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FOREWORD 

It has been recognized that, because of power cycle operating con-
ditions, nuclear power plants reject more waste heat per unit of electric-
ity produced than comparable fossil stations. Because the waste heat 
problem is more severe for nuclear power stations, research in the area 

of beneficial uses of waste heat has been sponsored for a number of years 
by the Advanced Systems and Materials Production Division of the Department 
of Energy (DOE) [formerly Nuclear Research and Applications Division of 
the Energy Research and Development Administration (ERDA)]. 

These studies have considered various uses for power plant reject 
heat and have centered on agricultural application. Some of this agri-
cultural work has been carried out in a cooperative program with the 
Tennessee Valley Authority (TVA). This work is continuing with a 0.2-ha 
(0.5-acre) demonstration greenhouse being constructed by TVA at the Browns 
Ferry Nuclear Station. This greenhouse is based on a DOE-supplied design, 
and a combined DOE-TVA report concerning this project will be issued when 
sufficient operating experience has been obtained. 

During the course of the beneficial uses investigations, it has be-
come evident that utilization of waste heat in aquaculture has great 
potential. A previous Oak Ridge National Laboratory (ORNL) investigation 
of a polyculture system indicated that the system had promise. Recent 
ORNL studies have indicated greater yields are possible with some system 
design changes. This study was initiated to make an economic assessment 
of these system changes. 



AN ECONOMIC FEASIBILITY ASSESSMENT OF THE OAK RIDGE 
NATIONAL LABORATORY WASTE-HEAT POLYCULTURE CONCEPT 

M. Olszewski 

ABSTRACT 

An economic feasibility analysis was performed for a pro-
posed waste-heat aquaculture system that uses a tilapia poly-
culture concept. The system is designed to use waste water 
nutrients to grow plankton which is fed to the. fish. 

The system was judged to be economically viable if fish 
production costs of $1.32/kg (60c/lb) or lower were achieved 
for production rates that have been experimentally verified. 
The results of the analysis indicate that the system is eco-
nomically viable if capital costs are annualized using a 15% 
fixed charge rate (FCR). Feasibility of the system at a 25% 
FCR depends upon aeration turnover time and system food con-
version efficiency. 

Eliminating cages from the system design decreases the 
capital costs and improves the economic potential of the sys-
tem. Additional capital cost reductions are possible if the 
aerators are removed from the system. However, expected fish 
production rates are also decreased and the system does not 
appear economically viable for a 25% FCR. 

System design modifications due to biological considera-
tions included lining the algal pond with a plastic liner and 
using commerical fertilizers in place of organic waste streams. 
Lining the algal ponds did not affect the feasibility of the 
system at a 15% FCR but did result in the system becoming eco-
nomically unattractive at a 25% FCR. The use of commercial 
fertilizers added 15c/kg (7c/lb) to the production but did not 
have serious adverse affects on the feasibility of the system. 

The system appears to have economic promise and should be 
examined further. Operation of a small experimental system to 
verify the estimated performance parameters is needed. 

INTRODUCTION 

Currently about 11.6 GJ/year (11 x 1015 Btu/year) of low grade energy 
is rejected from thermal power stations in the U.S.1 This energy is con-
tained in the condenser cooling water effluent stream and is available at 
temperatures of 15 to 49°C (60 to 120°F) depending upon ambient weather and 
plant operating conditions. A number of uses for this low grade energy 
have been studied. Because of the relatively low temperatures available, 
most of the uses given consideration have been for agricultural (green-
house heating, open-field undersoil heating, and spray irrigation) and 
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aquacultural applications. A recent study2 performed by the Oak Ridge 
National Laboratory (ORNL), comparing waste heat utilization alternatives, 
indicated that aquaculture applications had the greatest potential for 
large-scale implementation. 

As a result of this assessment a number of aquaculture possibilities 
were examined. This led to the development of an extensive-pond aqua-
culture concept. An anaysis of the concept3 showed that the system was 
technically feasible and had economic merit. Therefore, small-scale 
experimental efforts were begun at ORNL to examine expected yields from 
the system. These experimental results indicated fish production rates 
greater than those presently reported in the literature when changes are 
incorporated in the system design. 

The present study was initiated to reexamine the economic feasibility 
of the fish production portion of the aquaculture system accounting for 
the changes in system design and expected fish yields. 

SYSTEM DESCRIPTION 

Design Philosophy 

The ORNL aquaculture system was developed to accomplish several pri-
mary goals. These goals included both waste heat utilization and bio-
locial objectives. Included in the waste heat utilization considerations 
was the desire to develop a system that could be implemented on a signifi-
cant scale within the power industry. In order to accomplish this goal, 
it appeared that a large market would be needed for the system's products. 
This implied that the production costs should be kept as low as possible. 
Thus, low cost construction and operating techniques were utilized when-
ever possible. 

One obstacle some waste heat utilization systems have is the fact 
that they do'not need waste heat during the summer. Since these systems 
do not replace cooling towers or other conventional heat dissipation sys-
tems, there is little incentive for the utility industry to implement these 
systems. Therefore, when developing the aquaculture system, optimal 
growth temperatures for various species were closely examined to find 
species that might require addition of reject heat during the summer months. 



3 

The biological considerations included efficient protein utilization 
and ease of culturing the species. The protein utilization efficiency 
consideration represented a marked departure from traditional U.S. aqua-
culture practices. Most aquaculture efforts in the U.S. today use high 
protein food pellets manufactured from animal or fish sources. Since the 
protein utilization efficiency is only 10% when moving from one trophic 
level to another, it appeared desirable to utilize herbivores and plankti-
vores as the basic system species. This approach was desirable for two 
reasons. Using this type of system, protein is produced fcr human con-
sumption without the intermediate high protein pellet step, thus increas-
ing the overall protein production efficiency of the system. Also, since 
the high protein feeds constitute a large fraction (as much as 40%) of 
the operating costs, replacing them with zooplankton and phytoplankton 
grown in the system aids in reducing production costs. 

System Description 

The aquaculture system was designed to use extensive culture tech-
niques 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 phytoplankton and zooplankton cultures and for the fish systems. 
Planktonic growth is further enhanced by the addition of nutrients avail-
able from a variety of waste streams. The planktonic biomass is used as 
the food source for fish culture, and polyculture techniques are employed 
to utilize all feeding niches in the pond. As previously mentioned, the 
basic system features (extensive polyculture, planktonic food sources, 
etc.) were chosen in an effort to keep production costs at a minimum. 

In addition to the philosophical criteria previously described, 
several engineering parameters were fixed for the system design and 
species selection. Included in these assumptions were: (1) a minimum 
temperature of 20°C (68"F) could be maintained throughout the year, 
(2) mud bottomed ponds 1 to 2 m (3 to 6 ft) deep are used, and (3) a 
controlled input of nutrients (carbon, nitrogen, and phosphorous) is 
available. Assumption (1) essentially envisions utilization of waste 
heat from a power plant using a closed loop cooling system. Assumption 
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(2) fulfills the requirement for low cost components and also permits the 
growth of aquatic plants thus enhancing nutrient utilization in the system. 

There are any number of organic waste streams that could satisfy the 
nutrient requirements outlined in assumtion (3). Candidates include in-
dustrial streams (i.e., meat packing, cheese production, brewery plants), 
as well as animal (manure) and human (sewage) waste streams. 

The general design features of the overall system concept are illus-
trated in Fig. 1. Conceptually, the system functions in the following 
manner. A nutrient stream 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 from the water. Crayfish are used in Pond IV to consume the 
clam wastes. Protein production is therefore concentrated in fish and 
clams. 

ORNL-DWG 76-18756R 
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Fig. 1. Overall system schematic. 



The ponds are kept at or near optimum growth temperatures using power 
plant waste heat. It was assumed that plastic heat exchangers were used 
to transfer heat from the condenser cooling water to the aquaculture sys-
tem. They were included to protect the aquaculture system from any con-
taminants present in the power plant cooling water. 

A number of alternative biological associations are available for 
Pond II. Initial studies concentrated on carp and tilapia associations. 
Because of marketing considerations, it appears that tilapia have the 
greater potential for near term consumer acceptance. Therefore, this 
study concentrated on tilapia. The species included in the system are 
described in Table 1. Although the species selection concentrated on 
fresh-water varieties, because the majority of power plants are located 
inland, it should be noted that suitable species (such as striped mullet, 
croaker, tarpon, and sheepshead) are available for coastal sites. 

Table 1. Species for the proposed 
waste-heat aquaculture system 

Common name Species Primary feeding niche 

Nile tilapia 

Java tilapia 
Blue tilapia 
Congo tilapia 

Tilapia nilotiaa 

Tilapia mossambioa 

Tilapia auvea 

Tilapia rendalli 
(T. melanopleura) 

Omnivorous (especially 
plants) 

Omnivorous (plankton) 
Plankton 
Rooted aquatic vegeta-
tion 

System Operation 

Previous investigations4 suggest that given sufficient residence 
time in the pond, water quality from the fish growth pond is sufficient 
to meet all Environmental Protection Agency (EPA) discharge regulations 
except the suspended solids limit. This criterion is apparently violated 
because of algae not consumed by the fish. Thus the clam system can be 
designed and operated in any of several ways depending upon its function 
in the overall system. If the clam system is used only to filter the 
remaining algae from the fish pond discharge stream, Pond III can be 
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eliminated from the design. In this mode of operation the clam system 
is used strictly as an effluent polishing system. However, if maximum 
clam production is desired, additional algae must be supplied to the clam 
culture. In this instance the design of the system is given in Fig. 1. 

Design of the fish growth system (Ponds I and II) depends upon the 
fish production rate. If the algal production rate in Pond II is suf-
ficient to meet the algal needs of the fish, Pond I is eliminated from 
the system. Otherwise, an algal growth pond (Pond I) — sized to provide 
the additional algal production required — is added to the system. Plank-
ton biomass production rates (per unit surface area) are assumed to be 
equal in Ponds I and II. 

SYSTEM ANALYSIS 

The previous discussion of the system's operation indicates that t.ie 
fish and clam production systems can be considered to be independent sys-
tems. Results from a preliminary analysis3 of the system indicated that 
the clam system was the major income center for the combined system. How-
ever, recent experimental efforts at ORNL5 have indicated that the fish 
production system has the potential to match the clam system profit-
ability. Therefore, this report will be limited to an economic feasi-
bility analysis of the fish production system. 

System Size 

Analysis of the system was performed for a 0.4-ha (1-acre) fish 
pond. To determine if an auxiliary plankton production pond was required, 
it was necessary to estimate fish production (and corresponding food in-
take) and plankton growth rates. 

Fish production rates for tilapia polyculture systems of this type 
have not been firmly established. Annual yields of 7378 kg/ha (6500 lb/ 
acre) have been reported for tilapia grown in sewage enriched ponds in 
Africa.6 Preliminary investigations at ORNL suggest that an annual yield 
of 85,125 kg/ha (75,000 lb/acre) is possible for cage culture in aerated 
ponds if sufficient plankton is provided.5 Because of these fish pro-
duction uncertainties, the system was analyzed over this range. 
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Food conversion rates are similarly unknown. However, it is generally 
accepted that conversion efficiencies of 10% (wet weight feed to wet 
weight fish) are typical when moving from one trophic level to the next. 
Assuming the algal feed is approximately 80% water and using a 10% con-
version efficiency yields a food conversion ratio of 2:1 12 lb (dry weight) 
algae converted to 1 lb (wet weight) of fish]. Since there are a number 
of uncertainties in arriving at this ratio, the system was analyzed using 
food conversion ratios of 2.5:1 and 5:1. 

From values reported in the literature,7'0 it appeared that average 
algal production rates of 10 to 20 g/m2-day (90 to 180 lb/acre-day) are 
achievable in ponds using animal manures as their source of nutrients. 
Since these results were applicable to yearly light conditions for the 
northern sections of the U.S., it is reasonable to expect that this pro-
duction rate would be sustainable in most sections of the U.S. Since 
it was assumed that sufficient nutrients would be available to sustain 
this production, the system design was based on an average daily algal 
production of 15 g (dry we ight)/m2 (135 lb/acre). 

Based on the above assumptions, the required algal pond sizes were 
computed for a 0.4-ha (1-acre) fish growth pond. These results are 
shown in Table 2. If yearly variations in available light were included 
in the analysis, the minimum algal production rate would be below the 
average thus necessitating a larger algal pond (Pond I). However, this 
minimum production rate is sensitive to latitude, average cloud cover, 
and a number of other ambient conditions. There would also be an economic 
tradeoff between the size of the algal pond and its economic benefit to the 
system. Such a detailed analysis was beyond the scope of this report. 
Results based on these average values, therefore, will provide an indi-
cation of economic feasibility rather than a detailed economic analysis 
of any particular location. 

Economic Analysis 

The capital cost to construct the mud bottom ponds was based on con-
structing them by using bulldozers to push up levees. Costs for this type 
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Table 2. Algal pond sizes for a 0.4-ha 
(1-acre) fish pond 

Fish production rate 
kg/year 

Food conversion ratio 

5:1 2.5:1 

Algal pond size (ha) 
2,950 
4,540 - -
11,340 0.62 0.11 
22,680 1.64 0.62 
34,020 2.66 1.13 

of construction range from $2625 to $3250/ha ($1050 to $1300/acre).9-11 

Therefore, a cost of $3000/ha ($1200/acre) was used in the analysis. 
The increased fish production rates obtained in the ORNL study were 

obtained using cage culture techniques in an aerated pond. Thus, equip-
ment costs for the fish pond system included aerators and cages in addition 
to the usual fish handling equipment. 

It was assumed that cylindrical cages constructed from Conwed fabric 
were used. The cost for these cages, including a flotation system, was 
estimated at $3.53/m3 (10c/ft3).12 For design purposes, it was assumed 
that half the surface area was enclosed by the nets and the nets extended 
to the pond bottom. 

The aerator costs were based on data available in commercial fish 
farming journals.13 Assuming a shipping cost of 5% of the purchase price, 
a cost of $300 was used for a 0.022-m3/sec (350-gpm) aerator. The power 
required by the aerator is 0.8 kW. 

The number of aerators required depends upon the volume of the fish 
pond and the pond turnover time desired. The pond turnover time is 
defined as the average time required for the entire pond volume to be 
circulated through the aerators. Based on a 0.4-ha (1-acre) surface 
area and a 2-m (6-ft) pond depth, the aerator requirements are given in 
Table 3 over the range of pond turnover times of interest. 
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Table 3. Pond aerator requirements 

Turnover time 
(hours) 

Required aerator 
flow rate 
(m3/sec) 

Number of 
aerators 

Power 
(kW-hr/day) 

Cost <$) 

24 0.085 4 77.2 1,200 
12 0.17 8 154.4 2,400 
6 0.34 16 308.8 4,800 
3 0.68 31 598.3 9,300 
1.5 1.36 62 1196.6 18,600 
0.75 2.72 124 2393.2 37,200 

A summary of the fish pond capital costs is given in Table 4. It 
was assumed that the ponds were constructed to utilize gravity flow so 
large pumps for emptying ponds were not necessary. The equipment costs 
include fish handling equipment and other miscellaneous equipment needs. 

Table 4. Pond capital cost summary 

Fish pond cost Algal pond cost Item ($/ha) ($/ha) 

Pond construction 2,950 990 
Equipment 2,100 250 
Cages 32,430 — 

Aerators See Table 2 — 

Miscellaneous 500 500 
equipment (pumps) 

Subtotal 38,000 + aerators 1740 
Contingency (§25%) 9,500 + (0.25) x aerators 435 
Total 47,500 + 1.25 x aerators 2175 
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The capita] costs for the auxiliary algal pond are also given in 
Table 4. To prevent light transmission problems and maintain high algal 
productivity, these ponds are only 0.6 m (2 ft) deep. Small circulation 
pumps are also provided to ensure mixing of the water. 

Since the algal ponds are not as deep as the fish ponds, they are 
less expensive to construct. Based on crawfish pond [usually 1 m (3 ft) 
deep] construction cost experience,14 algal pond construction costs were 
estimated at $1600/ha ($640/acre). 

In sizing the heat exchanger, an overall heat transfer .conductance 
of 369 W/m2-°C (65 Btu/hr-ft2-°F) and a log mean temperature difference of 
5.6°C (10°F) were used. The heat exchanger material is a polypropylene 
copolymer extruded in the form of a honeycomb with flow channels in the 
interior of the plate. The material cost for the polypropylene panels 
is $1.90/m2 ($0.24/ft2). Therefore, the fabricated heat exchanger cost 
was estimated to be $8.07 m 2 ($0.75/ f t2) of heat exchange area. 

The heat transfer conductance estimate is based on the assumption 
that there is negligible biofouling on the heat exchanger surfaces. 
Since chlorinated power plant cooling water is used in the flow channels, 
negligible biofouling is expected on the interior walls. The combination 
of optimal temperatures and sufficient nutrients would ordinarily produce 
rapid biofouling on the exterior surface of the heat exchanger. However, 
results from the experimental ORNL system have shown that the tilapia 
keeps the plastic cages clean by eating any fouling organisms. Therefore, 
it is expected that they will similarly keep the plastic heat exchanger 
free of biofouling organisms. 

Heat loss for the pond varies with climatic conditions and temperature 
of the pond. Experimental data from Oregon15 indicates heat losses from a 
0.4-ha (1-acre) algal pond maintained at 35°C (95°F) are on the order of 
5.8 MW (20 * 106 Btu/hr). Accounting for cooler climates a heat loss of 
8.8 MW (30 x 106 Btu/hr) for a 0.4-ha (1-acre) pond was used for this 
study. This results in a capital cost of $67,500/ha of pond surface area 
($27,000/acre) for the heat exchanger. 

It is clear that the heat loss from a 0.4-ha (1-acre) pond is small 
compared to the 2000 MW (6.8 x 109 Btu/hr) rejected by a 1000 MW(e) power 
station. Therefore, if a significant fraction of the power station's 
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reject heat is to be used, a complex involving several hundred hectares 
will be required. A complex of this size could be developed in one of 
two ways. Either a large food producing corporation could develop the 
entire complex or the power company could lease land to a number of fisli 
farmers who each operate smaller scale [^10-25 ha (^25-63 acre)l systems. 

To reflect these two modes of system development, the capital costs 
were annualized by multiplying by a fixed charge rate (FCR)* of 15 and 25% 
to obtain the annual fixed charges for the system. The 15% FCR includes 
an after-taxes return on investment (ROI) of 8% and reflects the situation 
in the catfish farming industry. In this industry, typical operations 
are on the order of 20 ha (50 acre) or less. Thus, this typifies the 
situation where the aquaculture complex is developed by a number of 
smaller operators. 

If the complex is developed by a single operator, a larger risk is 
incurred, and consequently, a higher ROI is required. The 25% FCR includes 
a 15% after-tax ROI and reflects this situation. 

A summary of the annual fixed charges is given in Table 5. 

Table 5. Summary of annual fixed charges 
for a 0.4-ha (1-acre) pond 

Fixed charge rate 
System 

15% 25% 

Fish pond 12-hr aerator turnover $3338 $5565 
Fish pond 3-hr aerator turnover 4631 7719 
Algal pond 130 220 
Heat exchanger 4050 6750 

*The fixed charge rate includes factors such as depreciation, return 
on investment, property and income taxes, and insurance. It thus com-
bines a number of factors normally included as separate items in a 
financial analysis. 
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A summary of the projected operating costs for the system components 
is given in Table 6. 

Table 6. Summary of annual operating costs 

Operating cost ($/ha-year) 

Item Fish pond Algal Heat 
3-hr 12-hr pond exchanger 

Management and labor 1,860 1860 250 
Material 250 250 250 370 
Electricity @ 2.5c/kWhr 13,510 3490 150 
Stocking ($0 .03) x (production rate) 

Total 15,620 + 
stocking 

5600 + 
stocking 

650 370 

The total annual fish production costs were then obtained by summing 
the annual fixed charges and the annual operating costs from Tables 5 
and 6. These costs were then applied to the system sizes given in Table 2 
to yield the total annual fish production cost. The production cost was 
divided by the fish production rate to yield the unit production cost. 
These results are plotted in Figs. 2—5. 

DISCUSSION OF RESULTS 

Recent marketing information16 has indicated that a round-weight, 
pond-bank price of $1.21 to $1.32/kg (55 to 60<?/lb) can be obtained for 
tilapia. Thus, the production cost for the fish must equal this price 
for the grower to earn the minimum acceptable profit included in the 
fixed charge rate. Production costs above $1.32/kg (60<?/lb) will result 
in a lower ROI or a net loss while production costs below $1.32/kg 
(60c/lb) will yield a greater return on investment for the grower. 

The results in Fig. 2 indicate that a production rate of 19,825 kg/ha-
year (17,500 lb/acre-year) or greater would be required, when aerating the 
pond with a 12-hr turnover, to bring production costs down to the 
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$1.32/kg (60c/lb) level necessary for profitable operation. If the pond 
was aerated with a circulation rate of once every 3 hr, the added aerator 
costs result in a production rate of 34,000 kg/ha-year (30,000 lb/acre-
year) being required to meet the production cost target. The results in 
Fig. "j also indicate that production costs below the target value are 
possible for higher fish production rates. This would result in a return 
on investment above the minimum value included in the FCR. Since ORNL 
experimental results5 indicate that yields of 56,750 kg/ha-year (50,000 lb/ 
acre-year) are possible, it appears that the system is economically viable 
when capital costs are annualized using a 15% FCR and the food conversion 
ratio is 2.5:1 or better. 

If capital costs are annualized using a 25% FCR, indicating a higher 
minimum rate of return, the economic feasibility of the system is much 
more dependent on the production rate and aeration system design. As 
shown in Fig. 4, when the aeration turnover time is 3 hr, the production 
cost target of $1.32/kg (60c/lb) is not reached until a production rate 
of 73,775 kg/ha-year (65,000 lb/acre-year) is reached. Although this 
rate was achieved in the ORNL experimental facility, it is probably not 
achievable in a commercial system. Thus, this system does not appear to 
be economically feasible. However, if the aeration rate is decreased to 
a turnover time of 12 hr, the production cost target is achieved at a 
production rate of 34,000 kg/ha-year (30,000 lb/acre-year). Because this 
rate of production is probably achievable, the system appears feasible 
even at the higher FCR. 

In addition to analyzing the sensitivity of the results to economic 
factors, the system was analyzed at a higher food conversion ratio. With 
a higher food conversion ratio, more plankton is required. This in turn 
requires a larger algal pond and increases the production cost. 

Figure 3 indicates that the 3-hr turnover system is no longer eco-
nomically feasible when the food conversion ratio is doubled from 2.5:1 
to 5:1 and a 15% FCR is used. Economically feasible production rates for 
the 12-hr aeration system increase from 19,860 kg/ha-year (17,500 lb/acre-
year) for the 2.5:1 food conversion ratio to 45,400 kg/ha-year (40,000 lb/ 
acre-year) for a 5:1 ratio. This essentially results in the 12-hr pond 
turnover aeration system becoming marginally feasible. 
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When the system capital costs are annualized at a 25% FCR, neither 
system achieves a production cost less than $1.76 kg (80c/lb) and thus 
are not feasible. 

These results indicate that the economic feasibility of the system 
is highly dependent on the overall food conversion efficiency of the sys-
tem. Several biological and design factors indicate that a food conver-
sion ratio of 2.5:1 or less can be achieved in practice with the system. 
As previously indicated, biological considerations concerning protein 
utilization indicate a conversion ratio of 2:1. High stocking rates 
within the ponds would insure minimum biomass leaving the pond in the 
discharge stream, thus, keeping the level of unused food to a minimum. 
Also, the polyculture system provides for better overall system food con-
version because fish wastes are recycled within the pond either through 
direct consumption or indirectly through incorporation in the plankton 
biomass. This aspect of the design insures that the primary food (algae 
and zooplankton) is recycled several times in the system before being dis-
charged. The resulting increase in overall food utilization keeps the 
food conversion ratio low. With a food conversion ratio of 2.5:1, the 
system is economically feasible except for the combination of short turn-
over times (3-hr) and high FCR (25%), and therefore, appears to have eco-
nomic merit. 

Sensitivity of Production Cost to Design Changes 

Analysis of the system to determine if lower production costs could 
be achieved was also performed. Selection of design changes to achieve 
this goal was based on economic and biological factors. 

Figures 2—5 indicate that the production costs decrease rapidly with 
increasing production rates. This indicates that the capital costs 
dominate the operating costs. Thus, as the production rate increases, 
the capital charges are distributed over a greater production and the unit 
production cost decreases. Because of the importance of the capital 
charges, the system was examined to determine how they could be decreased. 

In an effort to determine where capital cost reductions would have 
the greatest impact on production costs, a detailed cost center breakdown 
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was performed for the systems analyzed in Fig. 2. For this analysis, the 
system costs were subdivided into three cost centers: those relating to 
the algal pond, fish pond, and heat exchanger. These results are plotted 
in Figs. 6 and 7. As seen in Figs. 6 and 7, the algal pond costs are 
less than 5% of the total production cost. Thus, capital cost decreases 
in this system would not have a significant impact on the total production 
cost. Costs related to the fish pond are generally 50% or more of the 
total production costs, especially for low production rates. Therefore, 
if the system's economic viability is to be improved at these lower pro-
duction rates, capital cost decreases in the fish pond system would have 
a significant impact. 

Fish pond design changes included elimination of the cages and elimi-
nation of cages and aerators. Eliminating cages from the system decreases 
the capital costs. However, pond labor and management costs are increased 
by an estimated 25%. The analysis results for this system are presented 
in Figs. 8 and 9. Results for the system without cages and aerators are 
presented in Figs. 10 and 11. 

Comparison of Figs. 8 and 2 shows that eliminating the cages reduces 
the breakeven production rate from 19,825 kg/ha-year (17,500 lb/acre-year) 
to 15,320 kg/ha-year (13,500 lb/acre-year) for the 12-hr turnover time 
when a 15% FCR is used. For the 3-hr turnover time, the required pro-
duction rate is reduced from 34,000 kg/ha-year (30,000 lb/acre-year) to 
28,375 kg/ha-year (25,000 lb/acre-year). 

The results in Fig. 9 indicate that at an FCR of 25% the 12-hr turn-
over system is economically feasible at a production rate of 24,970 kg/ha-
year (22,000 lb/acre-year) or greater while the 3-hr system attains eco-
nomical feasibility at 56,750 kg/ha-jear (50,000 lb/acre-year). Thus, 
elimination of the cages results in the system becoming economically 
feasible for the high FCR (25%) and short pond turnover [3-ha (7.5-acre)] 
case and generally improves the economic viability of the system. 

As shown in Fig. 10, the production cost is significantly reduced 
when the aerators are also eliminated from the system design. However, 
the expected yield is also reduced. Without aerators fish production 
rates of about 10,200 kg/ha-year (9,000 lb/acre-year) have been reported,17 

although slightly higher yields may be possible with the polyculture 
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system being used.10 The results in Fig. 10 indicate that the target 
production cost is achieved at about 10,000 kg/ha-year (8810 lb/acre-year) 
when capital items are annualized using a 15% FCR. Thus, the system is 
marginally feasible. However, when the FCR is increased to 25%, the 
production cost target is achieved at a production rate of 17,025 kg/ha-
year (15,000 lb/acre-year). Since this is greater than the probable yield, 
the system does not appear to be feasible for a 25% FCR. 

The modified systems were not analyzed at a food conversion ratio 
of 5:1 because, as previously discussed, the expected system food con-
version ratio is 2.5:1 or less. 

Biological considerations suggested several additional systems that 
required examination. Since the algal pond is relatively shallow and mud-
bottomed, mixing of the water by the circulation pumps may cause turbidity 
problems. Therefore, the algal pond design was altered to include a 
plastic pond liner. A liner would not be required for the fish pond 
because its depth and the aerator design would prevent turbidity problems. 
Addition of the liner resulted in an additional capital cost of $30,690/ha 
($12,275/acre) for construction of the algal pond. 

The results in Fig. 11 indicate that if capital costs are annualized 
using a 15% FCR, the system is feasible even though the algal ponds are 
lined. These results indicate production rates of 21,000 kg/ha-year 
(18,500 lb/acre-year) for the 12-hr turnover system, and 39,725 kg/ha-year 
(35,000 lb/acre-year) for the 3-hr system are required to meet the pro-
duction cost target. Since these rates are lower than the expected pro-
duction rates, the system has the potential to yield a return on invest-
ment in excess of the minimum required. 

The results in Fig. 12, however, indicate that lining the algal ponds 
results in the system being economically unattractive when a 25% FCR is 
used. 

A second biological consideration concerned the use of waste streams 
as the primary nutrient source for the plankton biomass. Although this 
is standard practice in some European countries and in the Far East, 
public health considerations may delay their use in U.S. aquaculture 
systems if the fish are sold for human consumption. Therefore, the sys-
tem was analyzed using commercial fertilizers as the primary nutrient 
source. 



27 

ORNL DWG /8 16891R 

1 5 , 0 0 0 3 0 , 0 0 0 4 5 , 0 0 0 6 0 , 0 0 0 

PRODUCTION RATE ( H q / h a - y r ) 

7 5 , 0 0 0 9 0 , 0 0 0 

Fig. 12. Production cost using lined algal ponds and 25% FCR. 



28 

In estimating the nutrient requirements, it was assumed that the 
plankton syste.A was capable of removing 90% of the nutrients added to 
the pond. This is a reasonable assumption in light of previous experi-
mental efforts19 and the biological design of the system. It was also 
assumed that each unit dry weight of algae contained 0.1 and 0.01 units 
of nitrogen and phosphorous,20 respectively. Based on these assumptions, 
the nitrogen and phosphorous requirements were computed for the system 
using a food conversion ratio of 2.5:1. These results are given in 
Table 7. 

The costs for a fertilizer containing these elements were based on 
EPA cost estimates21 for the elements (N and P) required. These costs 
were updated to spring 1978 costs using Chemical Engineering Index data. 
The costs used in the anlaysis were $0.432/kg ($0.196/lb) for nitrogen 
and $1.474/kg ($0.669/lb) for phosphorous. 

Applying these costs to the amounts required for operation (from 
Table 7) yielded the estimated annual cost associated with fertilization 
of the ponds. Dividing this operating cost by the production rate 
resulted in an additional production cost of 15<?/kg (7c/lb) associated 
with the commercial fertilizer. 

If this cost is added to the production costs in Fig. 2, the break-
even production rates for the 3-hr turnover system increase from 34,000 kg/ 
ha-year (30,000 lb/acre-year) to 42,560 kg/ha-year (37,500 lb/acre-year). 
However, this production rate is below the expected capabilities of the 
system. Therefore, the use of commercial fertilizers as the primary 
nutrient source appears to be a feasible option for a 15% FCR. 

When the FCR is increased to 25%, as in Fig. 4, the required produc-
tion rate for the 12-hr turnover system is increased to 56,750 kg/ha-year 
(50,000 lb/acre-year). Therefore, the system is marginally feasible. 

It, therefore, appears that although the use of chemical fertilizers 
increases production costs by about 15c/kg (7<?/lb), it does not seriously 
affect the economic feasibility of the system. 

The economic feasibility results for 15 and 25% FCR analyses are 
summarized in Table 7. As indicated in the table, some systems have a 
breakeven production rate lower than the expected system yield. These 
systems would yield a return on investment (ROI) greater than the minimum 



Table 7. Summary of results for 15 and J').' FCK 

System description 
Aerat ion 
turnover 

(hr) 
Food 

conversion 

Cages, aerators, unlined 
algal ponds 

No cages, aerators, unlined 
algal ponds 

No cages, no aerators, 
unlined algal ponds 

Cages, aerators, lined 
algal ponds 

Cages, aerators, unlined 
algal ponds, commercial 
fertilizers 

3 

12 

3 

12 

3 

12 

12 

12 

2.5:1 

2.5:1 

5:1 

5:1 

2.5:1 

2.5:1 

2.5:1 

2.5:1 

2.5:1 

2.5:1 

2.5:1 

Expected 
product ion 
(kg/ha-vear) 

56,750 

56,7 50 

56,7 50 

5h,750 

5b.750 

56,750 

10,200 

56,750 

56.750 

56,750 

56,750 

Breakeven 
product ion 
(kg/ha-vear) 

a 5:0 
34,0<\1 
19,825 

i 5,0(10 

28,375 

I 5,320 

10,000 

39,725 

21.000 

A 2,560 

27,500 

Hi ,);id")ir 
feas ibi 1 i tv 

comments 
( 1 5 ) 

R O I ' a i ittr t hail 
m in irmm 

ROI greater ttian 
minimum 

Sot feasible 

Feas ible 

KOI greater than 
minimum 

ROI greater than 
min iraum 

Marginallv feasi-
ble 

ROI greater than 
minimum require-
ment 
ROI greater than 
minimum require-
ment 

Feasible 

R01 greater than 
minimum require-
ment 

Breakeven 
product ion 
(kg/ha-vear) 

(25?.) 

73,775 

34,000 

56,7 50 

24.970 

1 7 . 0 2 5 

56,750 

Kconomie 
f e.is lb 11 it v 
comment s 

Sot feasible 

KOI greater than 
minimum requirement 

Marginal 

ROI greater than 
minimum requirement 

Sot feasible 

Marginal 

aRcturn on investment. 

^Breakeven production is not achieved. 
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value included in the FCR. Due to the uncertainty associated with the 
system, production rates systems were classed as marginally feasible if 
the breakeven production rate was 95% or greater of the expected produc-
tion rate. Systems whose breakeven production rate was greater than the 
expected yield were considered not feasible. 

CONCLUSIONS 

Analysis of the economic feasibility of the fish production portion 
of the aquaculture system has shown that the system is economically fea-
sible if capital costs are annualized using a 15% FCR. The feasibility 
of the system at a 25% FCR depends upon aeration turnover time and system 
food conversion efficiency. Eliminating cages from the system design 
decreases the capital costs and improves the economic potential of the 
system. Additional capital cost reductions are possible if the aerators 
are removed from the system. However, expected fish production rates 
are also decreased and the system does not appear economically viable 
for a 25% FCR. 

System design modifications due to biological considerations in-
cluded lining the algal pond with a plastic liner and using commercial 
fertilizers in place of organic waste streams. Lining the algal ponds 
did not affect the feasibility of the system at a 15% FCR but did result 
in the system becoming economically unattractive at a 25% FCR. The use 
of commercial fertilizers added 15c/kg (7c/lb) to the production but did 
not have serious adverse affects on the feasibility of the system. 

The system appears to have economic and technical merit and should 
be examined further. Basic biological information concerning food con-
version rates is needed to verify the assumptions used in this study. 
It also appears that the operation of a small experimental system to 
determine reasonable value for important operating parameters (such as 
growth rates, algal production and fish production) is warranted. 
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