. At a stocking dessity of 2
Bb/ft* of water, the weight of raisbow trout supported
is 16 Bb/gpm of water flow. Nutritionally balanced
pelletized food is fed at regular intervaks, and an
excelient feed conversion ratio of 1.5 b of dry food fed
per b of wet fish produced is normally achieved. The
commercial uperation includes feed formulation and
mixture, culture from the egg in the haichery to growth
in flowing water to 3 uniform marketabie size, and
processing of the harvested fish to a frozen peckaged
product. The uncommonly fresh taste and firm meat of
this trou! are atiributed to the flowing waier which
flushes swavy ammonis and nitrogenous wastes. The
average wholesale price for the product is in the middle
tv upper portion of the price range for raindbow trowt,
$0.85-1.15/® (1971 price).

The technical success of this enterpiise is probably
due to the high-quality water at the culture site,
coupled with sufficient knowledge about rainbow trout
biclogy to make mass culture possible. There are
relatively few sites with such a dependable source of
water and only a wiy few aquatic species whose
biological characterisiics are known well enough to
permit such an intensive operation.

A dependible market for the cultured product is
essential to the financial success of the operation. There
have been nuanerous instances of interprises which werz
technically succemsful but fsiled becavse of an inace-
quate marketing arrangement.'




Some seawater species have also been cvitured on a
seasonal basis. Raft culture of oysters and mussels has
produced 2000-200,000 B of product per acre of
water surface along the shorelines of Australia, France,
Japan, and the United Siuates>** The .nost fsvorable
sites for these rafts are areas where the nutrient
concentrations are enriched by the drainege of rivers
and estuaries and where large volumes of moving water
are available 10 carry matural food supplies 10 the
mobile rafts. Aithough 20 entirely suitable food formu-
la has yet been developed for oysters or mmssels, the
mutrient content of the water can be further enviched
by the addition of nitrogen and phosphorus fertilizers.
Yields may be drastically reduced by predator attack
(oyster drills and starfish) whea the facility is not
isolsted from the sea. Four years of culture are
normally required 10 produce a merketable oyster.

The Japanese are the foremost fish culterists in the
worid.’* Alcag the bay areas of Japan's Inlend Ses,
finfish (yellowtall) is cultured in aylon net bags ‘cage
culture) supported by bamboo frames. Oyster culture is
aa established industry of lomg standing; rafis are
floeted in bay areas, and wire strings of oysters sre hung
from 2 Isttice work on each rafi. where the oysters feed
by pumping seawster and exiracting the availsble
nutiients. Shrimp culture owes mmch to the results of a
30-yoss effort by M. Fujimam t0 perfect methods of
induced spawning of gravid females and mass hatchery
reacing of the larvae forms so thet shwimp sepplies

would not be dependent on the catch of juveniles along
the seacvast. Experimental cultare of blwe crab.

abelone, and squid is also in progress.

Several varieties of seaweed (Nori) and algee
‘Undaria) are cultured by ‘he Japenere for use as a
condircnt or additive 1o 8 vasiely of foods.’* Both
pow best in seawater that is in the range 50-70°F.
Monospores cultured in indoor tanks zre transferred O
nets of strings suspended on “amboo rafts and allowed
to grow during the late fall and early winter iu shallow
estuarine r7ess. The harvesied product is processed imo
thin dried sheets and s0ld in packets ot 6-in. sheets. In
1967, Nori production wez 140.000 toas and Unduria
was 67 000 tons.

Heat tsilization in Aquacultwre

Therme! aquacoliure involves the use of hested
HThients (e.g.. pows: plamts or thermal springs) to
maiatsin optimal temperatures for growth and produce
high yields. Power plant coolant water has only recently
been used for acsacultuie. A commerciai operation, the
Long Island Oyster Farms of Nasthport, Long Islend,
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utilizes the thermal effluent of Long island Lighting
Company for the early stages of oyster culture.'’
Normal giowing periods of four years have been
reduced 10 2.5 years by sele<tive breeding. spawning,
larvae growth, and “seeding™ oysters in the hatchery.
This avoids reliance on variable matural conditions snd
persiits accelerated growth in the thermal effiwest
discharge lagoon over a period of about 4—6 monids,
when the water would otherwise be too cold for
meximum growth. Oyster cultare is completed for
market in the cold waters at the castern emd of Long
island Sound. The product is harvested, pracessed, and
marketed for $(5-20/bushel (1971), the wppes *ad of
the wholesale price mage. About 20 of the oystens
“set” in the hatchery result in & hervested product.
Catfish have been cultvred im cages sei into the
tivermal discharge ~anal of a fossil-fucied plamt of the
Texas Electric Service Company at Lake Colorado City,
Texas.2® During the winter of 1969-70, growth rates
aschiewd were equivalemt 10 200,000 ho/acre-year. This
is compersble to the yields of raimbow trowt calture in
flowiag water. The Texas operation is wow o a
commercial \.isis.

A pilot rearch and development project is being
conducted by Trans-Tenmesses Industries (mow
Cal-bhaine ndestry) of Nashwville, Teanesse, at the
TVA stesm plant in Gellstin, Temnessee.?' Hested
dischacge water from the plant is circulsted through
nine of ten concrete channels each 4 R wide X 4 R dosp
and SO ft in length. Algee formstion is minimized by
covering the channcls snd prevesting photosynthesis.
Presently. studies are being comducted at differemt
stocking demsitics. Mutsitionally balenced polietived
feed is fed (0 the catfish in culture. Extrapolated yidlds
of up to 2,000,000 Bb/acre-yesr have been ob’sined in
seversl of their saceways. The com -~y is planning a
230-channel fasitity that would supply cultwred catfish
10 the neatby Nashville metropolitan ars. The ex-
panded facility would have a capacity for 60.000 b of
dremed catfish per week. With a comtiomous wapply of
warm watler snd a vartically integreted aperation like
that of the Thowund Springs Trout Company, Trans-
Tennessee believes that it can supply the catfish
demand of the Nashville ares st costs considerably less
thaw pond production costs for catfish.

Lasge feed production and smimal processing com-
penies in the agrbwsiness industry are comsidering
wtilizing waste bsat for flsh cultivation. Florids Power
Covposstion of Si. Petersbusg, Floside, hes recestly
ansounced a joint five-year ressarch effort with Ralston
Purina Compeny to develop a satisfactory techaigee for
culturing shrimp ot the utility’s Crystal River site.??
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Armour aad United Fruit have conducted 2 small
research effort on shrimp culture in cooporation with
the University of Miami at Florida Power vnd Light
Company's Turkey Point facility.?®

Smualier companies like international Shelifish Enter-
prists are developing methcds for oyster culture in the
thermal discharges canal of Pacific Gas and Electric’s
plant at Humboldt Bay.2* Marifams, inc., of Panania
City, Fl.rida, is utilizing the warm water from the local

Experimental lobster culture using warm water is being
comsidered by a few institutions, including a California
group (Sen Diego Gas and Electric Compeny and
Maricukure Reseerch Corporaiion) and the Department
of Sea aad Shore Fisheries of the state of Maine.?*

The Japantse’” have led the way in demonstrating
the benefits of waste hest utilization for aquaculture.
Shrimp, eel, yelicwiail, seabream, ayn, and whitefish
are Deing cultured. Culture experiments started at the
Sendsi Power Plant in 1964. Five other demonstration
programs have been establithed at fossil-fueled power
ponerating stations. In poad culture at 3 power plant in
Matsuyama, shrimp are cultwred in thermal effluents
blended with ambient water to mmintsin comstamt
temperature. Summer growth under culture conditions
was 1.2 times the growth of shrimp in nstural sammer

and 38 low a8 30% in the winter experiment.’® In
fieing water, yellowtsil cukured in comstant-
wmperature wates from October to June grew to a
weight of 1.5 times the wiight of fish cultured in
natucal water. No mortality or parasite problems were
oncountered.?® At the Toksi-Mura Nuclesr Power
Sistion mear Tokys, a mmitispecies $575.000 dewon-
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the power plant uses mechanical cleaning techmiques.
No radioactivity is alowed to e diluted into the
coolsnt water stream used for aquaculture. Although
culture of the flatfish species has been demoanstrated,
wide-spread culture has beea restricted by low food
conversion efficiency and high food costs. Low-value
fish is used as feed, and a suitable low-cost, formulated
food has not been developed. Flatfish are cultured in
flow-through poads rear the shoreline. Since the system
is not isolated from the ses, predator atiack and disease
are of concera.

Feasibility Study of Thermal Aquaculture

A thorough feasibility study of a conceptual design
and the market potential for a shrimp culture facility
has been performed.'® The study used the published
data on shrimp biology and technology to develop a
conceptual design for continwous Julture in 2 flowing
stream. A cOst estimate, » c9st semsitivity analysis, and 2
market projection for the cultured product were de-
weloped. Sophisticated chennel cuiture was proposed
(Fig. 19) in which juvenile shrimp, cultured from the
egg in 2 hatchery, would be raised in a series of pens of
increasing mrface sres within  channe! until the shrimp
reached masrketable size. The chaanel design (Fig. 20) is

lorger pens at regular intervals ss the shrimp increas in
size. Shrimp would be harvested from the largest pea at
the end of the cuitivation period. Other shrimp in
cultwre would be moved forwaid one pen, and shrimp
foom the hetichery would be inserted imto the smaliert
pen at the begianing of the channel. When all the pers
are openting, the culture system would be in equilib-
rium, and harvestisg would be done on a weekly basis.
With year-rouad cultivation a« optimsm temperature,
a shrimp yield of 20,000 Bb/acre/year was projected.
This would be four timmes the seisomsl yields (Tb/acre/
) thet have been reporied for Japanese shrimp
in flowing water.> This is besed on two crops
your imstead of one and the dowbling of weight
of shetmp in cultwre from S 1o 110 g/ft? of
srea (shrimp are bdotiom dweillers). Weigt
wp 10 200 g/fi’ have been reported for the
of bait shrimp in serated tanks.*?
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A detailed cost estimate was made for this integrated
conceptual design and included feed preparation,
shrimp <ulture from eggs and larvae in the hatcnery to
growth to a harvestable size in channeks of flowing
water, and processing to the frozen product. For the
assumptions made, the calculations showed a yieid of
10 million b/year of shrimp which at 1970 market
levels would have a wholesale vaive of 3:.00/B.
Production costs were estimated to be about 80¢/lb.

The production cost was found to be most sensitive
to feed conversion ratio and least sensitive to labor
consideratiors; capital cos:s for site improvement were
intermediate. Low-cost, nutiitionally balanced feed is
imporiant to the economics of shrimp culture, because
it constitutes more than 60% of the iotal operating
cost. To date. no feed has been successfully tested for
the mass culture of shrar- , althoush food formulation
test programs are currently under way both in the
United States and in Japan. In this country, formulated
feed has been developed only for the mass culture of
rainbow trout. This same feed. however, has been used
for the mass culture of siher fish. In Japan, shrimp in
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culture are fed low-value fish which give a food
conversion of 10 Ib of feed to 1 b of flesh. It is
economically feasible to do this, because retail prices
for live cultured shrimp command a higher price in
Japan than in the United States.>*

Market Estimates for Cultured Fish and Seafood

The potential of thermal aquaculture is related not
only to technical fessibility but also to markets for the
products. There is little statistical data at present to
indicate the extent of demand for cultured aquatic
foods in this country. In Japan, fish is a vrime source of
protein, and the per capita fish consumption in 1967
was 120 b/year, an order of magnitude above that in
the United States. Aquaculture in Japan represents a
significant tonnage and monetary value in the fisheries
industry. In 1967, the total catch was [5.6 billion b,
with 2 value of nearly $2 billion. Aquacuiture products
totaled 940 million b and were valued at nearly $300
million, sbout 6% of the total catch and 15% of the
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total value. Certain cultured products can command
xury prices in Japan.

As mentioned earlier, the yellowtail fisk of the tuna
family has been cultured extensively in Japan. In 1963,
60% of the Osaka market for yellowiail was furnished
by aquaculture. By 1965, production reached 36
million B, but further production increases were
threatened by a lack of natural supply of small fry. By
1968, artificial propagation was successiully developed
30 that future demands for the fry could be met.>*

Present difficulties in providing a constant supply of
fish have presented serious problems to the seafood
industry in the United States, und the scarcity of
certain seafoods is given as the most serious problem by
the US. seafood industry.’® On a world basis, srafood
cunsumption represents the fastest growing lood area,
but world sustained yields from natural sources will be
limiting for many speciss within the next few Jec-
sdes.?® Culturing of fish and other seafoods would

reduce this problem. In the United States, aquaculture
is in its infancy. Statistical data®* show that during the
past decade total edibk: fishery products have risen
from 4.3 to 6.2 billion Ib. The domestic catch, however,
has remained approximately constant at 2.0 to 2.5
billion B, while the imported supply has increased from
1.8 to about 3.7 hillion Ib. Less than 1% of the total
supply is furnished by fish culture.

However, statistical ¢ata prcvide an incentive for
considering the culture of high-value fish species. For
example, in the period 1950 to 1970, shrimp per capita
consuraption rose 160% from 0.8 to 2.0 Ib, while total
consumption of all seafoods remained relatively con-
stant at about 10-12 Bb.27-?* Consumption of meat,
poultry, and fish combined rose by 40% in this same
petrod.3® Although the domestic catch of shuimp is the
largest in ihe world, imports constitute more «han 50%
of annual total supply in the Uni‘ed States. There is no
import duty and no quota placed on the amount




imported. The National Marine Fisheries Service has
indicated :hat shrimp consumption is less sensitive 10
price changes than is beef and pork consumption. They
predict that the annual per capita shrimp consumption
wili exceed 3.0 Ib before 1980. They feel that the
fraction of shrimp supply imported will have to increase
to meet the added demand. By 1980, world shrimp
demand will equal the world’s estimated harvest poiwen-
tial, and they feel that beyond 1980, aquaculture will
have to supplement world supply in order to continue
to meet world demand (Fig. 21).*°

[a general it is speculated that the dollar value of
fishery imports will rise faster than the annual tonnage
imported, because a greater fraction will be high-value
species.*! Domestically cultured fish products can be
substituted for some of these imports, provided the
operation is economically viable.

Some food market analysts predict a growth in US.
fish consumption through development of a new
aquacultural industry based on advanced technology.
This has occurred in the chicken broiler industry.*? For
the 30-year period 1939 to 1969, per capita consump-
tion of chicken rose from about 1.5 to about 35.0
Ib/year, while per capita fish consumption remained at
10 to 12 Ib/year. In modem broiler technology, food
conversion ratios improved from somewhat less than $
Ib of feed per Ib of flesh to aboit 2 b/lb.
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Fig. 21. Market projection on future US. shrimp consamp-
tion (heads-off shrimp).
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Cultured species like catfish and rainbow trout under
adequately controlled environments do convert mutri-
tionally balanced feed to flesh as eff>ciently as in broder
production or better. For some other species like
shrimp, food conversion efficiency is low because
suitable Jood formulations have not yet been de-
veloped, and only natural foods like low-cost fish can
be fed at this time. FooC formulas are being evaluated
now, and with other improvements including environ-
mental control, a cuitured product that is superior to
the corresponding wild species could significantly aiter
the per capita consumption of fish foods in the future.

Potentiai for Heat Utilizstion

Fish culture facilitics may be located at power plant
sites to utilize land area surrounding the power plant.
Power and water are available to blend water streams to
achieve water temperature control. Flowing-stream
thermal aquaculture may permit year-round intensive
culture of some species, an improved product quality
over that cultured in a pond on a seasonal basis, and a
significant reduction in the costs of culture.

Estimates on the growth of thermal aquaculture in
relation to waste heat are difficuli. Few demonstration
projects are available, aid yield data are scarce. One
may gain insight into the reistionship between heated
water availability at power plant sites and the potential
for aquaculture from the following assumptions:

1. Water utilization. About 2000 MW of waste heat is
generated for each 1000 MW of electricity produced.
About 1000 million gallons per day (Mgl) of cooling
water is required to dissipate this waste heat with a
20°F rise in water temperature. If the average ambient
temperature of the inlet water is assumed to be SO°F
for the colder half of the year and 70°F for the warmer
half, and if 70°F is the temperature tc be maintained
for best growth, then heated effluent (at 70°F) would
only be used for thermal aquaculture during the colder
half of the year.* During the warmer half, ambient
temperature water at 70°F would be used instead of the
heated effluent at 90°F. Thus heated water would be
used only half of the year. Even during this period the
heat is not “consumed,” and “thermal pollution™ is not
reduced significantly.

2. Fish yields. The 1000 Mgd (700,000 gpm) of
water is distributed over 1000 a-res of working water

*In reality, the source of water at eack power plant site hes its
own seasonal temperature cycle. Winter water temperatures in
many locations reach 35°F for 2 few months, and growth rates
would be low during this period.
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surface. This is about one-half the size of an exclusion
arca for a 1000-MW(e) nuclear power plant. At a fish
yield of 10 tons/acre-year (a pessimistic value for
ifiiensive culture), an annuai production =i 4000 tons
or 0.02 Ib of fish harvested per 1000 gal of H,0 could
be realized. This is less ambitious than the production
rate at Thousand Springs Trout Company in Buhl,
Idaho, where 60.000 gp-. of water is distributed over
10 acres, and a harvest of 10" tons/acre-) ear or 0.06 Ib
of fish harvestad per 1000 gal of H,O is schieved.

For a US. population of 200 million and a per capita
fish consumption of 10 Ib/year, the national con-
sumption of fish food would be 2000 miltion 1b.43 If
10% of this fish consumption were supplied by thermal
aquaculture, the equivalent of twenty-five 1000-MW(e)
power plant installations of the type postulated would
be required. If per capita consumpiion incrzased to that
in Japan (100 1b/year), the number of 1000-MW(¢)
power plant aquaculture i.istallations needed would be
250. In terms of land requirements, 10,000 to 100,000
acres would be used.

Table 13 gives some extrapolations for the years 1970
to 2000 based on similar assumptions as given sbove.
The figures show a decrease in the fraciior. of heated
effluent utilized from 14% in 1970 to 2% in 2000.
Changes in per capita consumption or the fraction of
demand furnished by thermal aquaculture could signif-
icantly change the figures. In any case, only a spwll
fraction of the waste heat available from steam power
plants is required for aquaculture, and though aqua-
culture employs the ambient temperature of the water,
the heat is, of course, not consumed. The production of
this ambient temperature by other meaus, however,

Table 13. Thermal agnacalture land and waste it atidi-Siion

Fraction of
Land for
N heated effluent

Year P°P‘i’u‘?“°'; for thermal """::" s
(millions A.quact.llmrc1 aqu'acu ure

(%) {acres)

1970 200 14 10,000

1980 235 6.8 11,750

1950 270 13,500

2000 300 2.1 15,000

VReference: Naticnal Academy of Sciences, Resources and
Man (1969).

3Market assumptions: (1) per capita consumption of fish
foods, :f Ibjyear; (2) 10% of demand furnished by thermal
squacuiture. Chang=x in consumer iastes could change these
assumptions.

3 Assumes 20,000 Ib live product/azic-year.

viould require the expenditure of very large quantities
of energy.

it is, of course, extremely difficult to predict a
market for 2 new technology like thermai aquacuiture,
and a the:ough market analysis is required. Further, the
impact of thermal aquaculture on waste heat utilization
should be considered on a site-by-site basis, because
water quality is highly variable and the ambient
seasonal temperature cf water used for cooling purposes
is important. Conditions in one section of the country
may not apply to other sections. Even within a region,
the temperature and quality of waters are highly
variable. If, for example. water temperatures are lower
in the winter than for the simplified case presented,
then fish produciivity would be adversely affected.
Therefore, generalized projections on a national basis
can be very deceptive.

Technological Problems and Developmeat

The utilization of waste heat for aquaculture will have
little effect on the amount of thermal enersy to be
dissipated. However, the waste heat can b: used to
increzse food production. In some instances, fish
production would result in a rzduction in discharge
temperaiure, since ambieat temperature water would be
blended with the warm effluent to maintain the
optimum temperature range for fish growtii. Ir: this case
the temperature of the return water stream would be
reduce.. Thermal plant cycle efficicncy would only be
aflected if the winter discharge cooling water tempera-
ture were maintained above normal values.

Only once-thsough cooling has been studied to date.
Aquiculture in copiunction with closed-cycle cooling
towers has the advantage of higher available wate:
temporatures but would require a feasibility study,
oecause tower blowdown rates (which would remove
wastes! are at least 20 times less than for a once-
through system. The effect of particulates and increased
dissolved solids in the blowdown s well as biocides
added would have to be considered. Fish culture in the
main recirculation stream could be a possibility, but
fish wastes will have to be treated prior to recirculation
to the power plant condenser. The adaptation would
requirs further study.

Another possibility for using warm water from a
cooling tower system is to circulate the water through a
heat exchange system (such as that described earlier for
geenhous=s and animal shelters) to maintain the
temperature of' a buildir.g which houses aquaria or fish
calture tanks. In this enclosed concept,** aiready in the
(cmonstiation phase, large tanks are stacked vertically
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on frames. Each 1ank contains sufficient water for 500
one-pound fish. The water is recirculated continuously
through the tanks to filters and aera’ors. The amount of
heat required to maintain the building temperature
G~pends on the building surface area, insulation and
¢iimate, but would be in the range 0.25 to0 0.5 MW per
acre of space usad.

Large-scale use of waste heat for aquaculture would
probably not be considered until demonstration proj-
ects at existing sites indicate an economic viability. The
projects mentioned earlier may serve this purvose.

Since the demonstration phase may occupy several
vears. it is unlikely that larger facilitie will be plangned
soon for plants under construction ox design. Although
such facilities could be installed at a later time, it would
be preferable to include the aquaculture facility in the
original site selection and planning.

Engineering design and evaluation are needed for
intensive aquaculture systems. Applied research and
deve.opment woik would be necessary to complement
engineering tests. For a given species, mass culture
techniques can be quite different from laborate-y
experiments. Flow rates for channel culture must be
optimized so that energy spent on physical activity is
minimized and food energy conversion into flesh is
maximized. Aeration systems should be evaluated. Fish
handling devices for transferring and harvesting in a
flowi;; system: need to be considered. Fish waste
weatment systems need to be designed and potentially
represent a significant problem. For the near term.
wastes might be diluted by installing relatively small
aquaculture farms at each power station, thus holding
waste concentrations low, consistent with water quality
standards. Low-cost nutritionally balanced feeds must
be made 2available.

Selective breeding should be considered to produce
species particularly amenable to intensive culture. Fich
culturists must be able to furnish fingerlings the
year-.ound in order to have truly continuous culture.
Medicinal treatment methods must be available to treat
fish diseases rapidly, particularly in intensive culture.
Water quality must be satisfactory.

Other technical and nontechnical problems may
include the following:

1. To increase the reliability of heated discharye water,
it may be necessary to practice ajuaculture at
multiple-unit plants. Only a fraction of the towt!
volume of heated discharge water would be used for
aquacultu.e, so that in the event of an outage, a
switch could be made from a nonoperating to an

operating unit.

. Even if multiple units are available, unprogrammed

shutdowns could cut off the warm water upply
suddenly. Such rapid temperature changes could be

thal, and, at least, fish growti: rates would be lower
until the power plant resumed operation. However,
it might be necessary to provide for rapid valving to
an alternite operating unii or an auxiliary supply or
*0 stop the water inflow so that thermal shock is
minimized as a resuit of the shutdown. Systems with
large thermal inertia would be less affectcd. Sudden
temperature changss on startup could be amelio-
rated also by graidual blending of heated discharge
waier with recircuiated ambient water.

. Baich chlorination of coolant water ;may result in 2

resiaual free chlorine concentration that is toxic;
this may be prevented by aeration to drive out the
gas, by reverting to continuous chlorination instead
of the conventional batch treatment, or by substi-
tuting mechanical cleaning devices** o periodic
thermal shock treatment of the cooling tubes of the
condenser.

. Increased copper concentrations occur in the dis-

charge water from power plants when condensing
temperatures above 100°F are employed. Copper
tends to concentrate in oysters and causes a green
coloration. Copper may not be a problem if the
condenser steam temperature is held below
100°F .*¢

. Nuclear plant thermal water used for aquaculture

must be proteced from radioactivity being dis-
charged into the stream. Monitoring of activity in
the cooling water would certainly be required.
Fossil-fired stations would of course not have this
reguirement.

. Fish wastes discharged from an intensive culture

facility may have to b» removed by acceptable waste
treatment methods to minimize the BOD Jischarged
to receiving waters and to meet water quality
standards. The waste treatment plan‘. size, design,
and economics will have tc be studied for each
facility.

. Legzl and regulatory restrictions such as water

quality, water rights, and prior appropriation (regu-
lations on the total amount of water us dle in a
power plant) may influence the viability of the idea
in certain regions, including many western states.*’

. Regulatory restrictions on the discharge of heated

water may eliminate the once-ilirough approach that
has traditionally been used in hatcheries,
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9. Insurance costs might have to be borne by a food
cultivator to cover damages tha: might result from a
sudden accidental release of radioactivity or chem-
icals from a nuclear or fossil power plant — a
statistically low possibility but a real one.

Varions iypes of integrated systems may be con-
sidered. Multispecies culture systems might be con-
sidered, including finfish in channels, conversion of fish
wastes to algae, and intensive oyster culture fed on this
algae.

Agriculture-aquaculture systems might be considered,
particularly in the summertime when thermal effluent
temperatures may be too warm for fish culture.
Greenhouses might be used as cooling towers to extract
heat from thermal effluents, and the discharge from
greenhouses may be used for fish culture. This inte-
grated system might permit the maximum utilization of
waste heat for food production, and simultaiicously
incorporate aquaculture into a closed recirculating
system instead of a once-through cooling system.
However, fish waste treatment would be a necessary
part of this system and may be expensive.

Demonstration of intensive culture using a culturable
fish species and power plant thermal effluents is
rneeded, and information is needed on the degree to
which yields are improved by waste heat utilization in
small pilot systems. The facility at the Gallatin Steam
Plant should answer some of these questions for that
specific site and species; work now being carried out by
Long Island Oyster Farms, Inc., at Northport, New
York, will provide additional inforrmation un oysters,
clams, and scallops; and work in Florida, California, and
Maine should provide information on other species.
Additional demonstrations at other sites for other
species, however, are still needed. Once the data are
obtained, sufficient information will be available to
determine the incentives for performing the engi-
neering, biology, and chemistry necessary for thermal
aquaculture on a coinmercial scale.

Summary

Thermal aquaculture is a method for using heated
effluents productivelv. but it does not necessarily
reduce the heat disposal problem of ine power plant.
Basic data show that warm-water fith growth rates
could be increased hy a factor of 2 to 3 by controlling
the temperature of the water medium within the range
75—85°F. Yield potential can be optimized in flowing-
stream aquaculture, employing nutritionally balanced
feed and oxygenation of the water. Food conversion
efficiency also improves with temperature control. With

technical innovations, a significant reduction in produc-
tion cost comparable to that already achieved in the
chicken broiler industry could occur. Seafood con-
sumed in this country is largely wild stock, and
comparnatively little effoit has been expended to culture
fish on an intensive basis as is done with land animals.

Waste heat is ualikely to be used in large-scale
applications until successful demonstrations have ber
achicved. Therzfore, the short-term impact of this
activity on power plant siting should be small. Over the
longer term, however, the possibilities for aquaculture
should he considered dvring site selection. Site-oriented
demonstration proprums are needed 1o pnwide the
technical data that wiil indicate the exiemt of improve-
ment mn quality and yield of culturable fish species
through greater envircomental control. These demon-
stration programs, some already in progress, will show
t2e viability of thermal aquaculture.

Thermal aquaculture will not diminish the amount of
waste heat to be rejected from a power plant. During
the summer. to maintain optimum growth tempera-
tures, it may be desirable or necessary to ditute the
heated discharge water with ambient temperature
water. To the extent that ambient temperature water
for blending purposes is available, this dilution process
will reduce the temperature of the water discharged to
the receiving water body. The cost of this dilution
would be bome by the aquaculture operator and the
power producer. During the winter, ambient tempera-
tures may not be as warm as desired, and this will
reduce growth.

Unless it is removed from the culture stream effluent,
fish waste could contribute to the pollnion of the
receiving water by increasing the biological oxygen
demand. The cost of adding a treatment plant to take
care of fish wastes, particularly in the effluent of an
intensive culture facility, should be comsidered and
evaluated as part of the economics of thermal aqua-
culture.

Legal and regulatory problems epccuntered in imple-
menting thermal aquaculture wiil be discussed in the
next section. These problems need to be resolved before
commercial thermal aquaculture will become a reality.
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CONSIDERATIONS IN IMPLEMENTING
WASTE HEAT USE

A review of the utilizatics: of waetz heat would hardly
be complete if only techrical aspects were considered.
It is cle2: from an cramination of waste heat use that

manv difficulties are avsocia'ed with implementii.g the -

technlogy which already exists. The mismatch be-
tween the available heat and the needs for various
potential applications, the traditional role of utilities as
suppliers of electricity and the impact on this role of
supplving waste heat, the arrangements required be-
tween cntrepreneurs interested in using heat and utili-
ties inte ested in supplying Reat; all are important
considerations. Similarly, the influence on rate struc-
tures for a highly regulated industry and the impact of
increasingly rustrictive environmerntal standards are
additional important coucerns.

The problems in implementing waste heat use were
considered sufficiently important and sufficiently
diverse that they served as the subject of a major
portion of a National Conference on Waste Heat
Utilization sponsored by the Electric Power Council on
the Eavironment and held in October 1971.! The
Conference explored many of the nontechnical impedi-
ments to heat utilization, and much of the matcrial in
thus section is drawn from information presented at that
meeting.

Matching Demand with Sepply

Moderr. stesn power plant generating covacities are
lage 70d ihus make large amounts of waste heat
avasisdle 2t the power plant. For example, a 1000-MW
electric power plant produces approximately 5 X 10’3
Btu/year of waste .eat, and since the projected uses for
heat are often not energy intensive, cxtersive facilities
would be required 1o use amounts of heat comparable
to that available from such large plants. Agricultural or
aquacultural facilities for using all this heat would
require an investment of many millions of dollars.
Facilities capable of using large amounts of heat may in
turn be poorly muiched to the market potential for the
products produced. (The potential for production of
agricultursl and aquacultural products »s indicated
aarlier in this report can be a significant fraction of the
total produciion from existing facilities in this
country.)

The incentives for waste heat use in agrieviture and
aquaculture are senmsitiv; (o geographica: location and
climate. In regions where extensive heating is required,
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heating costs may inake the availability of large
quantities of low-cost waste heat an attractive incentive.
In warmer climates where heating costs are substantially
less, the incentive for waste heat use is correspondingly
reduced. In any case, the fraction of heat that can he
vealistically used when compared with the amount of
heat nationally available is likely to be sm...

An attractive alternative for heat utihzation not
explored in this report may exist through the coupling
of smaller heat emission sources from industrial or
other activi...s with heat uses described here. Waste
heat, for example, from a S- or 10-M#% self-contained
gene:ating facility or from an indust-ial waste heat
sourc: might prove to more closely match the quantity
recuired by potential heat use:s and may allow produc-
tion to be more compatible with surrounding area
mark:ts. However. use of even a fraction of the waste
heat from a gererating plant improves ::nergy utilization
and may surplant energy sources which would other-
wise be needed for the application. A matching of waste
heat use tc waste heat available is not a requisite for
heat utilization.

The use of waste heat will not alleviate problems of
thermal pollution except in specific cases. For example,
in aquaculture, actual temperature degradaticns which
occur during the utilization process are slight. Similarly,
the substitution of greenhouses for regular ~—uu~r
towers may result in relatively little difference of
impact on the environment from the discharge of heat.
Such an energy use, however, may cubstitute for
another energ source which wouid otherwise be
required and thereby would eliminate poilution from
that source.

At present, ¢ large mismatch exists between the
amount of heat available from steam power plants
currently oeing constructed versus the reasonable
quantity of waste heat that might be used at a given
site. This mismatch may not impose any penalty on the
potential user, but the ability of the utility to 1narket
only a small fraction of the heat produced may reduce
the incentive for utility participation.

Considerations in the Marketing of Heat

Few steam electric power plants in this country
market heat as a second product of their electrical
power production. Yet the extensive use of waste heat
from power plants will require the consideration of the
steam power plants as a multienergy source producing
both heat and electrical energ, . Such 3 multienergy role
for utilities, however, may initially generate problems as
well as energy.
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There are encumbrances to utility efforts at de-
veloping markets fur waste heat, and these include 3
utility concern fo: the influence of profits from heat
sales on the rate structures for electrical energy. This
influence may be a function of the degree of success
exhibited by the utility in marketing thew waste heat
product. Utilities question how their research expeadi-
tures for developing methods and applicaticas for heat
utilization will be °_cated in setting the rate structure
cn electrizal energy sales. Unless opportunities exist for
the utility to increase profits, there will be a reduced
incentive for the utility to investigate means for hest
utilization. Rate regulatory bodies might provide ea-
couragement to utilities to develop systems which use
waste heat in order to keep prices of electricity down.
There is evidence that this is occurring.* The initistion
of efforts for waste heat applications by poteatial
extrepreneurs may provide one pathway and an in-
centive for stimulating investigative programs on heat
utilization, but the success of such projects will require
efforts by both the potential supplser 2na potential wer
of heat.

Under nonnal -ontract practice, utilities avoid re-
sponsibility ior ccnsumer losses because of loss of
electrical power during un-cheduled outages of the
utility. It is almosi certain that utilities would be loath
to enter into agreements for supplying heat where loss
of heat mignt reflect as a responsiility on the wtility.
Utilities are likely to seek agreements which preclede
responsibility from power outages or which avoid
increased restrictions on uti}*y operations to better
accommodate the entreprener: in his utilization of
waste heat ?

The extent to whick a utility may modify operations
to accommodate the requirements of the waste heat
user, and indeed tiie operating relationship between the
user and supplier of waste heat, must be carefully
worked out. An example of a cooperative effort on
waste heat utilization is ilustrated by the agreenwent
between the Ralston Purina Company and the Florids
Power Corporation to conduct a mariculture research
program and a2 commercial operstion at the Crystal
River site of the Florida Power Corporation.? In their
agreement, Florida Power and Purina are sharing finan-
cial responsibility for research efforts necessary to the
develorment of the commercial enterprise. Ralston
7urina has almost total responsibility for securing the
necessary local, state, and federal permits required for
the proposzad activities. Both Florida Power and Purina
conducted extensive discussions with the state and
federal authorities in their initial investigstions of the
feasibility of the project. Their agreement defines the




extent of liability for each of the corporations in the
enterprise. Florida Power will not be recuired to
modify normal operation of the power plant for the
production of electrical power in order 10 satisfy the
meeds for the aquaculture facility. The aquaculture
facility will have 10 adapt 10 the requirements of the
power generating station.

in order to ensure an active interest in the success of
the venture, both corporations are investing in the
rescarch »ad construction program. The care and time
devoted 0 reaching the agreement between the parties
invoived reflect the importance attached by Goth
members of the agreement to the need for a clear
definition of their relative positions 3 The Florida
Power—Purina venture, however, represents just one
form of many types of arrangements that may be
implemented.

Numerous questions have arisen on the role of the
utility as » marketer of heat versus its tradtional rok as
2 regulated marketer of electricity. The attitude that
regulatory agencies will adopt on the regulations re-
quired and the restrictions on utility operations is not
clear. The regulation of the utility may strongly depend
on the application and the customer.* A utility dealing
with an individual customer (eg., a greenhovse opera-
tor) might be free of regulations, while a utility
narketing waste heat to a city or uwrban development
may be under close regulation. '

The influence of income from the sale of heat on the
rate structure for the utility in the sale of electricity
may be an isue of importance. The incentive for the
wtility in pursuing the marketing of waste heat may be
strongly inlluenced by the regulatory decisions on such
isues. Revenues, for example, from the sale of waste
heat to a private entrepreneur might be credited against
the cost of producing electrical power in much the same
way that the .ale of fly ash is credited against the cost
of ash removal systems.® On the other hand, positive
savings may occur through a reduction of heat dissipa-
tion equipment required by the utility, by marke'ing
the heat to an entrepreneur who will retum cooled
water to the utility. The utility may therefore hzve an
incentive to market the heat at very low cost or perhaps
on a free basis in order to save capital equipment costs.
Conceivably, the utility itself mignt even pay certain
costs to supply the heat to an entrepreneur, and in this
cmee, such costs could be credited agsinst the cost of
service it ¢ etermining the rate structure.®

If the utility itself enters into a business, using waste
heat, then costs associated with the enterprise, whether
grias or losses, would be chargesble to the enterprise
and ultimately to the stock holders.®

Few precedents exist which ‘ypify the relative rels-
tionship between tive utility and the user and which give
information on whai *he 2Tt on rate structure might
be. But as morc arrangements such as the Florida Power
Crystal River Progect. the Long island Lighting
Company and Long Idand Oyster Farms effort. and the
TVA-Gallatin Steam Plant work come into being.
precedents will be established on which additional
enterprises might base their own arrangements.>~ -’
Genenally, state utility commissions are responsible for
setting rate structures, and the spevific agreements
reached by the utility on heat utilization will styongly
influence how the individual state commissions treat
the costs and revenue. associated with the project.® A
high degree of varisbility may be expectel! in the
various states.

Legal and Reguiatery Problems

Fundamental problems relating to the right to use
water as well as the right to increase the temperature of
the water must be solved in order to facilitate the
productive use of water. Legal problems of water rights
vary with the areas of the country under consider: tion.
In the ecastern states. water rights follow the riparian
doctrine, with or without regulation, whilc the western
states subscribe to the appropriation doctrine (Colorado
Doctrine) or to 2 combination of the riparian doctrine
and the appropriation doctrine (Califomia Doctrine).®

According to the ripasian doctrine the owners °f
lands bordering upon a stream have a right to the
reasonable use of the natural flow of the stream pest
their land, with the water undiminished in quantity and
unimpaired in quality.® Therefore, diversion of water
for open-field agriculture. or the use of water for
aquaculture without the treatment of wastes, may
represent uses of waste heat that present water rights
problems if practiced in riparian states.

Where appropriation of water is practiced, the prob-
lem may be less serious, since the right to the water
could be purchased to provide the necessary amount of
water for utilization of waste heat in aquaculture or
open-field agriculture.'® In the case of aquaculture,
however, other restrictions such as thosz imposed by
water quality standards would determine the requirc-
ments to be met before 2ischarging the water back into
the stream.

Increasingly stringent water quality standards may
influence waste heat utilization. Limitations on the
sllowable discharge temperature into receiving water
bodies permit only a small temperature increase above
ambient water temperatuse.’' In estuaries and coastal
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waters. for ex ymple. allowabdle discharge water tempers-
ture increases above ambiemt range from 1.5 to 4°F.
depending on the time of year. Such limitaticas can
preciude certain operations such as aquaculiture, ualess
downstream cooling or dilution is wsed. and this migit
be costly and impracticsl. On tke other hand, as wtilitic:
are forced to cooling lower instaliations, the higher and
less vorisble seasimal water i1emperstures make hest
applications more atiractive.

Under presewt reguistions the wse of warm water frum
a utility by an entreprenens concwrrently tramsfers to
the entreprencur the respomsibility for meeting water
quality sisadards. The posmsibility of performing a
fesource use cost bemeiit amaiysis a3 is a0~ dume for
insight into the relative value of permitting the use of
heated discharges for productive purposes. This might
be ceveloped, ior example, if the hest sesource use were
controlled by governmental lease.

Legal questions exist coscerming the owmership of
heated water discharged from steam power plants. Such
questions require resolution, but answers may be highly
site depeadeat anc determined by local reguiations and
statutes. Heat discharged imto camals, for example, may
belong t0 the utility, whiie heat discharged directly t0 2
public stream may not.

The problems now facing Long Isisnd Oyster Farms
and the Long Isiand Lighting Company are indicative of
the kind of difficulties that ux v face companies wishing
to use the heaied effivents from power plants.®-'2 In
the csse of Long Istand Oyster Farms, which has been
using the hested offluents of the Long Island Lighting
Conpany’s Bosthport Steam Electric Generating Plant,
the new restrictions imposed by the New York State
Water Quality Standards mey threaten the visbility of
the project and prevent its continuation.

When the project was begun by Long Island Oyster
Farms in 1967, the temperature limits for the North-
port Plant restricted the maximum temperature of
water discharged (0 Long Island Sound to 90°F. Since
this maximum was near the optimum for the growth of
young oysters, the use of the heated water by Long
Island Oyster Farms allowed them to accelerate the
growth of oysters, allowing harvesting in 2.5 years
insteal of the normal 4 years. By providing more
favorable temperature conditions during the .} to 6
months that would otherwise be toc cold for growth,
the heated efiluent is productively used.

In September 1970, however, the state of New York
notified Long Island Lighting Company that when Long
Isiand's Unit 3 went on line at the Northport Plant, the
discharge from the entire plant would have to comply
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with 2 summertime maxisn'm increase in water tem-
perasnre of 1'% °F. measured at the serface 300 ft from
the discharg?. The oaly practical way to meet this
restriction is (krGagh the wse of a bottom dischesge
located spproxismsiely one mile from shore. If this type
of discherge is wsed, it would no loager be practical to
use the discharge lagoon, and there would be a0 place
10 practice oyster calivure with the hested water
Problems such a5 this presemt situstions where the
restrictions imposed on the thesmal disrlnsge of the
power plast may preciade the direct wtilization of the
heated water. Metnods of stilizing waste hest therefore
mey depend om the ability to chesie Losted weters
while siill allowing reasomsble opportumities foi the
power plamt or the entrepresews o dispost of heated
water in complisuce with the water quelity standasds.
The concept of providing water Gasiily standerds 0
maximize public bemefit camnot of cowrse be chal
lenged. The issme of amslyving the trwe costs and
benefits of hest eacvgy we in conjuaction with stand-
ards has not yet been sddresced.

Sise Sclection and Encvironmental Comideration=
with Waste Heat Uellization

Early comsideration of waste heat utilization will
emsble the utilty selecting a power pleat site to
comgider topogsaphy, site \syout. and design require-
ments important for heat wtilization. Such early con-
sideration may facilitate the selection of 3 site com-
patible with 2 wee of waste hest.! 2

The applicability of diffeving heat uses will be site
sensitive. Closed-system agriculture, for example, may
plant wiih relatively level topography, while the wse of
heated water for open-field agriculture requires not
only suitable terrain for water distribution, but a site
where existing water law will not prohibit such use.
High conssmptive water use may be in conflict with
witer rights for many site: uniess such rights e:ist or
are procured.’'® In regions where water is sbort,
consumptive use may be an unacceptable impact. If
both heat and water are utilized at a level which
resulted in no additions! problem from consumptive
use, then the environmenta! impact of the power plant
supplying heat might be lessened by the utilization of
that heat.

In using waste hest to heat and cool greenhouses,
benefits accrue to the utilization of waste heat because
it i3 possible to coor wates from the power plant while
conserving water.! ¢ Therefore, the impact of releesing
heat to the environment is lessened while water is




comserved. Ia this instance grezanouses are 2 meams of
refucing the impact to the caviroament as compered
with the wee of cooling towers. Animsl shelters might
wee the sswe approach as greeshouses.

The cossideration of the local water quality standards
applicable t0 the receiving water bodies mmy abo
of waste heat for aquaculture, for example, reguires
cultured, the wastes produced by the fish may require
special “reatment (0 meet standands. For other culture,
such 33 oyster culture, the prablems are mot as grest.
Similerly., problemm of waste disporsl from very in-
treatment plants in order to mezt water guality or other
standards. The problem of waste haandling from the
concentration of lage scmbers of amimals requires
ipecial comsideration. Withowt the solving of this
problem, the use of waste heat in shelters with high
lems than those of wasting the heat. The avaiability of
lasge quantities of heat, however, may facilitate means
for treating anisnal wastes at suck installations.

it is im the nature of the use operations that imtensive
activities using relatively large quzatitics of heat may be
required for economic visbility. But thest same iaten-
sive activities may create a high poteatial source for
poliution. For each case whe e the uiilization of waste
heat is anticipsted, there will be 2 need t0 evaluate the
eavirommental problesms associsted with the use of
waste heat at that location to determine whether the
total bemefits of using the waste heat exceed the total
COosts.

Heslth and safety considera:ions will arise particuiarly
with respect to products using the effluent from nucleas
power plants. For example, it is proposed that cooling
water circulated through the condensers of a nuclear
power plant be pumped through evaporative cooling
pads in greenhouses located in the exclusion area of the
nuclear phat. There must be assurance that products
will be free of any radioactive contamination from the
power plant. Mogitoring systems may be required to
ensure that safety considerations are adequately met.
Questions of public attitude on plant and animal
products produced in facilities adjacent to power plants
will arise. Designs and operation for such systems will
aave to include procedures to be followed in the event
of contamination of the cooling water.

Secause of the costs of distribution systems and the
fzci that the temperature of waste heat is already low
(~100°F), heat must be used as near the heat source as

pomible. The importance of plant site location for

“jow-temperature” heat wse (see Introduction) has been
studied extemsively for wrban uwses, and wmamy of the
sme comsiderations are applicable for waste tempera-
ture hest wse.' 3 Quly a few studies have examined the
problems with exisusive heat use facilities iocated at
the power plant sise.'®

It is possible that the additiomal reguiremests im-
posed by the consideration of waste heat use may make
the site selxctivn process evem move difficult. For
example, the additiomal comsideratica t0o locate sites
near product markets, if possibie, (0 facilitate the
distribution of prodwis would marow the choice of
suiiabic sites. On the other hand, the availability of
bwge quantities of low-grade heat may provide an
mcestive for locating 2 power plast in certain areas. It
scesms walikely, however, that in the dewelopmental
phase of waste heat stilization, significant weight will
be givea t0 heat wtihization im the location of a power
plant site. To datc, considerstion of heat wse has been
givea oaly after site locations have been selected and
often after actual construction ot plants are under way.

Over the loager term it is dkely that effective use o
waste heat from power plamts will require careful
advanced planning during the site selection proness
with pariizspation of both the utility and the waste heat
user, so that locations optimum for both electrical
production and heat energy use are selected.
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