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USE OF WASTE HEAT FROM NUCLEAR POWER PLANTS

Mitchell Olszewski
Oak Ridge National Laboratory

ABSTRACT

This paper details the Department of Energy (DOE) program concerning utiliza-
tion of power plant reject heat conducted by the Oak Ridge National Laboratory
(ORNL). A brief description of the historical development of the program is
given and results of recent studies are outlined to indicate the scope of pres-
ent efforts. A description of a DOE-sponsored project assessing uses for
reject heat from the Vermont Yankee Nuclear Station is also given.

INTRODUCTION

It has been recognized that, because of power cycle operating conditions,
nuclear power plants reject more waste heat per unit of electricity produced
than comparable fossil stations. Because the reject heat dissipation
problem is more severe for nuclear stations, the Advanced Systems and Materials
Production Division of DOE (formerly Advanced Concepts Evaluation Branch —
Nuclear Research and Applications Division) has sponsored a Beneficial Uses of
Waste Heat Program at the Oak Ridge National Laboratory (ORNL) for a number of
years. This program has consisted primarily of assessment and analysis tasks
although cooperative efforts have been established with utilities for demon-
strations of waste heat utilization concepts.

This effort is limited to consideration of the normally occurring power plant
waste or reject heat which results from the use of conventional cooling
methods (i.e., generally 49°C or less). This temperature regime would be
most logically used for growing plants or animals. DOE has other programs
such as cogeneration and district heat which use bleed steam at higher
temperature. These efforts are described in other papers.

This paper traces the ORNL program in low temperature waste heat utilization
from its inception to the present. Results of recent studies are outlined to
indicate the scope of present efforts.

This paper also describes a small DOE sponsored study examining uses for
reject heat from the Vermont Yankee Nuclear Station. This study was performed
by the Vermont Yankee Nuclear Power Corporation and concentrated on aqua-
culture possibilities.

HISTORICAL DEVELOPMENT OF THE ORNL PROGRAM

The ORNL beneficial uses of waste heat program began in 1969 as a result of a
growing concern over thermal pollution [1], These efforts began with analyti-
cal studies of greenhouse and animal rearing applications for waste heat [2—7].
The studies were primarily directed at investigating engineering details and
technical feasibility of the systems.



The system examined for heating and cooling greenhouses and animal shelters is
illustrated in Fig. 1. It involves the use of a conventional pad and fan sys-
tem with finned-tube coils mounted downstream of the pads. The pads are typi-
cally filled with a fibrous material. Condenser cooling water drips verti-
cally down along the fibers while air flows horizontally through the pad. The
air is heated or cooled depending on the ratio of sensible to latent heat
transfer. The cooled water is collected at the bottom of the pad and returned
to the condenser.

Warm water from the condenser can also be pumped through the finned-tube coils.
The air coming from the pads is heated and dried by the addition of sensible
heat from the fins. By varying the relative fractions of water pumped through
the pads and coils and the airflow rate, the temperature and humidity of the
air entering the greenhouse or animal shelter can be adjusted. This system
can be used for summer cooling and winter heating. Heated or cooled air can
be allowed to pass through the house and out the other end through exhaust
fans. Under certain environmental conditions, such as cold weather, auto-
matically controlled louvers would permit recirculation of the air through the
attic.

Further analytical studies [8] considered aquacultural uses of waste heat.
This study concentrated on shrimp production using waste heat to enhance
growth. The primary emphasis of the program, however, continued to be green-
house applications.

These feasibility studies led to experimental greenhouse efforts [3] and spon-
sorship of waste heat workshops in Oak Ridge in 1970 and Gatlinburg, Tennessee
in 1971 [9]. The experimental greenhouse efforts were conducted in a small
6.1 x 14.6 m (20 x 48 ft) Mylar greenhouse constructed at ORNL. The aspen
fiber pads were fed with 40°C (105°F) water at a rate of 37.2 l/m (3 gpm/ft)
of pad length from an air conditioning cooling tower. The greenhouse was
operated from the fall of 1970 to the summer of 1971 to determine the operating
characteristics of the pad and finned-tube coil system in the heating and cool-
ing mode.

The ORNL experimental greenhouse efforts led to a joint greenhouse program with
the Tennessee Valley Authority (TVA). This program resulted in the construc-
tion and operation of a pilot greenhouse for waste heat research which is
located at the TVA facilities in Muscle Shoals, Alabama. The greenhouse, shown
schematically in Fig. 1, is a conventional aluminum-framed glass-glazed struc-
ture. An electric boiler is used to simulate the discharge from a power plant
condenser.

Aspen pads were initially used as the evaporative pad material. However,
experimental work performed at ORNL f10] demonstrated that CELdek,* a cooling
tower packing was a superior heat and mass transfer media. The aspen pads
were replaced by CELdek in 1975 prior to planting the fall crop.

Results from this experimental effort have been encouraging [11, 12] and TVA
has decided to construct a demonstration half-acre greenhouse at their Browns
Ferry (Alabama) Nuclear Station. Condenser water from the nuclear station
will be used as the warm water source for the pad and finned tube system.

*Trade name of Munters Corporation, Fort Myers, Florida.



CURRENT ORNL PROGRAM

The current ORNL waste heat utilization program is primarily concerned with
support for the Browns Ferry demonstration greenhouse and economic and techni-
cal assessments of waste heat utilization technologies. Support of the Browns
Ferry project has thus far led ORNL to assume responsibility for the green-
house design. This design was done by the Environmental Research Laboratory
of the University of Arizona, under contract to ORNL. Construction of the
greenhouse, based on the DOE-supplied dejign, has been completed and the ini-
tial greenhouse crop has been planted. Present and future support of this
effort will include technical support and experimental verification, at ORNL,
of any unique features of the greenhouse design.

The technical and economic assessment facet of the program has led to investi-
gations of economic aspects of waste heat use in greenhouses, new aquaculture
systems to utilize waste heat, overall assessments of waste heat utilization
technologies, utilization of waste heat from gaseous diffusion plants, and
plastic heat exchanger investigations. The effort to utilize gaseous diffusion
plant waste heat has primarily involved technical support for various groups
interested in the concept. Information concerning the amount of heat and
temperature levels available for on- and off-site use has been obtained for
the three DOE Gaseous Diffusion Plants at Portsmouth, Ohio, Paducah, Kentucky
and Oak Ridge, Tennessee. Details of the cooling water piping system have
also been obtained and possible tapping points (to take the cooling water to a
heat exchanger for off-site use of the heat) have been identified. This infor-
mation was obtained at DOE's request and forwarded to the DOE committee examin-
ing this question. An analysis of the overall technical and economic aspects
of using gaseous diffusion plant waste heat was also prepared by ORNL.

An analysis [13] was performed by ORNL to determine the economic feasibility
of heating greenhouses with power plant reject heat. The recently updated [14]
results indicate that for a 2.5 ha (10 acre) greenhouse located within 305 m
(1000 ft) of the power station, waste heat is the economic choice, when com-
pared to fossil fuels at $1.66-$2.37/GJ ($1.75-$2.50/106 Etu), for greenhouse
winter heating if the condenser cooling water outlet temperature is 27°C (80°F)
or above. If the condenser outlet temperature drops to 21°C (70°F), the eco-
nomic feasibility of using waste heat depends upon climate and the cost of
fossil fuels. For condenser outlet temperatures below 21°C (70°F) the waste
heat system is not economically feasible.

These results are based on a greenhouse design similar to that illustrated in
Fig. 1. For the purposes of this study the finned tube exchanger was not in-
cluded in the heating system design.

Examination of typical U.S. greenhouse fixed and operating costs and revenues,
for production of two tomato crops per year, indicated that the use of fossil
fuels resulted in an operating loss for all but mild climates. As illustrated
in Fig. 2, use of waste heat with 27°C (80°F) water results in an operating
profit for all U.S. climatic conditions. Use of waste heat at higher tempera-
tures produces similar profits, whereas, use of waste heat at 21°C (70°F) can
be profitable for only some climatic conditions. These results are based on
capital recovery at 8% over 20 years and power costs of 2c/kWhr.



These studies concluded that the feasibility of using waste heat for green-
house heating depended upon the available condenser cooling water outlet tem-
perature. Therefore, any decision concerning the feasibility of waste heat
use for greenhouses should include consideration of the power plant design.

Drawing on the biological expertise of ORNL's Environmental Sciences Division,
studies [15,16] were performed to assess the potential use of waste heat for
aquaculture using a polyculture concept. After surveying current aquaculture
efforts in the United States, it became evident that the major portion of this
work concentrates on intensive culture of species such as lobster, shrimp,
trout, salmon and catfish. The high cost of these species, arising partly
from the need for expensive, high protein feed (typically 30 to 40% of operat-
ing costs are due to feed costs), limits their market and, therefore, the
potential for waste heat utilization.

These studies evaluated an aquaculture system using extensive culture techni-
ques and natural ecosystem food supplies. Fin and shellfish that feed on the
lower trophic levels of the food chain were utilized in the system. Addition
of waste heat was used to provide regulated growth temperatures for phyto-
plankton and zooplankton cultures and for the fish systems. Planktonic growth
is further enhanced by the addition of nutrients available from a variety of
waste streams.

The planktonic biomass is used as the food source for fish culture and poly-
culture techniques are employed to utilize all feeding niches in the pond.

The species selection concentrated on fresh-water varieties because the major-
ity of power plants, especially nuclear plants, are located inland. The pre-
liminary study [15] concentrated on tilapia and carp arrays. However, it
appears that tilapia have the greater potential for near term consumer accep-
tance. Therefore, a later, more detailed study [16] concentrated on tilapia.
It should be noted, however, that suitable species (such as striped mullet,
croaker, tarpon and sheepshead) are available for coastal sites.

The general design features of the system are illustrated in Fig. 3. Con-
ceptually, the system functions in the following manner. A nutrient stream is
heated using power plant waste heat and flows into Pond I with an appropriate
amount of diluent. Algae begin the uptake of nutrients, in Pond I, and are
grazed upon by zooplankton. The overflow from Pond I, laden with algae and
zooplankton, flows into Pond II where fish are grown. In Pond II fish consume
algae, zooplankton, aquatic macrophytes (grown in the pond mud bottom) and
benthic organisms. Water flows into Pond III laden with fish waste products
and algae are again used to remove the nutrients. In Pond IV clams are used
as living biofilters, straining algae and bacteria out of the water. Crayfish
are used in Pond IV to consume the clam wastes. Protein production is, there-
fore, concentrated in fish, clams, and crayfish. A final "cleaning" pond con-
taining aquatic vegetation may be necessary to produce a clean, effluent.

Economic analysis of the system indicated that the system appears to be feasi-
ble. The projected production costs are shown in Figs. 4 and 5 for fixed
charge rates of 15 and 25% respectively. As shown in the figures, these costs
are a function of the fish production rate and pond aeration turnover time.
The pond aeration turnover time is defined as the average time required for
the entire pond volume to be circulated through the aerators. A fixed charge
rate (FCR) of 15% includes a minimum return on investment of 8% and represents



utility-type financing. The 25% fixed charge rate assumes a 15% minimum
return on investment and is typical of industry-financed projects. The system
was judged feasible if a production cost of $1.32/kg (60c/lb) or less was
attained at production levels less than 56,750 kg/ha-year (50,000 lb/acre-year).
These criteria were supported by recent information concerning live-weight,
pond-bank prices for tilapia [17] and fish production data [18]. From Fig. 4
it appears that at the expected production rate of 56,750 kg/ha~year
(50,000 lb/acre-yearX the production costs are below the target cost of $1.32/kg
(60c/lb) when the capital charges are annualized using a 15% FCR. As shown in
Fig. 5 the system is no longer feasible if a 3-hr aeration turnover time is
used when the FCR is increased to 25%. The system does, however, remain feasi-
ble if a 12-hr turnover time is used.

Preliminary analysis of the clam production system indicated that the system
was economically feasible if the clams could be sold for $1.34/kg of clam meat
($4.38/bu) which is about one-fourth the current price for clams.

These studies have concluded that the waste-heat aquaculture system appears to
be a feasible option. However, experimental work is needed to verify system
productivity assumptions.

In an effort to assess the implementation potential of waste heat utilization
systems in the power industry, two related studies were performed. One
study [19] examined the economic and marketing issues while the other [20]
examined the question of land available for waste heat facilities around
power stations.

The study pertaining to economic and marketing factors compared the primary
heat utilization technologies in an effort to determine which have the greatest
potential for wide-scale implementation in the power industry. The systems
analyzed in this report included: (1) glass glazed greenhouses producing one
crop per year, (2) undersoil heating, (3) algal ponds, (4) extensive pond aqua-
culture, (5) intensive raceway aquaculture and (6) animal shelters. Intensive
aquaculture was used to indicate systems that use concrete raceways, high pro-
tein feeds and oxygenation systems in an effort to achieve the maximum yield
from a body of water. Extensive systems are those that utilize natural eco-
system food chains and maximize growth by controlling water temperature.

The algal and aquaculture systems included both open and closed system opera-
tion. Open systems are those that use the condenser cooling water directly in
the heat utilization system. Closed systems employ a heat exchanger to sepa-
rate the two streams.

The systems were designed to accommodate, if possible, the yearly cooling needs
of a 1000 MW(e) power plant. Based on the complex sizes, annual costs were
estimated for these systems. These heat utilization system annual costs in-
cluded only those costs directly associated with the heat utilization system.
This includes capital items (greenhouses, raceways, etc.), land acquisition
[if the system land requirements exceed the normal utility land area purchase
of about 125 ha (500 acres)], and power costs associated with operation of the
complex as a heat dissipation system.

Costs for circulating the condenser effluent through the heat utilization com-
plex and returning it to the condenser were calculated separately. This water



distribution cost was estimated assuming a square layout for the complex and
use of prefabricated steel pipe conduit.

Several systems (i.e., greenhouses and animal shelters) are not capable of
using the waste heat in summer and cooling towers must be constructed to
accommodate this load. These costs were included as additional cooling system
costs.

Based on these unit annual costs, products were selected for the heat utiliza-
tion systems. Given the product selections, the projected unit annual revenue
was computed for each system.

Using the annual revenue and cost estimates, an economic index was computed to
compare the economic potential of the systems. The economic index used was
the ratio of unit annual revenue and the unit annual cooling cost (the sum of
the heat utilization system cost and, if required, the additional cooling sys-
tem cost). This index was used to determine which systems would be eonomically
attractive if constructed for use as a power plant cooling system.

The economic index results are presented in Fig. 6. It should be noted that
site specific conditions, alternate economic assumptions or alternate system
designs could alter the economic results. Use of plastic rather than glass
greenhouses would reduce the capital costs by about 40%, but would result in
higher operating costs because the house would need recovering every year or
two. Likewise, plastic lined earthen raceways could be used in place of con-
crete raceways for intensive aquaculture. This would result in a 50% reduc-
tion in capital costs but would increase operating costs associated with clean-
ing the settling basin required in such systems.

A heat utilization index was similarly used to determine if product market con-
straints would restrict wide-scale use of the system. Based on the product
selections, the area required to satisfy 100% of the U.S. demand for the sys-
tem products was computed. The implementation merit index, presented in Fig. 7,
was computed by dividing the area required to satisfy 100% of the U.S. demand
by the area required to satisfy the heat dissipation needs of a 1000 MW(e)
power plant. This index, therefore, indicates the number of 1000 MW(e) power
plants required to satisfy the total U.S. demand tor products from the heat
utilization system. Essentially it is an indicator of the potential impact
the system could have in the power generating industry.

Based on the economic and implementation indices, from Figs. 6 and 7, the
technologies were ranked to indicate which showed the greatest potential for
wide-scale use in the power generating industry. A summary of these rankings
is presented in Table I. The three top ranked technologies (extensive pond
aquaculture, animal shelters and algal ponds) all showed an economic index
greater than one and a high implementation index. The other technologies
usually ranked poorly in at least one of the indices.

The results of this assessment indicated that substantial implementation of
waste heat could take place based on economic and marketing factors- From
Fig. 7 it appears that reject heat from about 175,000 MW(e) of generating
capacity could be utilized by reject heat systems.



TABLE I. RANKING OF WASTE HEAT
UTILIZATION TECHNOLOGIES

Ranking System

1 Extensive pond aquaculture
2 Animal shelters
3 Algal ponds
4 Intensive raceway aquaculture
5 Undersoil heating
6 Greenhouses

These results suggested that power plant site information should be examined
to determine if power plant land availability would permit waste heat imple-
mentation at the levels indicated by the economic and marketing assessment.
The land availability assessment [20] concentrated on nuclear sites because
information is readily available from the Preliminary Safety Analysis Reports
that have been filed. The assessment was performed by defining a waste heat
utilization factor for each operating and planned nuclear station. This factor
is the percentage of the station's reject heat that could be utilized on the
land available for such use at the site.

The results indicate that reject heat from 115,000 MW(e) of generating capacity
could be utilized on the land which is available. The results further indicate
that about half of this potential implementation is at stations that have
enough land to accommodate waste heat utilization systems sized to use all of
the reject heat of the station. Utilization of the remaining 50% is about
equally distributed among sites capable of using between 10 and 90% of their
reject heat. Further, it seems reasonable that for many applications an inte-
grated waste heat complex, using several waste heat technologies, will be
required to avoid marketing problems. It also appears that single application
systems will be important for the sites that can use only a small fraction of
their total reject heat.

A preliminary estimate of implementation at fossil stations indicated a poten-
tial about equal to that for the nuclear stations. Based on these estimates,
it appears that implementation of waste heat utilization systems in the power
industry will be limited by economic and marketing constraints rather than
power plant land availability considerations.

Based on assessments of greenhouse and aquaculture applications, it has become
clear that less expensive heat exchangers are required to transfer heat from
the condenser cooling water to the waste-heat user. Experimental efforts have
recently begun at 0RNL to analyze and evaluate the use of plastic double-wall
plates for heat exchanger applications. This concept would have the condenser
water flow inside the panel while greenhouse air or aquaculture water flows
over the exterior of the panel in a cross-flow configuration. The panels are
commercially available in a number of materials including polypropylene and
polycarbonate. Preliminary estimates indicate that although heat transfer
efficiency is decreased compared to metal exchangers, the decreased material
cost may result in a cost effective heat exchanger for waste-heat applications.



VERMONT YANKEE STUDY

A study of the utili2ation of waste heat in cold regions was recently completed
by the Vermont Yankee Nuclear Power Corporation. Detailed results from the
study are reported in Ref. 21, which can be obtained from Mr. E. P. Gaines, Jr.
of the Vermont Yankee Nuclear Power Corporation. The aquaculture portion of
the study was jointly supported by DOE. A corollary study concerning horti-
cultural applications was sponsored by the Environmental Protection Agency (EPA)
and will be detailed in a forthcoming EPA report. Since the two projects were
interdependent by virtue of mutual support facilities (piping, pumps, service
buildings, etc.), the two projects were combined into an integrated system
concept which is described in this paper.

The primary objectives of the study were to examine and identify Vermont Yankee
operating and environmental conditions that could affect the success of com-
mercial aquaculture and horticulture enterprises utilizing condenser discharge
water. In pursuing these objectives, plant and animal species having good
potential for commercial aquaculture and horticulture were selected, a system
concept integrating both horticulture and aquaculture endeavors with the neces-
sary supporting facilities was developed and analyzed, and the impact of the
1958 Delaney Amendment to the U.S. Food, Drug, and Cosmetics Act was investi-
gated. Reference 21 provides a discussion of the requirements of present laws
and regulations as affecting on-site production of food items. A fundamental
issue is whether a heat exchanger is a necessity to keep out radioactivity and
biocidal material.

As developed in the study, the waste heat concept included three major com-
ponents: the aquaculture facilities, the horticulture facilities and the
mutual system support facilities (pumps, heat exchangers, control systems,
etc). Figure 8 is a simplified sketch of these three components.

The aquaculture component includes a commercial fish-rearing facility consist-
ing of eight enclosed raceways each 12 ft wide by 80 ft long. The facility is
designed for the annual production of about 45,400 kg (100,000 1b) of live
brook trout. The fish would be stocked in early October at 1 cm (4 in.) in
length to be reared at a constant 13°C (55°F) until June of the following
year when they will be harvested at a length of about 2.3 cm (9 in.).

Besides the commercial trout aquaculture facility, the aquaculture system com-
ponent includes construction and long-term operation of a re.search facility
dedicated to resolution of fundamental problems of intensive, closed-cycle fish
farming. The design includes 9 circular rearing tanks each with 23 m 2 (250 ft2)
of surface area and 8 smaller tanks providing a research area for 1000 fish.

Water supplied to these tanks will be in continuous circular motion and main-
tained at a temperature of about 16°C (60°F). The initial task of this
facility is to produce approximately 25,000 Atlantic salmon from fingerling
size to smolt size between the months of September and April of the following
year. This would be in support of efforts to restore Atlantic salmon to the
Connecticut River. The long range purpose of the laboratory, however, would
be to generally address problems associated with intensive closed-cycle aqua-
culture.

The horticulture component consists of four specially designed greenhouses.
Each of the four greenhouses would be heated in a different way so that cost



comparisons can be developed. Figure 9 illustrates the four heating methods
envisioned. Because of low water temperatures in the Vermont area and there-
fore relatively low condenser coolant effluent temperatures, supplemental
heating sources were investigated.

A unique feature of the horticulture component is incorporation of an anaerobic
digester, converting manure from an adjacent 220 animal dairy farm to biogas and
concentrated fertilizer. Calculations indicate that sufficient manure is
available from this source to adequately heat one of the experimental green-
houses solely by burning biogas in conventional gas heaters. The digester it-
self would be enhanced by the use of Vermont Yankee condenser effluent to pre-
heat the manure slurry. Theoretical results indicate that this method could
increase gas production by 40% or more during winter months.

This effort essentially represented completion of the conceptual design phase
and no follow on work is planned by DOE. Any future development, implementing
the study recommendations, would be on a commercial basis. The overall results
of the Vermont study indicate that it is difficult to use waste heat in such a
cold region when using once-through cooling in the winter time. This in no way
changes the favorable outlook for waste heat use in general, especially where
cooling towers are being used on a year-round basis.

REFERENCES

1. G. Samuels and R. S. Holcomb, Utilization of Low-Temperature Heat for
Greenhouse Heating, Personal Communication, 1969.

2. S. E. Beall, Jr., "Agricultural and Urban Uses of Low-Temperature Heat,"
presented at the Conference on Beneficial Uses of Thermal Discharges,
Albany, New York, Sept. 16-18, 1970.

3. S. E. Beall and G. Samuels, The Use of Warm Water for Heating and Cooling
Plant and Animal Enclosures, ORNL-TM-3381 (June 1971).

4. S. E. Beall, Jr. and G. Samuels, "How to Make a Profit on Waste Heat,"
Nuclear Technology 12, 12—17 (September 1971).

5. S. E. Beall, Jr., "Waste Heat Uses Cut Thermal Pollution," Mechanical
Engineering pp. 15—19 (July 1971).

6. E. Hirst, "Environmental Control in Animal Shelters Using Power Plant
Thermal Effluents," J. Environ. Quality 2(2), 166-171 (1973).

7. S. E. Beall, "Conceptual Design of a Food Complex Using Waste Warm
Water for Heating," J. Environ. Quality 2(2), 207-215 (1973).

8. M. M. Yarosh et al., Agricultural and Aquacultural Uses of Waste Heat,
ORNL-4797 (July 1972)."

9. "Waste Heat Utilization," Proceedings of the National Conference,
October 27—29, 1971, Gatlinberg, Tennessee, CONF-711031.

10. W. K. Furlong, Physical Characterization of CELdek Material in a
Simulated Greenhouse Environment, ORNL-TM-4815 (October 1975).

11. C. E. Madewell et al., Progress Report, Using Power Plant Discharge
Water in Greenhouse Vegetable Production, TVA Bulletin Z-56 (January
1975).

12. E. R. Burns et al., Using Power Plant Discharge Water in Controlled
Environment Greenhouses, Progress Report 11, TVA Circular Z-71
(December 1976).



13. M. Olszewski et al., Waste Heat vs Conventional Systems for Greenhouse
Environmental Control: An Economic Assessment, ORNL/TM-5069 (March 1976).

14. M. Olszewski, "Economic Aspects of Using Power Plant Reject Heat for
Greenhouse Heating," presented at the International Symposium on Controlled
Environment Agriculture, Tuscon, Arizona, April 7—8, 1977.

15. M. Olszewski, The Potential Use of Power Plant Reject Heat in Commercial
Aquaaulture, ORNL/TM-5663 (January 1977).

16. M. Olszewski, An Economic Feasibility Assessment of the ORNL Waste-Heat
Polyculture Concept, ORNL/TM-6547 (to be published).

17. R. 0. Smitherman, Auburn University, personal communication with
M. Olszewski, Oak Ridge National Laboratory, August 1977.

18. J. S. Suffern et al., "Growth of Monosex Hybrid Tilapia in the Laboratory
and Sewage Oxidation Ponds," presented &i Aquaculture Atlanta, Atlanta,
Georgia, Jan. 3-6, 1978.

19. M. Olszewski, An Assessment of Power Plant Waste Heat Utilization
Technologies, ORNL/TM-5841 (December 1977).

20. M. Olszewski and H. R. Bigelow, Analysis of Potential Implementation
Levels for Waste Heat Utilization in the Nuclear Power Industry,
ORNL/TM-6312 (to be published).

21. J. H. Ryther et al., Nuclear Power Plant Waste Heat Utilization, ERDA
Report No. C002869-1 (September 1977).



ROOF

VENT

CONTROL
LOUVERS

6 FT.

8 FT.

FINNED
TUBE
HEATER

MMMifl mm,
Fig. 1. Schematic of greenhouse or animal shelter heating system.



f i l l
GREENHOUSE PRODUCTION

OF 2 TOMATO CROPS
SPRING 2.5 Ib/ft2

FALL 2.1 Ib/ft2

TYPICAL FOSSIL FUEL COSTS

2«5AK-EVEN HEAT

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000 11,000

DEGREE DAYS

Fig. 2. Maximum heat cost for greenhouse break-even operation.



JNUTRIENT SOURCE

WARM WATER-
POND I

ALGAE AND
ZOOPLANKTON

I

I
I

-SCREEN-
i

WEIR

POND II
FISH -•DISCHARGE

OR

SCREEN POND III
ALGAE •WEIR

POND IV
CLAMS

CRAYFISH
-DISCHARGE

Fig. 3. Overall system schematic.



750

700

650

600

550

500

S 450

"~ 400

o
u 350
z
o
i- 300
o
o
§ 250
a.

200

150

•too

50

I I I I I I I I I I I I I I

15,000 30,000 45,000 60,000 75,000 90,000

PRODUCTION RATE (kg/ho-yr)

Fig. 4. Projected fish production cost for 15% fixed charge rate.



750

700

650

600

550

500

5* 450

"- 400
»—
in
O
<-> 350

O

3

300

250

200

150 h

100

50

I I r

I I i i i i i i i J I I I
0 15,000 30,000 45,000 60,000 75,000 90,000

PRODUCTION RATE (Kg/ha-yrj

Fig. 5. Projected fish production cost for 25% fixed charge rate.



RATIO OF ANNUAL REVENUE AND ANNUAL SYSTEM COST
(6
O
O
a
i *
O 09
<nn o\
t

n>
m

Ml O
pi Q
o 3
rt O
O &

n

in
rt
(0

3-
ro

C
rt

N
01

O
3

01
rt

en

UNDERSOIL HEATING

I I
ALGAL PONDS - CLOSED SYSTEM

ALGAL PONDS - OPEN SYSTEM

I I
GREENHOUSES

I I I
ANIMAL ENCLOSURES

INTENSIVE RACEWAY AQUACULTURE - CLOSED SYSTEM

INTENSIVE RACEWAY AQUACULTURE - OPEN SYSTEM

I I I
^EXTENSIVE POND AQUACULTURE - CLOSED SYSTEM

I I I I I

CD O) cn cn



OQ

s
(t>
rt

3

l-t>

o

§
CO

c
rt

N
CD

O

(A
><
(a
rt

NUMBER OF 1000 MW(e) POWER PLANTS TO SATISFY 100% OF
U. S. CONSUMPTION OF SYSTEM PRODUCTS ,

N) N) fO N3 |O NJ N)

O O O O O O O O O O t v O O O O O O O

INTENSIVE RACEWAY AQUACULTURE

§ UNDERSOIL HEATING

GREENHOUSES

ALGAL PONDS

-V

BS^^^SSSSSSSSSSSSSSa A N I M A L ENCLOSURES

EXTENSIVE POND AQUACULTURE

-V



CONNECTICUT RIVER

DISCHARGE
STRUCTURE

?UHP
lOUSti

hor t i cu l tu re ANAEROBIC
component DIGESTER

HEAT
-EXCHANGER

Fig. 8. Sketch of Vermont Yankee waste heat utilization concept.
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SYMBOLS:
HE CENTRIFUGAL WATER TO AIR HEAT EXCHANGER
HP WATER TO AIR HEAT PUMP
GH UNIT GAS HEATER
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Fig. 9. Greenhouse heating methods.


