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Abstract

Pilot or model scale systems have been widely used and abused in the development of
recirculating aquacultural systems.  Models have been classically used to develop design
information and to work out operating problems of systems where there is only limited design
information available.  Model scale systems are less costly to build, operate, and modify as new
information is made available than are full scale systems.  Although there are many types of
models this paper addresses physical models and the principles one must follow in developing a
model if the model is to be useful in developing the full scale system.  Geometric, kinematic,
dynamic, thermal, chemical and biological similarity are discussed in relation to model and
prototype development, and the importance of following the laws of similarity in model
development are introduced.  Next, examples of scale-up failures in aquacultural production
system are discussed.  Finally, several pitfalls in scaling-up aquacultural production systems from
model to full scale systems are considered.*

Introduction

Recirculating aquaculture production systems are relatively new, and therefore, design data for
these systems is somewhat limited.  This lack of design data makes it difficult, even for
experienced aquacultural system designers, to design a system from physical, chemical, and
biological principles that works without construction and testing of a pilot scale system. 
Although it is possible to build full scale systems and see if they work, it is expensive and the
financial risk is usually unacceptably high.  Thus, most aquacultural production systems are
initially built small, tested out for a period of time to remove the "bugs" from the system, and
then scaled up to commercial size.  The financial investment in a small or pilot scale system is
not as high as for a full sized system, and it is usually easier and less costly to modify pilot scale
systems as the tests reveal system faults.  Pilot scale systems also provide a means to test out
new technology at modest cost, explore product quality concerns, and determine long term
problems that might surface only after a period of operation (Euzen et al., 1993).

There is generally three or, in some cases, four stages in the development of a commercial sized
system: 1) a small laboratory scale system to test out principles, 2) a pilot scale system that is
larger than the laboratory system but smaller than a commercial system, and 3) the commercial
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scale system.  In some cases, particularly in very complicate processes or very expensive
processes, there is a fourth stage inserted between the pilot scale and the commercial scale
systems, the demonstration scale system.

Laboratory scale systems are designed to be small and to prove out basic principles of a design. 
In the case of an aquacultural production operation the laboratory scale system may be as small
as a 10- to 20-liter tank, but will rarely be larger than a two-meter diameter tank.  The purpose
of laboratory scale systems is to prove concept feasibility and/or to explore basic parameters. 
They are kept small to reduce cost, but more importantly, to provide close control of the
processes being investigated.  Laboratory scale experiments generally confirm hypotheses,
develop relationships between primary variables, and/or provide information on the physical,
chemical, and biological laws governing the process in question.  For example, laboratory scale
systems are often used with a specific species of fish to define the effect on growth of various
environmental parameters such as oxygen, temperature, solids and ammonia concentrations, and
other variables.

Pilot scale systems are generally larger than laboratory scale systems and they usually have a
different purpose.  Laboratory systems often are not large enough to correctly simulate
processes that happen in a commercial scale unit.  For example, wall effects in a small system
may have such significant effects on fluid flow that the conclusions arrived at based on tests in
the laboratory scale system cannot be used to predict behavior in a commercial system.  The
pilot scale system must be large enough that results from tests run in it can be used to correctly
predict behavior in a commercial system, but it needs to be as small as possible to reduce costs. 
Thus, a pilot scale system needs to be large enough that the physical, chemical, and biological
processes taking place in it adequately reflect the processes occurring in the large commercial
system, or there must be a method by which commercial scale system behavior can be predicted
based on pilot scale results.  The pilot scale system also allows scale-up laws to be developed so
the full scale unit can be designed efficiently.  Although this is the ideal, it is rarely possible to
predict all commercial scale system performance parameters from pilot scale system results,
particularly when heat transfer, fluid flow or similar complicated processes are involved
(Schmidtke and Smith, 1983).

There some processes where pilot scale systems will not give enough information to scale-up
directly to commercial scale.  This usually occurs where very high investment is required to
construct a full scale plant, where the processes under consideration are dependent on the size of
the production unit, or in some other unusual situation where the pilot scale system will not give
sufficient information to allow design and construction of a full scale unit at a reasonable
financial risk.  There are also cases where an entrepreneur does not have the financing to build a
full scale plant, but must build a unit that simulates a full scale plant in order to attract investors.
 In these rather special cases a demonstration scale system may be required as an intermediate
step between the pilot and the full scale systems.  Typically, demonstration units are about 1/10
the size of the commercial unit although the size can vary depending on the processes and risks
involved in construction of the commercial unit.  They are rather expensive to build, and the
time required to design and construct the demonstration delays completion of the commercial
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unit by one to three years.  For these reasons the demonstration scale units are avoided except in
unusual cases.  However, demonstration systems will provide an opportunity to correct any
design flaws and to improve processes and operational procedures prior to building the
commercial scale system, advantages that may save money in the long run.

The commercial scale system, also referred to as the full scale or prototype unit, is the final
product of the scale-up operation.  How well it works initially depends heavily on how well the
system scale-up process is carried out in moving from the laboratory to the pilot to the
demonstration to the full scale unit.  If scale-up is done carefully and the scale-up rules are
followed closely, the full scale unit should work quite well at start-up.

What is a Model

There are many kinds of models including the following: 1) physical models, 2) mathematical
models, 3) statistical models, and 4) analogue models (i.e. models of one phenomena that are
modeled by using another type of system such as the familiar modeling of the spring, mass,
damper system by an electrical circuit).  Under each of these model types there are many
alternatives to choose from.  For example, under mathematical models there are stochastic,
deterministic, empirical, etc. models (Tomer, and Wheaton, 1996).  All of these models have
some use in scale-up and can be used in various ways to improve the reliability of scale-up of
aquacultural systems.  The choice of approach depends on many factors including the type of
problem, interest and expertise of the person responsible for scale-up, information available and
other factors.  However, for the purposes of this paper the physical model is of primary interest.

Physical models are usually viewed as a replica of the full sized unit but scaled down
dimensionally to a smaller size.  For example, if a full sized building will fill an entire city block,
a model of it may be a meter or so on a side.  All parts of the building will be scaled down by the
same linear ratio as all other parts (e.g. one meter in the real building is scaled to one centimeter
in the model).  Although this is the most common type of physical model, it is not the only kind.
 One can model very large items such as the Chesapeake Bay.  This bay is about 330 km long
but is only an average of 8.25 meters deep.  If one models the Chesapeake Bay using a 1 to 300
ratio, the model is more than one kilometer long but is an average of 2 cm deep.  Because water
flow is influenced by various parameters such as surface roughness, surface tension, etc. flow in
a 2 cm depth of water will not accurately reflect flow in the full scale system.  Thus, to model
the Chesapeake Bay one has to use different length scales for the horizontal and vertical
dimensions.  Such a model is called a distorted physical model (Murphy, 1950).  There are also
other types of physical models that may or may not have one or more linear scales used in their
construction.

Modeling Principles

Developing solid scale-up relationships between the laboratory test unit and the pilot scale
system often is not possible because the laboratory scale system is designed to prove concepts
and to learn about the process.  Thus, it is not designed with scale-up in mind and hence the
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scale-up relationships often are not followed.  However, the construction of pilot plant sized
units is quite expensive and they are usually constructed to collect the data that will facilitate
construction of the full scale unit.  Hence, it is important that scale-up be a primary
consideration in the design of a pilot plant.  Scale-up (or scale-down) requires that certain
principles be followed in order to assure that scaling of the processes, systems, and procedures
can be directly transferred to the full scale unit.  Similarity is the first and primary of these
principles.

Geometric Similarity

Those who have studied geometry will be familiar with the concept of similar triangles.  Similar
triangles are two or more triangles that have the same three included angles and are the same in
all aspects except size.  Geometric similarity is a similar concept except it is in three dimensions.
 In general, geometric similarity occurs when each point in the model has a corresponding point
in the prototype and this is true for all points on a point-by-point basis (Johnstone and Thring,
1957).  The definition also includes a ratio of linear dimensions between the model and
prototype.  Although the ratio may not be constant for all three dimensions, it is constant in any
one of the three dimensions.  Only in an undistorted model is the dimensional ratio constant for
all three dimensions.

Predicting from model to prototype requires geometric similarity.  Aquacultural systems usually
also require similarity for other characteristics in addition to geometry.  Important similarity
characteristics for aquacultural systems include kinematic, dynamic, thermal, chemical, and
biological similarity.

Kinematic Similarity

Almost all aquaculture systems contain certain moving fluids, usually water.  Kinematic
similarity occurs when, in geometrically similar systems, velocities of corresponding particles in
the model and prototype have corresponding velocities (Schmidtke and Smith, 1983). 
Kinematic similarity is concerned with solids or fluids in motion.  Therefore it implies that time is
important and that there is a time ratio between the model and prototype (Johnstone and Thring,
1957).  Kinematic similarity may also be defined as geometrically similar systems in which
corresponding particles trace out geometrically similar paths in corresponding intervals of time
(Johnstone and Thring, 1957).  Similar velocities imply that flow patterns and mass and/or heat
transfer rates in the model and prototype are similar.  Schmidtke and Smith (1983) stated that "It
has been found that for kinematically similar systems the ratio of the systems mean to maximum
velocity, in both the laminar and turbulent flow regime, is constant." Thus, to achieve kinematic
similarity, a characteristic required for the modeler to be able to predict from model to full scale
system, the flow velocities in the model and full scale system must be similar.  This is not easy to
achieve in real model and full scale systems.
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Dynamic Similarity

Dynamic similarity implies that forces in the model and prototype (full scale) systems have a
correspondence.  Johnstone and Thring (1957) define dynamic similarity in geometrically similar
systems as occurring when ". . . the ratios of corresponding forces are equal." Forces important
in fluid systems include pressure, inertial, gravitational, viscous, and related forces.  Although all
of these forces may act simultaneously, usually one or two of them predominate.  Dynamic
similarity is important in power consumption and pressure loss and it indirectly affects heat and
mass transfer (Schmidtke and Smith, 1983).

Thermal Similarity

"Geometrically similar systems are thermally similar when corresponding temperature differences
bear a constant ratio to one another and when the systems, if moving, are kinematically similar"
(Johnstone and Thring, 1957).  Corresponding temperature differences are defined as
temperature differences at corresponding times between a given pair of points in the model and a
corresponding pair of points in the prototype.  Because of the way heat is transferred, thermal
similarity implies that kinematic similarity also exists in the system.

Chemical Similarity

Chemical similarity is concerned with concentrations in the systems (Schmidtke and Smith,
1983).  Johnstone and Thring (1957) define chemically similar systems in the following way:
"Geometrically and thermally similar systems are chemically similar when corresponding
concentration differences bear a constant ratio to one another and when the systems, if moving,
are kinematically similar." Chemical similarity implies a fixed ratio between concentrations or
between concentration differences at corresponding points in the model and prototype
(Schmidtke and Smith, 1957; Johnstone and Thring, 1983).

Biological Similarity

Biological similarity considers concentrations of biological organisms, or at least the activity of
biological organisms, in the system.  There should be corresponding densities or activities of
organisms at corresponding points in the model and the prototype.  Biological density may refer
to fish, bacteria, or any other living organism in the system.  Theoretical biological similarity will
require the biological organisms to act in a similar manner in both the model and prototype.  For
example, similarity may not be satisfied if the model uses bacteria in the logarithmic phase of
growth and the prototype uses all mature bacteria.  Unfortunately, what constitutes biological
similarity is not well understood, and the application of similarity to systems containing
biological organisms is even less well understood.



6

Application of Similarity

Similarity or lack of similarity between the model and prototype can cause several problems. 
Some of these problems will be explored by considering a model and prototype of a biological
filter.  Biological filters involve geometric, kinematic, dynamic, chemical, thermal, and biological
similarity.  For the purposes of this discussion suppose that the objective is to develop a 1/10
scale model of a biological filter, test the model, and then use the results to design a full scale
prototype.  Further suppose that the filter to be modeled is a biodrum that contains plastic media
and the model is to be an undistorted model.

Geometrical similarity requires that all dimensions be scaled in a 1 to 10 ratio.  If the prototype
is to be 3 m in diameter, 5 m long, and filled with 9 cm diameter media that has a specific surface
area of 6502/m3, then a 1:10 model must be 30 cm in diameter, 50 cm long and have a media
with a 0.9 cm diameter.  The specific surface is a linear dimension squared.  Thus the specific
surface area must be 6.5 m2/m3 (a ratio of 1 to 100).  This requires the modeler to find a filter
media that is 0.9 cm in diameter and has 6.5 m2/m3, a media type which may or may not be
available.

The requirement of kinematic similarity are much harder to meet.  The velocities within the
model and prototype must be in some known ratio.  The ratio will depend on the governing fluid
forces dominating the processes.  However, for simplicity, assume that the ratio works out to be
1 to 10. This means that all velocities important to the operation of the biofilter should be 1/10
of those expected in the prototype.  Rotational speed of the filter can be adjusted easily enough,
and flow velocities into and out of the filter can easily be controlled by valves.  However, does
the 1/10 rotational speed ratio produce 1/10 the water velocities over the bacteria in the filter? 
Currently there is insufficient information to determine if the velocities in the filter are in direct
proportion to the rotational velocity of the Rotating Biological Contactor (RBC).

Dynamic similarity is a function of forces such as pressure, inertial, gravitational and viscous
forces.  Inertial forces are usually a function of velocity and it maybe difficult, or even
impossible, to satisfy both kinematic and dynamic similarity requirements.  Gravitational forces
cannot be scaled in a 1:10 ratio, at least in the earth's gravitational field.  Viscous forces cannot
be scaled in a 1:10 scale unless different liquids are used.  Use of other than water will obviously
upset the biological similarity.  Obviously, there are conflicting requirements that force the
modeler to make judgements as to the most important parameters and how to account for the
other forces.

If chemical feeds are used for the biological filters, chemical similarity probably can be satisfied. 
However, use of fish waste as a feed for the biological filter will make chemical similarity
difficult to maintain.

Thermal similarity is usually approached in biofilter design by controlling the temperature in the
model and prototype at the same temperature.  However, if heat transfer to or from the
environment is significant to what is being studied, the heat flow from the model will probably
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be considerably different than the prototype, a factor that could skew prediction from the model
to the prototype.

There is a very big question as to what constitutes biological similarity.  Most biological filter
research attempts to get an optimal environment so the nitrifying bacteria on both the model and
the prototype should have the same bacterial population per unit of specific surface area.  If
scaling the bacteria population on a 1:10 ratio or on a 1:100 ratio (because it is area or a linear
unit squared) is the correct approach, how can this ratio be maintained during model testing?  At
this point in time it is not possible to quantify in a highly meaningful way the bacterial population
withing a biological filter.  Statistical population estimates are the only measures currently
available (Hochheimer, 1990).

The above discussion points out the sometimes conflicting requirements with developing
physical models.  One parameter may require a relationship between the model and prototype
that demands a squared relationship while another important parameter requires a first power
relationship for the same variable.  The above discussion points out that modeling is not a simple
process.  Good judgement, experience, and skill of the modeler are needed to make the correct
decisions and to develop the most useful model design.

Dimensional Analysis

Establishing similarity demands that the modeler knows much about the model and prototype in
terms of flow, circulation, forces, heat exchange, etc.  Usually this information is not available
and some other approach must be taken.  Dimensional analysis is a powerful tool, but only a
tool, to help solve some of the problems with unknowns.  Dimensional analysis is a method of
combining variables into dimensionless terms and then developing relationships between the
dimensionless terms.  Some common examples of dimensionless terms include Reynold's
Number, Froude Number, Weber Number, and the Mock Number.  Moody's diagram, widely
used to determine the friction factor in pipe flow equations, is one of the more widely used
equations developed using dimensional analysis.  Friction factor is a function of the fluid
viscosity, density, velocity, pipe absolute roughness, and the pipe diameter.  These variables are
then combined into dimensionless parameters to give the functional equation f = 2(R, H/,),
where f = the friction factor, 2 = function of, R = Reynold's number, and  H/, = relative
roughness.  All three of these entities are dimensionless quantities that Moody used to plot his
diagram relating friction factor to Reynold's number and relative roughness.

There are several advantages to using dimensionless analysis.  The first is that the number of
dimensionless parameters required to express a relationship is equal to the number of variables
less the number of dimensions in which those variables are measured.  For example, if there are
10 variables and these variables have four dimensions used in their units (e.g. length,
temperature, mass, and time), then there will be 10 minus 4 or 6 dimensionless variables.  This
principle is known as the Buckingham Pi Theorem (Murphy, 1950).  Thus, the process reduces
the number of variables a researcher needs to study, and therefore reduces laboratory effort. 
From the modeling perspective it allows relationships between model and prototype to be
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developed when the process details are not well known.  Dimensional analysis helps to define
relevant similarity criteria and improves the modeling effort.  Although dimensional analysis in
itself gives qualitative results, when combined with experimental data it can be used to give
quantitative results and to reduce laboratory or pilot scale testing requirements (Murphy, 1950).

Scale-up Problems

Aquacultural production systems are comprised of several unit processes.  Typical systems,
Figure 1, contain a culture tank, a filtration system, a gas control system, and a pumping system.
 The filtration system usually consists of several unit processes such as a solids filter (e.g.
settling basin, drum filter, etc.) and a biofilter.  The gas control system may also have unit
processes for oxygen injection and carbon dioxide removal.  Thus, the total system is a series, a
series/parallel, or a parallel arrangement of unit processes each of which could be separately
modeled.  In scale-up the interest is in the total system and how the system as a whole performs
as a single entity.  The system components or unit processes are there to perform a function
within the system, but the system must perform as a unit or the fish will be stressed or die.

Failure to understand the system concept is a frequent problem with scale-up.  Often what is
sold as the model system is not a system at all, but is a series of various unit process models.  If
the unit processes are modeled as separate units and then scaled-up to form a system, the scale-
up will in all probability be a disaster.  Scaling-up individual components or unit processes is, if
done correctly, fine for the unit process, but there is no guarantee that the scale-up of one or
more individual unit process will scale-up the same as the system.  In fact, it is highly probable
that the system will have different flow characteristics which means that kinematic, dynamic,
thermal and biological similarity will be violated in the scale-up of the system.

Although geometric similarity is not often violated in scale-up of aquaculture, it does happen. 
Model systems have been developed using tanks of about 2 m in diameter and 1.3 m in depth. 
The full scale prototype is then constructed using tanks of 6 meters diameter and 1.3 m depth. 
The vertical scale-up ratio from the model to the prototype is 1 to 1 while the horizontal scale-
up ratio is 1 to 3. Information useful in designing the prototype can be developed from the
model but only if the scale-up laws for a distorted model are followed.  Otherwise kinematic,
geometric, and dynamic similarity principles are violated, and the model predictions are of little
help in predicting prototype behavior.  The hydraulics of flow in the prototype will be totally
different from that in the model.
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Figure 1. Typical culture system arranged in a series flow pattern

Most people seem to intuitively understand geometric similarity but most do not appreciate the
need for kinematic and dynamic similarity.  Assuring similarity between model and prototype in
water flow and applied forces is much more difficult than achieving geometric similarity. 
Assuring that eddies, flow regime (i.e. laminar, turbulent, etc.), and other flow and force
parameters are correctly scaled is difficult at best and may be impossible in many situations. 
Measuring such phenomena is also difficult and costly and thus is avoided whenever possible. 
Whether the reason is ignorance, inability to measure and/or quantify the parameters, or some
other reason, failure to properly model the kinematic and dynamic aspects of a system is one of
the most common causes of scale-up failure.

There are also cases where the best of intentions and the most careful work will not provide
correct prediction equations for scale-up from the model to the prototype.  There are cases
where it is not possible to reproduce the phenomena in question on a smaller scale because the
phenomena will not occur if the system is smaller in size.  Where this happens a modeler
probably does not realize a problem exists until it is too late or, if the problem is known to
occur, the reason for it is not understood.  Because of the rather unique shapes used in many
aquaculture facilities, predicting fluid flow accurately is difficult and thus modeling it is a
problem.  Such situations also result in poor scale up-prediction.  However, if the problem is
known to occur, construction of a demonstration unit may solve the problem.  If not then the
only way to avoid the problem is to build the full scale unit and accept the technical and financial
risks that go with this approach.

Aquacultural System Scale-up Problems

Stories about scale-up failures in aquacultural systems are, unfortunately, quite common. 
Examples range from the model tank that was self cleaning while the full scale unit was not to
total system failures due to scale models producing results that were not duplicated in the full
sized units.  Some, if not most of these failures, are due to lack of understanding of scale-up
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laws and/or the limitations of scale models, and some are due to plain mistakes or lack of
understanding of systems.  Probably one of the most common and rather obvious misuses of
model-prototype relationships in aquaculture systems is the scale-up of tanks.  Individuals will
do a model study in a small tank that is, as an example, 2 meters in diameter and 1.3 m deep. 
The full sized prototype tank is then selected to be 6 or 7 m in diameter and 1.3 meters deep. 
Anyone familiar with scale-up laws knows that this model and this full scale unit will operate
much differently because geometrically and hydraulically the model is distorted relative to the
full sized unit.  Unfortunately, this misuse of the scale-up process is often ignored and the scale--
up process itself is viewed as faulty.

It is fairly obvious that the tank example above leads to violation of the laws of geometric,
kinematic, and dynamic similarity.  The distorted depth scale leads to very significant flow
pattern differences in the model and prototype.  The tanks in the model were self cleaning (due
to water flow) but were not in the prototype.  The labor to clean the tanks manually in the
prototype greatly increased operating cost and changed the economic outlook for the culturist,
almost always in a negative direction.

Failure to take into consideration the materials handling requirements of full scale operation is
another area where scale-up has lead to disaster.  Although this has happened in culture systems
for many species, it probably is most often seen in shellfish systems.  The classic approach is to
develop laboratory procedures for the various cultural activities.  These procedures are then
taken directly to a full scale operation and implemented.  Typically in a shellfish hatchery
millions of eggs are hatched and set, and the growout of the shellfish is limited by the space
available in the laboratory.  Growout is thus limited to a few bushels of shellfish at most. 
Millions of spat can easily be handled by one or two people as can a few bushels of adult
shellfish.  However, the millions of spat in the laboratory have a bad habit, if the culturist is
lucky, and they grow.  The one million spat that may have been held in a 200 L tank in the
laboratory become at market size some 4,000 bushels that weight some 100,000 kg without any
fouling attached to them.  The handling methodologies that worked so well in the laboratory are
now so costly that the shellfish production firm becomes unprofitable even if the shellfish growth
and survival is high.  The operator would have gotten a lot more sleep, his investors would have
been a lot happier, and they all would have experienced a lot less worry if the laboratory scale
system was explored in a model unit that was large enough to bring some of these problems to
light prior to going to full scale.  To be worthwhile model and/or demonstration systems must be
large enough to point out these problems yet small enough to be affordable.

Materials handling for feed, waste, and the harvested crop is a major consideration in full scale
system design and the equipment and operating problems for these systems needs to be worked
out at the pilot scale level.  A system that is carrying 1,000 kg of fish will be feeding about 20 kg
of feed per day.  This is not a major problem and can easily and inexpensively be done manually.
 A system that is carrying 1,000,000 kg of fish is feeding 20,000 to 30,000 kg of feed per day,
producing about 10,000 to 15,000 kg of solids per day, and requires handling several tons of fish
per day.  Manual labor alone cannot economically move this volume of materials, at least not in
the U.S. and probably not in any country.  Failure to comprehend and plan for efficient and
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effective handling of this volume of material during the pilot scale tests will assure that disaster
will arrive the day after the full scale commercial system in placed into operation.

Failure to design redundancy into recirculating aquacultural production systems is another area
where scale-up has lead to disaster.  Oxygen supply and electrical power are areas that are so
critical to the system that redundancy is absolutely necessary.  The economics of recirculating
systems often require very high fish densities for profitable operation.  Oxygen demand in such
systems is very high and the culturist may have only 15 minutes to take corrective action when
the power goes off, a pump stops or plugs, or something else goes wrong.  Loss of oxygen or
flow can often lead to complete loss of the crop.  In laboratory scale systems the economic loss
is low although research may be destroyed or delayed.  In model systems the economic loss
becomes significant and in full scale systems catastrophic losses can drive the company out of
business.  Thus, automatically activated backup generators with automatic cut over switches or
backup liquid oxygen are a necessity and not an option in full scale systems and should be used
in model systems.  Oxygen depletion is probably the number one factor leading to fish death in
recirculating systems.

Any aquacultural enterprise needs to make some provisions for measuring water quality on a
routine basis.  Labor, equipment, and space are necessary to accomplish this and any culturist
that does not plan for this critical need will regret in the best of times, and lack of it may force
him/her out of business in the worst of times.  The pilot scale system should be the test area to
determine exactly what tests will need to be run and how often they will need to be run.

Every aquaculture enterprise, including all recirculating aquaculture systems, will eventually
encounter some disease problems.  However, these problems can be minimized by proper
planning, facilities design, and system operation and management.  Proper planning will start in
the pilot stage and carry over to design and operation of the full scale system.  Quarantine
facilities are needed to isolate incoming fish to assure that they are disease free before they are
placed into the main system.  Development of disinfection procedures for personnel, for the
systems between batches of fish, and procedures for control of access by people, birds, rodents
and other potential disease vectors is a critical part of the pilot operation.

Pilot scale systems should also be used to develop protocols for the traffic patterns that will be
desirable in the full scale unit.  The most desirable flow of people, feed, waste, finished product,
and other commodities should be determined in the model system.  Efforts should be made to
prevent the flow paths of the various materials from crossing if at all possible.  These same flow
paths are also important in preventing disease entry and/or spread of diseases if a disease gets
into the system.  Health and sanitation regulations and good manufacturing practices will
influence the flow of material though the full scale facility.  For example, finished product should
not pass over surfaces or come in contact with other fish, live or dead, such that cross
contamination could occur.
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Wastes are produced in any manufacturing or production system and aquacultural production
systems are not an exception.  In model sized systems waste disposal may not be a major
problem.  However, the model system should be used to develop a method of dealing with all
wastes.  This will include but is not necessarily limited to fish waste, packaging waste, dead fish,
waste water, laboratory and disease treatment chemicals, and contaminated feed.  Where will
these materials ultimately be disposed of, who is responsible for disposal, what will it cost, how
reliable is the disposal person or method, what volume can be handled by the selected disposal
method, what is the producer's liability for the waste on- and off-site?  These are a few of the
questions that need to be resolved relative to the waste handling system and these need to be
resolved at the pilot scale facility.  However, care must be exercised to be sure that the disposal
techniques worked out at the pilot scale stage will handle the volume of waste generated in the
full scale operation and that this can be done in a cost-effective manner.  If not handled carefully
fish waste become very smelly, and there is no quicker way to become a poor neighbor than to
have a smelly place of business.  Foul odors are not only a good neighbor or good customer
relations problem, it may become a regulatory or legal problem that can damage or destroy the
business.

Fish production facilities often operate on unusual schedules.  For example, it is fairly common
for fish to be loaded out of recirculating systems between midnight and 6:00 A.M. Also,
problems have a habit of occurring at the most inconvenient times (e.g. just after a long holiday
weekend has started or in the middle of the night).  Employees will need to be at work when fish
are being loaded or when other problems occur.  Repairs often cannot wait until tomorrow or
for normal working hours.  Although these kinds of work hours are expected by people that
have worked in the industry, they are often not expected or even considered by workers that
have only limited experience.  Thus, careful selection and education of employees as to what is
expected of them when they are hired is critical if the production facility is to be successful.

Murphy's Law states that if something can go wrong it will.  In fish production systems the only
defense against Murphy is to have someone on duty 24 hours per day 365 days per year or to
have some type of monitoring system that will call a responsible person in the event of a
problem.  Most systems are not large enough, at least in the start-up phase, to be able to afford a
person on site 24 hours per day.  Thus the solution comes down to automated monitoring
systems that call someone to correct the problem if something goes wrong.  Automated
monitoring and call systems are worthless unless there is a responsible person on the receiving
end of the call that is: 1) experienced enough to know what to do to correct the problem, and 2)
is close enough to the production facility that they can get to the facility quickly enough to do
something about the problem in a timely manner.  There are many stories of the monitoring
system that called and the person called had stepped out for the fifteen minutes that the system
tried to get him/her, or the monitoring system that called the operator with a sad story about low
oxygen and the operator who lived 30 minutes from the production facility got to the facility just
in time to watch the last fish die.  There is also the situation where someone forgot or got so
busy they did not clean the sensors in a timely fashion and when the oxygen concentration
dropped the sensor was so fouled it did not notice it.  The procedures to assure that these
problems do not happen in your facility need to be worked out in the pilot scale system.
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Scale-up of recirculating aquacultural production systems is difficult, but can be accomplished in
an efficient manner if the designers and owners follow rather well known scale-up principles.  If
pilot scale systems are designed to follow the laws of similarity or are designed to operate as
distorted models with known distortions, scale-up can be accomplished without many of the
failures experienced in the past.  There are many horror stories about the recirculating
aquacultural production system that almost succeeded and the small error that caused it to fail. 
Fortunately, if these problems are used as learning experiences, future attempts at designing
systems that work will be successful.
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How to Evaluate a “Paper System”

George S. Libey
Department of Fisheries and Wildlife Sciences

Virginia Polytechnic Institute and State University

Introduction

For several decades there has been considerable interest in recirculating aquaculture systems. 
Some of their popularity stems from the potential or perceived potential offered by this culture
technique.  Today, as this method of fish production begins to move from the research/hobby
stage into a viable production mode, their popularity remains high.  Several large and medium
scale enterprises are beginning to demonstrate the economic viability of this method of fish
culture.  To capitalize on this popularity, many system designers have and are offering for sale,
various and sundry devices, components, and complete systems.  One of the most difficult tasks
for a possible buyer of such systems is how to evaluate the claims made by the
designer/salesperson.

A "paper system" can be defined as one that has never been constructed (at least on a full or near
full scale) and has never grown fish, except "on paper." All too often such designs look very
promising, but there is a huge distance between design and operation!  Designers in almost every
other field of endeavor address the difference between design and operation through extensive
model, pilot, and full scale testing.  Ask yourself this question, "would I fly in an airplane that has
never been built nor flown by test pilots?" If your answer is "yes" you may need to seek
professional help from the psychoanalytical field.  However, this has rarely dissuaded potential
owner/operators in the field of aquaculture.  Thus, this paper will attempt to lay out some basics
for evaluating "paper" systems.

A good place to start is to define what is a recirculating aquaculture system.  A recirculating
aquaculture system is an assemblage of parts and devices used for the husbandry of aquatic
organisms in which water is continuously cleaned and recycled.  New water is added to
compensate for evaporation, splash-out, and to remove wastes.  Different systems will contain a
variety of parts and devices, however, all must accomplish certain tasks for the system to provide
an adequate environment for the animals being cultured.  Among these tasks are:

removal of solid
removal/detoxification of metabolites (biofiltration)
re-oxygenation
circulation of water (pumping)

Each of these devices/parts must fit with and work together with all of the other parts/devices in
the system.  An in-depth discussion of the various devices and their relative attributes is beyond
the scope of this paper.  Several presentations given at this conference will address some of these
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issues.

The water circulation rate is very important.  To avoid confusion, several terms must be defined.
For a typical system (Figure 1) there will be the total flow through the culture tank (Qt), that
portion that is cleaned and recycled (Qr), the wastage rate (Qw), and the new water addition (Qf).

Figure 1.  Schematic diagram of a recirculating aquaculture system.

Some of the most important calculated terms are:

residence time =

Qt

V this is the time required for all of the water in the tank
to be "replaced" by either recycled or new
water

turn over (per hr) = ( )
V

xQt 60 the number of system volumes "replaced" per hour

replacement time =

Qf

V time to "replace" all of the tank volume with new water

replacement volume = ( )
V

xQf 1440 the fraction of volume replaced daily with new water

These numbers, particularly residence time and replacement time or replacement volumes, are
important in determining the ability of the system to provide a good environment for the fish. 
Within reasonable bounds, the more often the water passes through the reconditioning equipment,
the better the environment for the fish.  Most successful system designs have at least two
turnovers per hour and some designs call for more than four per hour.  Likewise, the more "new"
water added daily, the better will be the water quality.  In fact, if Qr=0, then this is a simple flow-
through system typically used in raceway fish production.  If a large amount of inexpensive water
of adequate quality is available, then it should be used.  However, water, particularly high quality
water, is becoming increasingly scarce and other competing users (e.g., municipal water supplies)
will have a higher priority for use than aquaculture.  Thus "tight" designs, ones with 0.10 or fewer
replacement volumes each day, would seem to have a competitive advantage in the not too distant
future.
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Some other terms that need to be defined are:

standing crop = biomass per unit
volume

this is the amount of fish per unit volume, usually
expressed as the maximum the system is designed to
maintain; often expressed as pounds per gallon

production = biomass produced
per unit time

the amount of fish growth per unit time, usually
expressed as the amount of production on an annual
basis (e.g., pounds per year).  The "production" for a
system can be exaggerated by defining it as the sum of
the harvests per year.  This may not accurately reflect
the ability of the system if a very large "stocker" (near
market size) is used and many harvests are
accomplished annually.  In this case, the total weight of
fish stocked must be subtracted from the sum of
harvests.

Evaluation procedures

Usually a business plan, prospectus, or other such economic device is used in the "sales pitch" for
"paper systems." Often a rosy picture is painted of easy wealth from a relatively small investment
of time and money.  Trying to decide if the claims are valid (or nearly so) is a very difficult task. 
Several "rules" can be applied to such claims to help decide if the system will eventually produce
fish or if this is another "paper system" best left to the "great wastebasket in the sky."

First rule: Find out if the underlying assumptions are reasonable and what is included.  A
spreadsheet, prospectus, or business plan is only as good as the underlying data
and assumptions.  Insist on seeing the data and assumptions that were used to
construct the plan.

Second rule: Beware of "zeros" or "one hundreds." If a salesperson tells you they expect zero
mortality in the fish raised by this system, put your hand on your wallet and run
(don't walk) away because you are about to be taken.  About the only thing certain
in dealing with living, growing organisms is that they will react differently from
what you want and expect.  Likewise, 'if someone claims, their system or device is
100 percent efficient, test your reaction time and speed to the nearest exit. 
Nothing is 100 percent efficient, this applies to aquaculture just as it does to
perpetual motion machines.

Third rule: Determine if the promises and claims reasonable.  If someone "guarantees" a
$40,000 income from a $100,000 investment, why is it that dump truck loads of
money are not waiting in line at their front door to invest?  Such an investment
would be among the best in the financial world!  If this claim were true and could
be documented, aquaculture would be among the best financed industries in the
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world.  Remember, "if it sounds too good to be true, it is!"

Fourth rule: Be prepared to lose your entire investment.  If you are dealing with a true paper
"system" then you are being ask to invest in (or buy) a research and development
project.  R&D projects have a high probability of failure.  Thus you must be able
to withstand, financially, the loss of your entire investment.

Of these four "rules," probably the most difficult to evaluate is rule one: are the assumptions
reasonable and what is included?  One of the most important factors in this determination is FEED
INPUT.  How much feed is projected to be fed on a daily, weekly, and annual basis is the "bottom
line" in this evaluation.  The exact amount that can be fed is determined by:

water temperature
fish size
species of fish
water quality and other factors

It is beyond the scope of this presentation to go through every species of fish and their anticipated
feeding rates.  Generally, small fish will consume more feed on a per body weight basis than will
larger fish.  A "rule of thumb" that might be helpful is:

fingerlings - 3-6 % body weight per day
juveniles - 2-4%
adults - 1% to less than 1%

Can and will fish consistently eat more (less) that these amounts?  Absolutely!  However, should
the spreadsheet show that adult (large) fish are projected to eat 15% of their body weight per day,
this should be a warning sign that you may be dealing someone not familiar with fish biology and
thus not qualified to construct the spreadsheet.  However, the species under consideration could
be very unusual.  In this case confirmed documentation (e.g., data published in refereed journals)
must be available.  This is an area that will require "homework" to insure the assumptions made
are accurate and realistic.

Within reasonable bounds for a given species of fish, as water temperature increases the fish will
eat more.  What is "reasonable" will depend on the species of fish.  Catfish, for example, do well
at 24 - 27 C° (75 - 80 F°) while trout would do better at 10 - 16 C° (50 - 60 F°).  Again, this area
will require a knowledge of the biology of the species of fish under consideration.  If there is little
or no data available in the published literature, then what is presented in the spreadsheet is in all
probability a "best guess." Often this is the only information that is available.  If this is the case,
see rule number four: be prepared to lose your entire investment because you are now in the area
of research and development.

The amount of feed eaten, along with the feed conversion ratio (FCR), determines fish growth
rates.  FCR is often expressed as the amount of feed required to produce one unit of gain on the
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animal (pounds of feed per pound of gain on the fish).  Again, the exact value will vary with fish
species, fish size, feeding rates, water quality, water temperature, etc.  Generally, most fish will
convert at a rate of about 1.5 pounds of feed per pound of gain.  Some fish will convert better
(small fish) and others will be less efficient (big fish).  Since feed is usually the largest production
cost for aquaculture, and recirculating systems are no exception, FCR is a critical value in the
spreadsheet.  If a value of 1.5 is used in the projection and only a 2.0 is realized when the system
is built and operated, it is highly unlikely that the "rosy" picture painted in the sales pitch will be
realized.  This factor alone could spell the difference between economic success and failure.

Most "real" recirculating systems have produced food fish.  These animals are sold on a weight
basis; therefore, the rate at which a fish grows is a major determinant in the profit/loss column of
a spreadsheet.  Other types of fish (ornamentals) can also be grown in recirculating systems. 
These are often sold as individual fish, but again the size is important.  Thus, growth rate is a
critical piece of information.  If the amount of feed consumed and FCR are known (or accurately
estimated) then the rate of growth can be calculated by:

Wt+1 = Wt + feed consumed
      FCR

where: Wt and Wt+l = fish weight on day t and t+l
feed consumed = amount of feed eaten on day t

This calculation can be repeated sequentially until the weight at t+l is equal to the harvest weight.
 This will give an estimation of time to harvest from a set stocking size.  This simple calculation
can be a very powerful tool but also can produce misleading estimations.  The amount of feed
consumed daily and the FCR are often set at the maximum ever measured for that
species/size/situation.  Thus just because it was once reported, under very tightly controlled
laboratory conditions, that a certain species of fish consumed 5% of their body weight and
converted at a rate of 1.25:1.00 does not mean that it will happen for you.  Homework in this case
would be to see what the average, maximum, minimum, and expected rates for these variables are,
then judge if the projections are reasonable.

Getting the fish to eat a certain amount of feed, day after day, will depend directly on the ability of
the system to maintain a good environment for the fish.  The challenge is that as feed is added,
waste material is accumulated.  This waste is in the form of excretory products (feces, ammonia,
urea), uneaten feed, and other organic matter (e.g., bacteria from the biofilter).  The conversion of
ammonia (very toxic) to nitrate (less toxic) is the primary function of the biofilter.  This process
(nitrification) requires oxygen and produces acid.  These two factors must be taken into account if
the system is to perform as desired.  First, there must be either adequate dissolved oxygen in the
water going into the biofilter or the biofilter must be capable of supplying oxygen during the
nitrification process.  For submerged bed biofilters (the biofilter media is under the water), each
unit of ammonia converted to nitrate requires about four units of dissolved oxygen in the influent
(incoming) water.  However, some research has shown that 150% of the dissolved oxygen
requirement must be present for these types of biofilter to operate properly.  Thus, for each unit
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of ammonia, six units of dissolved oxygen must be present.  Often, the anticipated operating level
of ambient ammonia, when viewed from the prospective of a dissolved oxygen requirement, will
indicate that submerged bed filters will not function "as advertised" simply because it is impossible
to get enough dissolved oxygen in the influent water.  A special device to supersaturate the water
will be a necessary part of such a design.  Without it, it is doubtful that this type of filter will
perform well, hence the system will not be able to provide an adequate environment for the fish.

Emerged bed filters (the biofilter media is out of the water or rotates in and out of the water) do
not have this requirement for dissolved oxygen in the influent water.  They are able to supply the
oxygen for nitrification and, sometimes, add dissolved oxygen as well.  Thus, the choice of filter
design will have a profound impact on the performance.  Make sure the relationship between
biofilter performance and dissolved oxygen in the biofilter feed water is understood and addressed
by the designer.

Since nitrification is an acidifying process (it tends to lower pH), action must be anticipated to
counteract this trend.  If left unchecked, the pH will decline to a level that eventually stops the
nitrification process, and eventually leads to the death of the fish.  Large amounts of "new" water
can be added to flush away this problem, but in that case one of the advantages of a recirculating
system (minimal water usage) is lost.  One of the most common methods of pH adjustment is to
add sodium bicarbonate to the water periodically.  The amount of bicarb to add will depend on
the protein level of the feed, the amount of feed eaten, and other system management and water
quality parameter.  To counteract the acidifying aspect of nitrification and maintain a relatively
constant pH (about 7.0), a general "rule of thumb" for bicarb additions is to add about 0.2 - 0.3
pounds of bicarb for each pound of feed eaten.  The underlying assumptions for the financial
analysis must address pH control and the expense for these chemicals must be shown in the
spreadsheet.

Another important aspect of the system is solids removal.  Uneaten feed, feces, bacteria and other
material must be removed from the water to help insure a healthy environment for the fish. 
Several different devices are available for use in recirculating systems.  There are several
presentations at this conference dealing with this subject.  Each device has certain advantages and
certain disadvantages.  Several questions should be asked: what is the minimum particle size to be
removed by the device, how much replacement water is used, what is the labor requirement, what
is the floor space required by the device, and what is the initial cost?  Most solids filters take
advantages of the settling properties of the solids to be removed (settling basins, multi-tube
clarifiers) or are screening (sieving) devices.  Neither of these methods has been shown to be
effective in removing particles less that 50 - 60 gm. in size.  Other devices/methods (e.g., foam
fractionator = protein skimmer, ozone) can be used to remove particles below this range and
sometimes are used in conjunction with "standard" devices.  Make sure the solids removal aspect
has been adequately addressed.  Good solids removal is essential to biofilter performance and also
to fish health as well as other aspects of systems performance.

Water in the system must be continuously cleaned and recycled.  This implies a pumping
mechanism.  Most common applications use centrifugal pumps, but some unique applications have
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taken advantage of the air lift pump.  The major limitation on air lifts is the relatively low lift
available.  These pumps are efficient only when the ratio of lift to submergence is small.  Thus to
lift water several feet may require that the air be injected 15 to 20 feet below the surface.  If air
injection is deep (greater that 40 - 50 feet) then there is a danger of gas supersaturation. 
Additional measures will have to be taken to protect the fish from gas bubble disease.

Several pump attributes should be addressed.  First, much of the energy put into a pump (usually
in the form of electricity) is given off as heat.  Probably 70 - 80% of the input energy is given off
as heat.  This aspect can be an asset under certain circumstances.  If warm water fish are being
cultured in a cold climate, most of the waste heat energy from the pumps can be captured in the
water by using submersed pumps.  However, if cold or cool water fish are cultured, then the use
of emersed pumps (motors in the air) will have to be used and may have to be located outside the
building to prevent unwanted heating of the water.

Secondly, high volume low head pumps should be used.  Since the turnover time in the tank is
important and should be maximized (need a large flow rate), devices that require high pressure
pumps will not be economical to operate.  To keep electrical cost low, pumps that operate
efficiently at a low head (less that 10 - 15 feet) and high volume will be required.  Make sure that
the pumps specified in the design are of this type.

An important aspect is to note the physical relationship between the pump and the solids removal
device.  Solids found in recirculating systems tend to be very fragile; that is, they easily
breakdown into much smaller pieces.  If the water is pumped before the solids are removed, the
solids tend to become much more difficult to remove.  Often the result is a "soup" of very fine
material that is extremely difficult to remove.  Thus, pump placement is important.

A critical aspect of system design is gas exchange.  As the fish eat the feed and grow, they take up
oxygen and give off carbon dioxide.  Unless provisions are made for gas exchange between the air
and the water, there is the danger of an oxygen depletion and/or carbon dioxide buildup.  If the
oxygen gets low, fish growth will be slowed, they will become more susceptible to diseases, the
FCR will become worse, and in severe cases the fish can suffocate.  A carbon dioxide buildup can
lead to the fish being lethargic, alter the pH, and under extreme conditions cause fish mortality. 
Biofilters with emerged media, if properly designed, promote gas exchange.  A submerged bed
filter will require other means of gas exchange.  Unless the aspect of gas exchange has been
adequately addressed, the system will not be able to maintain an adequate environment for the
fish.

Often oxygen supplementation will be necessary.  This is especially true when very large standing
crops are anticipated.  The exact amount of supplemental oxygen required will depend on many
factors including: feed rate, turnover time, oxygen content in water from biofilter, water
temperature, species of fish, fish activity level, minimum dissolved oxygen allowable, amount of
solids in the water (biochemical oxygen demand = BOD), and other factors.  Oxygen can be
expensive unless the device used to dissolve the oxygen in water is fairly efficient.  This is a case
where rule two applies: beware of "100s" (or near 100 percent efficiencies).  Operating
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efficiencies for full scale systems, when the device is subjected to day to day abuses, are often less
than the efficiencies derived in laboratory tests.  Check that the data used in the calculations for
the analyses are for operations and not laboratory data.

One area that is often weak in the financial analysis of a "paper system" is in the factors included
in the analysis.  Most of the "big" items (feed and fingerlings, heat and electricity) are usually
included.  Often the less obvious but just as important factors are omitted.  The following costs
should be included in the items used for analysis:

fingerlings
feed
labor

direct
fringe benefits

oxygen
gas cost
lease/rental

energy
electrical
heat

insurance
hazard
life

water quality supplies
pH adjustment
measurements
test chemicals
laboratory supplies

supplies
office
safety

telephone
interest
travel
fees

accountant
legal

capital purchases
depreciation
repairs and maintenance
consultants
postage
amortization
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fish health and treatment
miscellaneous

Conclusions

Recirculating aquaculture systems are beginning to demonstrate their economic viability.  Many
designs are available - some work.  Others do not.  Some of the factors that can be used in
determining the probability of success have been discussed.  Not all factors have been covered,
nor are the factors discussed here universally applicable.  There is not, nor should we anticipate a
"universal" system that will fit all situations.  Because various species of fish have widely differing
requirements, different designs will be necessary.  Each situation will be unique with unique
requirements (water withdrawal and discharge) and costs (energy and labor).  A good analogy is
to examine how waste treatment plants are designed and built.  Before a treatment plant is
constructed, a laboratory study is undertaken, bases on these results a pilot plant is built on or
near the proposed final site and operated with seasonal/annual variabilities studied.  Based on all
of these data, a final design is derived, and the facility constructed.  Even with these precautions,
omissions, errors, and mistakes sometimes occur.  The waste treatment facility, in some regards,
is relatively simple compared to a recirculating aquaculture system that must provide an
environment suitable to the fish under widely variable conditions.  For the designer of a
recirculating system to think that it can be done "right," directly from the drawing board, indicates
a lack of understanding of the complexity of the system and/or an arrogance and ego as big as all
outdoors.

Finally, a good fish culturist will be able to grow a few fish even in the poorest design.  However,
a neophyte, untrained in the skills necessary to understand the complexities of a recirculating
system will, almost assuredly, be unable to successfully operate the best system design.  System
design is important, but equally as important, if not more so, is the management scheme used in
the operation of the enterprise.  Just as is true in any other type of business, there is no substitute
for training and experience.  To expect to "pick up" in a day or two (or a week or two), the
training and skills necessary to operate a commercial scale recirculating aquaculture enterprise,
ranks in ignorance and arrogance near that of the designer who sold the system "directly from the
drawing board." Does this mean that one should never invest in or buy a recirculating system? 
No, only that it is one of the most complex operations in the agriculture field, and, on a
commercial scale, not a place for the uninitiated.  Get all the information available, contact all the
people now operating commercial systems, talk to all the experts, THEN go in with your eyes
wide open.  Best of luck - you will need it.
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Introduction

Water in recirculating aquaculture systems is continuously filtered and reused to maintain a
suitable rearing environment for aquatic organisms.  Water reuse increases the mass of fish that
can be produced on a limited water resource and allows for more control over the culture
environment.  Also, because of intensive water reuse, systems that recirculate water have effluents
that are relatively low in volume, but contain proportionally higher nutrient and organic levels,
which can be treated for discharge more readily (on a total mass basis) than other aquaculture
effluents.

Use of recirculating systems to achieve environmental control is not without draw backs.  Reusing
the majority of water each day requires processes that remove both dissolved and particulate
matter to maintain water quality.  Focus is often placed on ammonia removal within a biofilter and
on processes that remove settleable and filterable solids.  However, as production intensifies and
water reuse increases, the removal of nitrite, certain dissolved organics termed refractory organics
and colloidal solids left by conventional filtering becomes increasingly important.

Intensifying production in recirculating systems generally places a greater organic and nitrogenous
load on the biofilter, which can reduce their capacity to complete the two-steps serial conversion
of ammonia to nitrite and nitrite to nitrate (nitrification).  Because the increased loading increases
competition for space and oxygen to the detriment of the bacteria that convert nitrite into nitrate,
a net increase in nitrite concentration across the biofilter and within the recirculating system as a
whole can occur.  These increased nitrite levels can be toxic to fish.

Refractory organics accumulate because they are not readily biodegradable due to their size or
chemical nature and because daily replacement of water is usually less than 15 percent.  Colloidal
solids levels increase in systems with low water exchange because they are generally not removed
by common settling and filtration units (Chen et al. 1993).  Elevated concentrations of refractory
organics and colloidal solids may elicit physiological responses that lead to restricted growth and
eventually increased mortality rates (Smith 1982).

Nitrite, refractory compounds, and colloidal organic materials that accumulate in recirculating
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systems can be removed by increasing the daily water exchange rates or by introducing oxidizing
agents.  To avoid high water exchange rates, some closed-system culturists have chosen to apply
ozone because of ozone's attractive physio-chemical characteristics.  Traditionally, ozone has been
used to remove pathogens from discharges and/or water supplies of aquaculture systems (Owsley
1991; Cryer 1992).  Ozone can be added to recirculating systems to support water treatment by:
(1) directly oxidizing nitrite to nitrate, (2) breaking relatively non-biodegradable refractory
organic compounds into smaller and more biodegradable compounds, and (3) precipitating
dissolved organic molecules and micro-flocculating colloidal organic matter, which improves their
removal via settling, filtration or foam fractionation.

Physical Properties

Ozone is a metastable molecule of oxygen possessing three atoms rather than two.  This unstable
and highly reactive species is produced by the reaction:

32 OOO ⇒+

which is initiated by a high energy field (Bablon et al. 1991).  The standard free energy of
formation GO (1 atm) = 161.3 kJ / mol reveals that thermal activation is impossible; although, heat
is frequently used to decompose ozone (Bablon et al. 1991).

Rice et al. (1988) reported that in the atmosphere the half-life of ozone was approximately 12 
hours making storage of ozone difficult.  Ozone must be generated on site because the heat
generated during compression destroys any ozone present and because ozone gas concentrations
of 70% or greater can spontaneously explode (Bablon et al. 1991).  Additionally, when liquid
oxygen containing dissolved ozone evaporates, the ozone separates creating a mixture which has
exploded at concentrations as low as 30% (Kinman 1972).

Generation

High energy sources such as cheminuclear sources, corona discharge, electrolytic processes, and
ultraviolet light (wavelengths less than 200 nm) can excite the electrons of the oxygen molecule
(Bablon et al. 1991).  Generation of ozone in corona fields, a high energy field established
between two dielectric metals, is the most common method used to produce large quantities of
ozone (Bablon et al. 1991).  When dried air or gaseous oxygen is passed through the energy field,
a portion of the diatomic oxygen molecules are excited creating triatomic ozone (Rosenthal 1981;
Bablon et al. 1991).  Ultraviolet light generators are less expensive to purchase but energy
requirements per unit of ozone generated basis can be 30 times greater than corona generation. 
However, improvements in lamp technologies may reduce production costs (Bablon et al. 1991).

Either air or pure oxygen can be used as a feed gas.  However, 2 to 3 times more energy is
required to produce ozone at similar concentrations using air rather than purified oxygen (Bablon
et al. 1991).  Additionally, the output concentration from a generator can be roughly doubled by
using pure oxygen rather than air, because pure oxygen contains up to 77% more oxygen per unit
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volume than air (Masschelein 1982).  Corona discharge generators have been reported to produce
6-8% ozone in the feed gas, but more commonly produce 2-3% (Hudlicky 1990).  The efficiency
of generation depends upon the concentration of oxygen in the feed gas and the percentage of
ozone produced; it requires about 10 kWh of electricity to produce 1 kg ozone at a concentration
of 4-6% in an oxygen feed gas (Carlins and Clark 1982).

Reliable and efficient generation of ozone requires that the feed gas has a dew point temperature
less than 65°C, and is free of particles and coalescible oil mists (Dimitriou 1990).  These
impurities foul the dielectrics within the corona discharge cells and react with the ozone, which
can reduce generator output.  Experience at the Freshwater Institute (Shepherdstown, West
Virginia) revealed that hydrocarbon contamination of the liquid oxygen supplied feed gas reduced
ozone generation efficiency and output concentrations (Bullock et al. 1996).  Hydrocarbons can
be retained during the distillation of liquid oxygen and, on rare occasion, can result in
concentrations greater than 20 ppm in industrial grade liquid oxygen.  Hospital grade oxygen
(99.9% pure), although more expensive, will alleviate this problem, extending efficient operational
periods.  Dimitriou (1990) suggested a limit of 5 ppm hydrocarbon in the oxygen feed gas.

Treatment Applications

The decision to use ozone should be made realizing it is not a panacea to all production problems.
 The culturist must precisely identify the goals of ozone injection for economically effective use. 
Though ozone is a nondiscriminating agent, ambient condition determines its efficacy.

Organic Oxidation

The presence of dissolved organic compounds is readily identified by the yellow/brownish
coloration of culture water.  The main coloring agents, humic acid, amino acids, carboxylic acids,
carbohydrates, etc., are collectively referred to as humic substances (Hirayama et al. 1988). 
Accumulation of dissolved organic compounds, solids and oxygen demanding matter in
recirculating systems is dependent on feed input, water exchange rate, solids removal in the
clarifier, and to a lesser degree biofiltration.  Organic concentrations increase in proportion to
daily and cumulative feed inputs (Hirayama et al. 1988).  Easter (1992) observed maximum
CBOD, COD, and DOC levels approaching 25, 100, 40 mg/L, respectively, in recirculating
systems rearing hybrid striped bass.  Exact sublethal and lethal concentrations of dissolved
organics have not been identified; however, the accumulation of dissolved organics has been
implicated as a possible caused for reduced fish growth rates and reduced nitrification efficiencies
(Hirayama et al. 1988; Morrison and Piper 1988; Easter 1992; Nunely 1992; Bosworth 1994).

Ozone and its reaction by-products are capable of oxidizing many organic substances (Rice et al
1981; Bablon et al. 1991).  Ozone has been reported to effectively decrease the accumulation of
non-biodegradable organic compounds in recirculating systems (Rosenthal and Otte, 1980).  First
order reaction rates describe the oxidation of organic substrates (M) with ozone:

[ ] [ ][ ]MOkdtMd 3/ =
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where the rate limiting substance can be either ozone or the substrate (Bablon 1991).  The
oxidation potential of M must be high for degradation to occur.  The reactivity with ozone is
usually more pronounced than with other oxidizing agent (Bablon 1991).  Sites of initial reaction
are multiple bonds (C=C, C=C, R - C=C - X) or negatively charge atoms (N, P, 0, S, and
nucleophilic carbons), therefore, strong initial reactivities are anticipated for molecules possessing
OH, CH3, or OCH3 groups and weaker reactivities with N2O, C2OH or CHO constituents
(Richard and Brener 1984; Hudlicky 1990, Bablon 1991).

Ozone addition also reduces the accumulation of TSS and COD within recirculating systems,
probably due to improved filtration resulting from ozone-induced micro-flocculation and
precipitation of dissolved organic compounds (Summerfelt et al. 1996).

Ammonia Removal

Reduction of ammonia in the biofilters within recirculating systems is a major concern in
recirculating systems because unionized ammonia is extremely toxic to fish at low levels
(Lucchetti and Gray 1988).  Ozone can directly oxidize ammonia to nitrate:

+− ++⇒+ OHONONHO 32333 44

However, the reaction rate constants for this process are extremely slow at pH levels below 9.3
(Richard and Brener 1984; Bablon et al. 1991).  Conditions conducive to direct ammonia
oxidation are not typical in recirculating aquaculture systems, freshwater or marine, which operate
at a pH level between 6.8 and 8.4.

Even so, ozone addition may change the water chemistry within a recirculating system sufficiently
to improved ammonia removal within the biofilter.  Autotrophs of primary concern, Nitrosomonas
sp. and Nitrobacter sp., are responsible for the nitrification process (Wheaton et al. 1994).  In this
aerobic process, Nitrosomona sp. oxidize ammonia to nitrite which is further oxidized to nitrate
by Nitrobacter sp.  Ozone oxidation of non-biodegradable organic compounds makes them more
biodegradable, i.e., the oxidized organic molecules can be more readily assimilated by
heterotrophic microorganisms.  Additionally, ozonation improves the removal of solids within
recirculating systems through precipitation of dissolved organic matter and micro-flocclation of
colloidal solids (Summerfelt et al. 1996), which reduces the total organic loading on the biofilter
compared with an unozonated system.  Research at Virginia Tech (Brazil 1996) on freshwater
recirculating systems employing rotating biological contactors (RBCs) showed ammonia removal
efficiencies nearly 26% higher in systems receiving ozonation than in non-ozonated systems. 
Sutterlin et al. (1984) and Paller and Lewis (1988) also reported improved nitrification when
ozone was added to recirculating systems.  The authors suggest that reducing the total load of
organics on the biofilter may reduce the growth of heterotrophic bacteria and allow for more
growth of autotrophic nitrifying bacteria.  Collins et al. (1975) demonstrated that autotrophic
bacteria had significantly lower growth rates than heterotrophic bacteria, which is a disadvantage
to autotrophic bacteria when competing for space and oxygen with heterotrophic bacteria. 
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Limiting the nutrient base available to heterotrophs may restrict their growth and allow
autotrophic colonies to expand (Wheaton et al 1994).

Nitrite Removal

Unlike the reaction rates of ammonia oxidation, direct ozone oxidation of nitrite to nitrate
proceeds readily:

2332 ONOONO +⇒+ −−

The reaction rate constant, 3.3 - 3.7 x 105 M-1 s-1, is largely pH independent (Bablon et al.
1991).  Ozone stoichiometrically oxidizes nitrite to nitrate (Bablon et. al. 1991); therefore,
addition of ozone to recirculating systems is beneficial because it reduces nitrite levels compared
with systems that do not receive ozone (Rosenthal 1981, Sutterlin et al. 1984, Rosenthal and
Kruner 1985; Paller and Lewis 1988; Summerfelt et al. 1996).  If on occasion the nitratification in
the biofilter is lost, ozonation of the system will help prevent the accumulation of nitrite, which is
a substantial benefit.

Because routine ozonation reduces the nitrite concentration going to the biofilter, over a long
period ozonation also reduces the quantity of nitratifying bacteria in the biofilter; thus, reducing
the total nitrite removal capacity of the biofilter.  Interruption of regular ozone addition would
result in nitrite rapidly accumulating within the recirculating system, which can produce serious
fish health problems (S. Summerfelt et al 1996).

Disinfection

The inactivation of pathogens is a function of the residual ozone concentration, residence time,
pathogen load, temperature, pH, and alkalinity (Sproul 1975; Legeron 1984; Masschelein 1992). 
Ozone and by-product radicals react with substances prefrentually based on oxidation potential
and stoichiometric amounts of the substrates present (Bablon et al. 1991).  However, because
there is so much more organic carbon present than typical amounts of ozone added to
recirculating systems, ozone's affect on microbial reductions in recirculating systems is limited
(Kinman 1972; Rosenthal 1981; Legeron 1984; Bullock et al. 1996).

Residual concentrations ranging from 0.5 to 4.0 mg/L are typically used to eradicated water borne
pathogens (Kinman 1972).  In pure water systems, residual concentrations between 0.01 and 0.4
mg/L have proven effective in reducing E. coli and S. faecalis (Kinman 1972; Block 1982). 
Kinman (1972) demonstrated that in the pure water systems a contact time as little as 15 seconds
was sufficient to destroy 100% of the microbes present.  However, most systems exert an ozone
demand which increases the of ozone that must be added to sustain an ozone residual for a given
contact time.  For example, secondary effluent from a municiple wastewater plant contacted for
10 minutes with greater than 50 mg of ozone per liter reduced bacteria counts by 99%; the
increased ozone demand from dissolved organics accounted for the large amount of ozone that
must be added just to achieve a 2 log10 reduction (Kinman 1972).  Increasing either residual ozone
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concentration or contact time are required to produce significant disinfection in situations with
high levels of organic matter (Kinman 1972; Block 1982; Bablon et al. 1991; Bullock et al. 1996).
 Complete bacterial reduction is necessary when treating water for human consumption, but may
not be desirable in the treatment of fish-culture water.

Seasonal variation in the pathogen load is often a characteristic of surface waters, rendering the
source unusable to certain aquaculture applications without disinfection (Conrad et al. 1975; Piper
et al. 1982).  Hatcheries using surface waters are particularly interested in reducing pathogen
loads to reduce mortalities and improve the growth and quality of fish.  Roselund (1975), rearing
rainbow trout, reported that maintaining residual ozone concentrations between 0.1 to 0.6 mg/L
in the effluent of their contactor insured complete removal of bacteria.  Conrad (1975), artificially
increasing the pathogen load of Flexibacter columnaris, observed a 99% reduction in bacteria
counts after ozonation.  While complete sterilization was not accomplished significant increases in
survival rates from 60 to 96% were observed.  Conrad (1975) remarked that water low in
sediment and organic matter enhanced the bactericidal efficacy of the low level ozonation used. 
Seasonal disease outbreaks of Ceratomyxa shasta at the Cowlitz hatchery (Washington) resulting
in a 62.5% mortality rate were significantly reduced to 1.4% through ozonation; the authors
reported that steelhead and cutthroat trout reared in water ozonated with a CT > 0.84 min mg/L
were free of infection (Tipping 1988).

McClave (1992) working with marine systems reported that fungal and yeast incidences were
lower after ozonation than after chlorination.  Collins (1992) reported that attempts to achieve
disinfection failed when an ozone dose of 0.1 to 0.15 mg/L was applied to marine mammal
exhibition pools.  The author indicated that total ozone demand of system required higher dosages
to affect disinfection.  In closed systems, organic loads can reach levels that might make
disinfection economically prohibitive; therefore, achieving a reduction in pathogen loading or
other improvements in water quality should be the goal of ozonation.

Injection Regime

Pivotal to effective ozone use are the method and location of injection and amount of ozone
injected.  Ozone treatments can be applied as a batch injection, as a series of daily injections, or
continuously supplied throughout the day.  The method and location of injection, along with the
amount of ozone to be injected, should be chosen to meet the primary treatment goals
characteristic of a given recirculating system.
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Table 1. Definition of some terminology used to describe ozone treatment in the following
sections.

Parameter Definition
CT a measure of microbial reduction potential based upon the product of

the ozone residual concentration times the contact time
Dosage rate amount of ozone injected per unit of substrate (g of ozone / M) where

M is the substrate trageted for oxidation
Injection period the length of time ozone is injected (time)
Injection rate amount of ozone in the gas stream supplied to the contactor per hour

(mg / L / h, g / m3/ h)
Ozone concentration ozone present within the gas stream (% ozone by weight, mg / L)
Ozone production the amount of ozone generated daily (g / day)
Ozone residual concentration of measurable ozone leaving the contactor (mg / L)
Ozone treatment total amount of ozone to be injected daily (g / day) = specific dosage

rate * M, M=kg of feed /day

Method

Batch injection refers to using one continuous injection period of duration less than one day to
apply the ozone treatment.  Serial injection periods can be used to apply the ozone treatment over
a greater portion of the day by injecting ozone periodically throughout the day.  With continuous
injection, ozone can be added to the system 24 hours per day.  The decision to use one method
over the other depends on the culturists management strategy, which may be linked to the feeding
schedule.

Introduction of feed initiates the degradation of water quality.  Easter (1992) and Herbst (1994)
conducted diurnal studies of recirculating systems to evaluate the impact of feed delivery on
rearing conditions.  Approximately 3 to 4 hours after the delivery of feed, ammonia (Easter 1992)
and dissolved organics (Herbst 1994) concentrations peaked (Figures 1 and 2, respectively).

Figure 1.  Diurnal study of total-ammonia-nitrogen concentrations in recirculating systems rearing
hybrid striped bass.  Fish were fed at 9:00 am and 5:00 pm daily.  TAN concentrations peaked
approximately 3 to 4 hours after feed leading to poorest water quality conditions.
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Figure 2.  Diurnal study of dissolved organic carbon concentrations in recirculating systems
rearing hybrid striped bass.  Fish were fed at 8:30 am, 12:00 pm, and 5:00 pm.  Concentrations
began to increase approximately 3 to 4 hours after the first feeding and continued to throughout
the day, peaking 11 hours after the first feeding (Herbst 1994).

Dissolved oxygen concentrations dropped to their lowest within minutes of feeding and required
up to 2 hours to return to preferred levels.  From these results, we believe that batch treatment
can be employed to improve water quality if no more than three moderate feed allotments are
presented per day.  Based upon experiences at Virginia Tech, injection should begin just prior to
final feeding and extent for at least 3 hours (Brazil 1996).

Batch ozone injection (Figure 3) produces larger fluctuations in water quality than serial ozone
injection would produce (Figure 4).  Continuous ozone addition produces the least fluctuation in
water quality, especially if fish are fed 24 times per day (Figure 5).

Figure 3.  Batch injection of ozone treatment for one feeding per day.  Graph representative of
anticipated increase in refractory compounds after feeding.
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Figure 4.  Serial injection regime implement with four feedings per day.  Substration concentration
representative of ammonia and refractory organic flucuations resulting from feed delivery.

Figure 5.  Continuous ozone injection regime implemented with twenty-four feedings per day. 
Smaller increases in substrate concentration are observed by delivering the total amount of feed
over a greater portion of the day.

Also, providing a given ozone dose based on feed loading (i.e., daily mass of ozone added is
proportional to the daily mass of feed added) with continuous ozone addition requires less ozone
addition per unit time than a batch or serial injection strategy.

However, ozone added by batch is always introduced when water quality has reached its worst
cyclical condition within the system; therefore, batch ozone addition may produce more water
quality benefits per unit of ozone added than are produced by either serial or continuous ozone
addition.

Implementing batch injection, if done manually, is less complicated and cheaper than employing a
serial injection regime.  Implicit in serial injection is the fact that the ozone generator will be
cycled off and on.  An automated controlled system employing a central computer to calculate the
proper amount of ozone to for each culture system would be best suited to control ozone
distribution.
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Location

Because ozone can be used for many different functions, the site of ozone injection can have a
large affect on how the recirculating system responds to the treatment.  Arguments can be made
for injecting ozone in several locations within a recirculating system, particularly adding ozone
just before the biofilter versus generating and adding ozone within the oxygen feed used to
supersaturate the water just before the fish culture tank.  Regardless of where ozone is injected,
however, there could be problems with residuals concentrations affecting either the fish within the
culture tank or the bacteria within the biofilter.

Direct ozonation of the rearing tank to achieve an ozone residual is not recommended.  Ozone is
extremely toxic at low concentrations.  Researchers have reported 96-hour LC50s of 9.3 and 80
µg / L for rainbow trout (Wedemeyer et al. 1979) and striped bass larvae (Hall et al. 1981),
respectively.  Wedemeyer et al. (1979) reported partial gill pathology and reduced feeding were
observed at a residual concentration of 5 µg / L. Most recently, Bullock et al. (1996) reported
that ozone destroys gill lamellar epithelium which then produces ionic imbalances that lead to
death.  Adding ozone before the biofilter may allow ozone residual to enter the biofilter; this
residual would expend itself on the biosolids present.  In this manner, the biofilter can be used to
shield the culture tank from potentially ozone residuals.  Research at Virginia Tech shows that
measurable ozone residual levels entering the biofilters did not adversely affect biofilter
performance (Brazil 1996).  However, in certain instances, it is possible that an ozone residual
could damage the microorganism within the biofilter, which would be indicated by an increase in
ammonia or nitrite concentrations.

Possibly the most economical way of adding large quantities of ozone to a recirculating system is
to add ozone within the feed gas used to oxygenate the water just before entering the fish culture
tanks (Bullock et al. 1996; Summerfelt et al. 1996).  Adding ozone within the oxygen feed gas
takes advantage of an oxygen supply and gas-transfer unit that the fish already require and allows
the ozone to act upon and reduce the nitrite and pathogens just before the water contacts the fish.
 Adding ozone just before the fish culture tank, however, has the potential of exposing fish to
ozone residuals (Bullock et al. 1996).  The risk of exposing fish to ozone was reduced when
lower ozone injection rates were used and when an ORP controller was used to prevent ozone
accumulation within each culture tank (Bullock et al. 1996).  Additionally, the risk of exposing
fish to ozone can be reduced by using an ozone contact chamber to retain the water for several
minute before passing the water to the fish culture tank.  Others have reported on destruction of
ozone residuals in water with the use of 254 nanometer ultraviolet-light (Cryer 1992).

Ozonation can increase biogradeability and nitrification rates; yet, it is unknown whether-or-not it
is necessary to add ozone directly before the biofilter to positively affect nitrification within the
unit.  However, it is likely that the point of ozone injection within the recirculating system does
not have a large affect on oxidation of non-biodegradable organic compounds and their
subsequent assimilation within the biofilter.  Additionally, ozone will oxidize dissolved organic
compounds and colloidal solids within the water regardless of where ozone is injected.  However,
microflocculation and precipitation of the destabilized compounds is affected by the length of
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contact time before the solids removal device.  The culture tank can double for the chamber to
provide contact time for microflocculation and precipitation.

Amount

Conrad et al. (1975), Tipping (1988), Blogoslawski (1992), Rueter and Johnson (1995) have
suggested treatment regimes to remove fish and crustaceans pathenogentic organism from influent
culture waters based on the CT concept (Legeron 1982).  There has been little past published
work to suggest appropriate dosage rates for the reduction of organics in recirculating
aquaculture systems.  Ozonation rates in published works (Williams et al. 1982; Sutterlin et al.
1984; Morrison and Piper 1988; Poston and Williams 1988; Poston and Williams 1990) appear to
be based on generator production capacities to evaluate ozone treatment or treatment regimes
used in the water industry.

The authors believe that unless disinfection is the objective of ozone injection, ozone should be
injected to reduce organic loads and increase biogradeability as is the case in wastewater
treatment. Research at the Freshwater Institute also showed that the ozone dosing rate was not
sufficient to produce greater than a 1 log10 reduction in the numbers of heterotrophic bacteria in
the system water nor on gill tissue.  Rapid loss of oxidation capacity (ozone half-life < 1-15 sec)
caused by levels of nitrite and organic carbon was blamed for the failure of ozone to reduce
numbers of heterotrophic bacteria.

Research in a recirculating system used to culture rainbow trout at the Freshwater Institute
indicated that an ozone dosing rate of 25 g of ozone per kilogram of feed improved water quality
and microscreen filtration (Summerfelt et al. 1996) and reduced bacterial gill disease (BGD),
associated mortalities and chemical treatments required to control BGD epizootics (Bullock et al.
1996).  Adding ozone at higher rates, 36-39 g of ozone per kilogram of feed, had roughly the
same effect on water quality, micro screen filtration, and BGD epizootics, but was much more
likely to produce fish mortality when on occasion ozone accumulated to toxic levels (Bullock et
al. 1996).

Brazil (1996) reported that water quality was best in recirculating systems receiving treatment
ratios of 25 and 45g of ozone per kg of feed delivered per day.  However, diminishing returns
were discovered for growth rates (not significantly different) at dosage rates greater than 13g of
ozone per kilogram of feed.  DOC concentrations did not differ significantly when compared with
levels measured in systems not receiving ozone injection; however, the ratio of DOC:
accumulated feed input differed significantly.  Increased growth rates and lowered turbines were
positively correlated to ozone dosage rate indicating reduced organic concentration.  As a result,
Brazil (1996) suggests that a treatment dosage of 10 to 15 g of ozone of per kilogram of feed
delivered per day should provide an adequate reduction of dissolved organic concentrations.
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Summary

Specific water treatment goals must be set before implementation of an ozonation regime.  The
culturist must understand the limitations of ozone and impact that it will have on system
performance.  We recommend that other information sources be consulted before deciding on the
use of ozone.  Our discussion was intended to be a starting point to suggest injection strategies
and dispel a few myths about ozone.  Ozone can be an aid to increasing production, but it can also
lead to disaster if not used properly.

Concepts paramount to economically efficient ozonation in closed systems are unit process
optimization and diminishing turns.  Optimization is accomplished by sizing the process according
to the total waste produced by the introduction of feed.  Ozone dosage rates should be no
exception.  Applying too little or too much ozone would be economically inefficient.  The difficult
part is determining the optimum ozone dosage rate.
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Introduction

The effective management of fish production systems must insure the rapid and efficient growth
of the cultured fish, thus producing a harvestable crop as rapidly as possible.  To do so requires
the optimization of all factors affecting growth.  The culture method used must maintain optimal
water quality conditions, and support the levels of anticipated biomass that will be produced.  But
it is the feed levels, feed management and feed quality that most directly impact the growth rate of
the fish.

The efficiency of a closed / recirculating aquaculture system more than any other type of fish
production system, is measured by the levels of feeding that can be sustained on a continuous
basis.  The wastes generated by the fish are not removed by water exchange, as in flow-through
systems, nor diluted by significant levels of water volume, as in a pond.  The system design must
provide for the continual restoration of the water quality by use of biofiltration, clarification,
oxygenation, degassing and various additional processes.  And the efficiency of these processes
determines the levels of feeding that can be sustained, and therefore the productivity of the
system.

While some super-intensive systems can be stocked at extremely high densities, the production
capacity is measured not by the kilograms/liter of fish in the water, but by the rate of growth of
those fish.  This is determined by the average daily feed weight as a percentage of the total
biomass of fish, the method by which that feed is provided, and the quality of the feed provided. 
These factors, combined with other management practices, will determine the feed conversion
efficiency of the fish, and the production capacity of the system.

Assuming adequate system design, the levels of feed and methods of feeding are operational
considerations determined by the species of fish being cultured, the stocking density, the size of
the fish, and the water quality.  Increasing the quality of the feed composition for improved
digestibility requires the proper choice of a commercial ration, which in turn requires an
understanding of the nutritional energetics of the fish.  If properly balanced, such a diet will result
in increased feed conversion by the fish, and concomitantly decreased waste levels within the
culture water.
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Feed Management and Recirculating System Design

Feed management at every level is particularly important during the design phase for recirculating
aquaculture systems, since it affects the performance of every component of the water quality
control system.

The water quality control components of a recirculating aquaculture system must function at a
level determined by the anticipated feeding levels and feed quality.  The design of these
components will determine at what rate the system and the fish can be fed, which in turn will
determine its production capacity.  If the feed levels are too low, the fish will not reach
harvestable size in the allotted time period, resulting in poor economic performance.  If feed levels
exceed the design parameters, water quality will deteriorate, possibly resulting in stress to the fish
population, disease, or mortality.

Recirculating aquaculture systems are maintained with minimal make-up water (less than 10%
daily in "closed systems").  With such a reduced capacity for dilution, the most important criteria
affecting water quality is the maximum anticipated level of sustained feed input.  This level will
dictate the demand for dissolved oxygen, and the levels of metabolic wastes that must be removed
from the water.

To sustain efficient levels of productivity relative to the functional capacity of the system
components, a consistent level of biomass must be sustained, which in turn will call for a
consistent level of feed input.  The closer this average rate of feeding is to a design maximum, the
more efficiently the system will operate, and the greater will be the overall production capacity.

Each of these feed and biomass management criteria are specifically related to the design
requisites for each component of a recirculating aquaculture system, and the feed management
system.

System Component Design:

Culture Tank - The size and configuration of the culture tank is determined by its ability to be
self-cleaning under heavy feeding regimes.  Without the exchange rates customary to flow-
through or partial recirculating systems, areas within tanks without adequately designed flow
dynamics will become stagnant.  The subsequent build-up of settleable solids can lead to
anaerobic conditions, and promote severe water quality deterioration.

Biofiltration System - The design capacity for nitrification by the biofilter is determined by the
anticipated levels of ammonia produced by a standing crop of fish under satiation feeding. 
Coupled with the quality of the feed, and the feed conversion efficiency, this level of feeding will
determine the anticipated levels of ammonia which will be produced by the fish (Losordo and
Westers, 1994).

Clarification System - One of the most difficult parameters to design for in closed systems is
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waste solids management (Chen et al, 1994).  Most of the solids generated within the water
column are fish feces, fines or uneaten feed.  The efficiency of the feeding process, and the feed
conversion capabilities of the fish will determine the performance requirements of the clarification
system.  The system design must be adequate to provide for the continuous suspension of all
solids in the water column, and their continuous and rapid transport to the clarification system. 
This in turn dictates the necessary system hydraulics, flow rates, and the mechanical design for
removal of both suspended and settleable solids.

Aeration / Oxygen Injection Systems - Oxygen supplementation must occur at rates proportional
to the daily rate of feed application (Colt et al, 1991).  Determining the type of technology that
will be used to provide optimal levels of dissolved oxygen, through aeration or oxygen injection
systems, requires a consideration of the feed management strategy.  A standing crop of fish at
rest, receiving little or no feed, uses a traction of the dissolved oxygen required by an actively
feeding population.  The levels of feeding, and most importantly the frequency of feeding,
determines the demand for dissolved oxygen over time, and the aeration/oxygenation system's
ability to respond to potentially rapid changes in oxygen demand.

Sparging System - Carbon dioxide is a respiratory product of the fish (and of the bacterial
population of the biofilters).  The increased intensity of production and reduced water exchange
rates associated with water reuse technologies can result in culture conditions with stressful or
dangerous levels of dissolved carbon dioxide (Grace and Piedrahita, 1994).  The concentration of
carbon dioxide is affected by the pH of the water, with reduced pH resulting in increased levels of
carbon dioxide.  In a recirculating system, the activity of the biofilter decreases the pH of the
water, thereby potentially increasing the levels of carbon dioxide dissolved in the water.  The
metabolic activity associated with intensive feeding will determine the levels of carbon dioxide
generated, and the design requisites for the sparging and chemical control systems for appropriate
carbon dioxide management and pH control.

Feed Management:
The feed management program must assure that the daily ration of feed is correctly computed and
completely consumed, with little or no excess feed or fines introduced into the water column. 
Additional considerations include:

Food Size -
The fish should receive a ration which is the largest that they can easily ingest.  If there is
variation in the size of the population, the ration size must conform to the smallest sized fish, or
the size variation between the fish will be exacerbated.  A well graded population receiving a
correctly sized pellet will most efficiently utilize the feed, reducing the amount wasted, and the
energy required by the fish to acquire its daily ration.

Commercial-scale systems require the simultaneous production of all sizes of fish, and may
include nursery systems for various stages of fingerling production as well.  The feeding protocol
must provide for the input of several sizes of crumbles and pelleted food, corresponding to the
size of the fish.  This will determine the number of storage hoppers required, as well as the
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mechanisms available for the distribution of the feed to the appropriate tanks.

Floating or Sinking Feeds -
The use of a floating extruded feed pellet, while more expensive, provides for the potential of an
added level of management.  When an accumulation of feed at the surface is evident, feeding can
be suspended, and overfeeding can be more easily avoided.  This will also assist in the calculation
of feeding levels.  One concern in using a floating feed is that it can be ejected from the culture
vessel during periods of vigorous feeding.  Sufficient freeboard is required to avoid this problem. 
Consideration should also be given to the reportedly increased digestibility of extruded feeds.

Sinking pellets must be added to the culture tank in such a way as to preclude their removal to the
clarification system with the tank effluent water before it is consumed.

Frequency of Feeding -
The schedule for providing the optimal daily feed level is extremely important to the growth rate
of the fish, and the water quality of the system.  In a recirculating system, the wastes accumulated
as a result of feeding must be removed at the rate that they are produced, and the respired
dissolved oxygen must be replaced, or the water quality will deteriorate.  If the daily allotment of
food is provided over an extended light cycle, frequently or on demand, the average water quality
will be greatly improved over that resulting from batch feeding once or twice daily.  This is
important when considering design parameters as well as feed management protocols.

Increased frequency of feeding can be best accomplished either by the use of demand or automatic
feeders.  The choice must suit the scale and management priorities of the production system, and
then be coordinated with the optimal diurnal light cycle.

Feed Levels -
Feed levels, calculated as a percentage of the biomass of the fish, will vary with the age and size
of the fish.  As fingerlings, fish will consume a much higher percentage of their body weight daily,
from 5-8%.  This is then reduced to 2% or less by the time they reach harvest weight.  As the fish
grow, it is necessary to adjust feeding levels accordingly.  This can be accomplished through
mathematical estimates based on the expected average weight of the fish, and a theoretical feed
conversion value over time, or with actual sampling to determine that average weight of the fish
population.

For most practical pelleted diets, a value of 1.5/1 (pounds of feed to pounds of growth), is
commonly used as an estimate of the feed conversion rate.  Continuous adjustments, usually
weekly, will result in the proper feed rate as the biomass of the fish population grows.  Since a
higher or lower feed conversion can result in a higher or lower biomass than theoretically
estimated, and therefore an incorrect estimate of feed rate, periodic sampling should be done to
confirm the actual growth rates of the fish.  This provides for an adjustment of the feed weight
and an estimate of the standing crop for operational evaluations.

Feeding Behavior -
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The behavior of the fish during feeding provides an opportunity to assess their general health and
vitality.  If the fish feed poorly, or if there is evidence of uneaten feed, this can signal a problem
with water quality, disease or stress, or an excessive level of feed input.  If the fish feed extremely
vigorously at each feeding, the feed levels may be insufficient.

Since feed level is the most important factor affecting the performance of a recirculating system, it
is also the first parameter to consider when adjusting management protocols for unbalanced
culture conditions.  When any water quality problem is in evidence, the first management action
after the adjustment of dissolved oxygen levels, is the suspension of feeding until the problem is
rectified.

The Effects of Feed Quality
on the Design and Performance

of Recirculating Aquaculture Systems

Progress towards improvement in the quality of fish feeds began with the need to reduce the
pollution, mainly as phosphorous, generated and released by intensive aquaculture operations. 
Efforts were made to reduce feed volume by minimizing the feed conversion ratios.  In Europe,
maximum FCR and digestibility values were actually legislated (Kiaerskou, 1991).

Increasing use of recirculating aquaculture systems required similar efforts to optimize growth
and minimize waste levels.  It was quickly demonstrated that their overall economic performance
was improved more through an increase in growth rate than through an adjustment of any other
design or operational parameter (Losordo and Westerman, 1991).  And since the optimization of
each of the design specifications described above is directly linked to feed management, the feed
quality is pivotal to every aspect of system design and performance.

Undigested, unutilized and wasted feed is the sole source of aquaculture waste.  Factors resulting
in feed waste include imbalanced energy:protein ratios, over-feeding or underfeeding, unpalatable
feed, poor water stability of feed pellets, improper feed size, fines or improper feed management
(Subramanyam and Zeigler, 1995).  The most effective management technique for elimination of
this waste is through a reduction at the source.  The selection of very digestible ingredients in the
feed formulation has the most direct influence on the waste generation.  Secondarily, the
nutritional content of the diet must be well balanced to maximize the utilization of each ingredient
by the fish.  Maintaining any nutrient levels beyond the requirements of the fish will result in
waste.  Therefore, highly digestible diets with a well balanced protein/energy ratio are the most
effective (Cho et al, 1991).  In closed systems, this tenet becomes even more important, and
perhaps essential to successful operation.

The value of a diet depends on the levels and availabilities of more than 40 essential nutrients. 
However, the energy levels of the diet determine the amount of the diet that will be consumed,
since the fish adjust their feed intake to satisfy their energy needs. (Cho and Kaushik, 1990).  The
energy balance of the fish, derived from the ingested energy, is the sum of the growth energy, and
the energy lost in respiration, and through feces and nitrogenous excretion (Martinez et al, 1994).
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With an aim to reduce the feed consumption per kg of fish produced, feed manufacturers have
developed "high-energy feeds" based on an optimal balance of nutrients provided by highly
digestible ingredients, characterized by a higher fat content than standard feeds (Johnsen and
Wandsvik, 1991).  The protein content of high-energy feeds are maintained at 40-50% using high
quality fish meal as the major protein source.  The carbohydrate levels are reduced to those
necessary to produce feed with good physical qualities, and indigestible binders are not used.  The
improved growth rate of fish using these diets will obviously result in a reduced time to reach a
harvestable size.  This will, in turn, result in increased production capacity of the system and
improved economic performance.  Reduced levels of feed will also result in reduced wastes being
produced by the fish.

The reduction of generated wastes realized through the use of high-energy feeds will also result in
a secondary yet significant impact.  The water quality of the culture system will be generally
improved, resulting in a wide range of positive effects.  A reduction in settleable and suspended
solids reduces the Biological Oxygen Demand of the culture water, and will result in the reduction
of heterotrophic bacterial growth on the surfaces of all submerged surfaces (tank walls, pipes,
heat exchangers, etc.), improved water clarity, and generally improved performance by ozonation,
oxygenation, and biofiltration equipment.

However, the manufacture of high-energy feeds is more expensive, and the increased feed cost
per unit of fish production must prove to be an economically viable alternative.  A financial
analysis of the improved functions relating to the recirculating aquaculture system design, cost,
management and production capacity must demonstrate that the use of these feeds will offset the
increased operational costs.

Quantification of the benefits derived from the use of high-energy feeds requires a comparative
determination of the FCR for diets of various protein:energy ratios.  Integrated Food
Technologies Corporation carried out such a study in replicated recirculating tank systems,
measuring the FCR, water quality effects, and growth rates of hybrid striped bass under identical
culture conditions.  Fingerling hybrid striped bass, averaging 18 grams, were given diets of
increasing energy levels over a 9 week trial.. Feed volumes were adjusted to provide equal kcal of
digestible energy to each treatment, resulting in the approximately equal growth of the fish (to an
average of 85 grams).  Results demonstrated an improvement in FCR from 1.39:1 for the popular
diet to 1.24:1 and 0.92:1 for the high-energy diets.

Maintaining daily feed volumes to provide equal energy levels resulted in significantly reduced
feed volumes producing equal or greater levels of growth.  This resulted in a significant increase
in the clarity of the water, and a decrease in the levels of settleable and suspended solid waste
generated.  Additional studies will follow to evaluate the economic considerations of using these
high-energy feeds.  The additional secondary effects on the efficacy of each recirculating system
component will also be considered. (Van Gorder and Jug-Dujakovic, 1996, unpublished)

As recirculating aquaculture systems are designed to produce increasingly intensive levels of
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productivity, it will be necessary to use every technological tool available to maintain water
quality under heavy feeding regimes.  This must include the employment of the most efficient
feeds available, to reduce the amount of wastes generated by actually reducing the levels of
proffered feed.  Increased efficiency as cost of feed / unit of growth may increase, but possibly not
enough to completely offset the increased feed costs.  And any increased operational expense will
place even greater constraints on the economic viability of systems which are still considered
marginally economically viable.  So while the use of high-energy feeds may be essential to achieve
the productivity levels which are claimed for recirculating aquaculture systems, it will be
necessary to demonstrate their economic validity as well.
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Abstract

In an effort to address the increasing concern for carbon dioxide control in intensive aquaculture
operations, we developed an interactive design tool to provide side by side comparison of various
dissolved carbon dioxide control strategies. Control strategies considered include the packed
tower carbon dioxide stripping unit, addition of sodium hydroxide to consume dissolved carbon
dioxide in the water column, and exchange of aquaculture system water with makeup water
having low dissolved carbon dioxide levels. Development of the design tool to achieve economic
and feasibility comparisons led to the construction of a computer program based on mathematical
models of each carbon dioxide control strategy. Facility heat and moisture balances are also
included in the program to account for typical production system concerns of ventilation for heat,
moisture, or carbon dioxide control. Computer program structure and mathematical model
development are discussed along with typical design results.

NOTATION

g Packed Tower Carbon Dioxide Removal Efficiency (%)

Xi Dissolved Carbon Dioxide Influent Mole Fraction (mol/mol)

Xe Dissolved Carbon Dioxide Effluent Mole Fraction (mol/mol)

Xi
eq Equilibrium Carbon Dioxide Influent Mole Fraction (mol/mol)

Xe
eq Equilibrium Carbon Dioxide Effluent Mole Fraction (mol/mol)

Ci Dissolved Carbon Dioxide Influent Concentration (mg/L)

Ye Gaseous Carbon Dioxide Effluent Mole Fraction (mol/mol)

Yi Gaseous Carbon Dioxide Influent Mole Fraction (mol/mol)
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MH20 Molarity of Pure Water (mol/L)

MNaOH Molarity of Sodium Hydroxide Solution (mol/L)

MCO2 Gram Molecular Weight of Carbon Dioxide (g/mol)

WH20 Gram Molecular Weight of Water (g/mol)

Wair Gram Molecular Weight of Air (g/mol)

ρL Water Density (kg/m3)

σL Water Surface Tension (N/m)

µL Water Viscosity (kg/m$s)

ρG Air Density (kg/m3)

µG Air viscosity (kg/m$s)

A Packed Tower Cross-Sectional Area (m2)

Hload Hydraulic Loading to a Packed Tower (gpm/ft2)

π Pi (dimensionless)

r Packed Tower Radius (m)

Lgpm Packed Tower Water Flow Rate (gpm)

Lvol Packed Tower Superficial Volumetric Water Velocity (m3/m2$s)

Lmass Packed Tower Superficial Mass Water Velocity (kg/m2$s)

Lmol Packed Tower Superficial Molar Water Velocity (mol/m2$s)

GL Volumetric Gas to Liquid Radio (dimensionless)

Gvol Packed Tower Superficial Volumetric Air Velocity (m3/m2$s)

Gmas Packed Tower Superficial Mass Air Velocity (kg/m2$s)

Gmol Packed Tower Superficial Molar Air Velocity (mol/m2$s)

PT Total Atmospheric Pressure (atm)

H Carbon Dioxide Henry=s Law Constant (atm)

Hu Carbon Dioxide Henry=s Law Constant (dimensionless)

DFi Influent Driving Force for Mass Transfer (dimensionless)

DFe Effluent Driving Force for Mass Transfer (dimensionless)

DFlm Log Mean of the Mass Transfer Driving Force (dimensionless)



3

dp Nominal Packed Tower Media Diameter (m)

aw Wetted Specific Surface Area of Packed Tower Media (m2/m3)

at Total Specific Surface Area of Packed Tower Media (m2/m3)

σc Critical Surface Tension of Packed Tower Media (N/m)

g Gravitational Acceleration Constant (m/s2)

DL Liquid Diffusivity for Carbon Dioxide (m2/s)

DG Gas Diffusivity for Carbon Dioxide (m2/s)

kL Liquid Phase Transfer Coefficient (m/s)

kG Gas Phase Transfer Coefficient (m/s)

KL Overall Mass Transfer Coefficient (m/s)

Z Model Calculated Packed Tower Height (m)

CO2gas
out Gas Phase Carbon Dioxide Exiting a Packed Tower (pound/day)

CO2
prod Carbon Dioxide Generated from Fish Respiration (pound/day)

CO2
resp Carbon Dioxide Generated per Pound of Feed (mg/pound)

R Feeding Rate (pound/day)

N Number of Packed Towers for Design Strategy (dimensionless)

NaOHmol
req Moles of Sodium Hydroxide Required for Design (mol/day)

NaOHliter
req Liters of Sodium Hydroxide Required for Design (L/day)

Lmakeup Makeup Water Flow Required for Design (gallons/day)

Cmakeup Dissolved Carbon Dioxide in Makeup Water (mg/L)

Vtemperature Ventilation Rate for Temperature Control (kg/hr)

VCO2
Ventilation Rate for Carbon Dioxide Control (kg/hr)

VRH Ventilation Rate for Moisture Control (kg/hr)

Vwind Ventilation Air Exchange due to Infiltration (kg/hr)

Vmax The Largest Ventilation Rate among VRH, VCO2
, Vwind (kg/hr)

Mtotal Total Moisture Load to Air Space (kg/hr)

Mtank Moisture Added to Air Space from Tank Surfaces (kg/hr)

Mcolumn Moisture Added to Air Space from Packed Columns (kg/hr)

Atank Total Area of Tank Water Surfaces (m2)
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Ptank Vapor Pressure of Tank Water Surface (kPa)

Pair Vapor Pressure of Air (kPa)

Vcol Mass Flow Rate of Air through Packed Columns (kg/hr)

Pair
sat Vapor Pressure of Air at Saturated Conditions (kPa)

Wi Inside Air Humidity Ratio (kg moisture/kg dry air)

Wo Outside Air Humidity Ratio (kg moisture/kg dry air)

Cload Load of Carbon Dioxide on the Air Space (kg/hr)

Cdesign Design Value for Carbon Dioxide Inside the Building Air (ppm)

Catm Concentration of Carbon Dioxide in the Outside Air (ppm)

Wbuild Width of Building (m)

Lbuild Length of Building (m)

Hbuild Height of Ceiling (m)

I Air Change Rate (volumnes/hr)

Qtotal Total Sensible Heat Balance on Building Space (kJ/hr)

Qsolar Heat gain due to Solar Effects through Windows (kJ/hr)

Qconductive Heat Loss due to Conduction through Walls and Ceiling (kJ/hr)

Qp Perimeter Heat Loss (kJ/hr)

Qgenerated Heat Generated within Airspace due to Motors, Lights, Fish (kJ/hr)

Qfuel Head Added to Airspace (or Water) by Direct Heating (kJ/hr)

Qevap Heat Required for Evaporation that Occurs in the Airspace (kJ/hr)

CHAIR Specific Heat of Air (kJ/kg$EC)

Ti Inside Air Temperature (EC)

To Outside Air Temperature (EC)

Qsupplemental Supplemental Heat Required to Maintain Ti (kJ/hr)

U Environmental Variable of Interest

Umax Maximum Yearly Value for U (uses mean daily temperature)

Umin Minimum Yearly Value for U (uses mean daily temperature)

λ Weather Model Constant (100 for Temperature; 83 for Radiation)

θ Julian Date (number)
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φ Argument Variable for Weather Model

PTDepr
cost Amortized Individual Packed Tower Cost ($/day)

Dperiod Depreciation Period of Packed Tower Equipment (yr)

PTcapital
cost Capital Cost of an Individual Packed Tower ($)

PTpump
cost Daily Cost for Packed Tower Water Pumping ($/day)

JLgpm
Kilowatts Required per gpm of Water Pumped (kW/gpm)

EkWh Cost of Electricity ($/kWh)

PTair
cost Daily Cost for Packed Tower Air Blowing ($/day)

JGgpm
Kilowatts Required per gpm of Air Blown (kW/gpm)

PTtotal
cost Total Daily Cost of Packed Tower Option ($/day)

NaOHtotal
cost Total Daily Cost of Sodium Hydroxide Option ($/day)

NaOHgal
cost Cost of Sodium Hydroxide Solution ($/gal)

Lmakeup
cost Total Daily Cost of Water Exchange Option ($/day)

Cpwater
Specific Heat of Water (kJ/kg$EC)

Ttank Temperature of Tank Water (EC)

Tmakeup Temperature of Makeup Water (EC)

EkJ Cost of Heating Water per Kilojoule ($/kJ)

Hwater Daily Cost of Heating the Makeup Water ($/day)

INTRODUCTION

Carbon dioxide control in intensive aquaculture systems is an important consideration in the initial
design of large commercial-scale systems and in systems where high carbon dioxide levels have
contributed to adverse fish health. Both situations present the difficult problem of maximizing
carbon dioxide removal from the water column and venting it to the atmosphere at minimal cost.
Current intensive aquaculture techniques have exacerbated potential carbon dioxide problems due
to common usage of pure oxygen absorption equipment. Such systems often do not provide
adequate gas exchange for stripping of carbon dioxide to prevent carbon dioxide accumulation to
toxic levels (Watten, 1991). Additionally, oxygen injection units support higher fish densities,
which also increases the total carbon dioxide production within the system and increases the
potential for carbon dioxide problems (Summerfelt, 1993; Grace & Piedrahita, 1994).

Carbon dioxide toxicity to fish has been well documented (Basu, 1959; Smart et al., 1979). The
recommended upper limit on dissolved carbon dioxide for aquaculture as reported by Meade
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(1989) is 10 mg/L. However, many intensive aquaculture systems report levels of dissolved
carbon dioxide 5 to 10 times this upper limit (Van Gorder, 1995). One can expect reduced growth
and conversion ratios in the presence of elevated dissolved carbon dioxide concentrations.

In an effort to address the increasing concern for carbon dioxide control, we developed an
interactive design tool to provide a side by side comparison of various carbon dioxide control
strategies. Control strategies considered include:

$ the packed tower carbon dioxide stripping unit,
$ addition of sodium hydroxide to consume dissolved carbon dioxide in the water

column, and
$ exchange of system water with makeup water having low dissolved carbon dioxide

levels.

A computer program based on mathematical models of each carbon dioxide control strategy was
developed so the economics and feasibility of each control strategy could be evaluated. Facility
heat and moisture balances are also included in the program to account for typical production
system concerns of ventilation for heat, moisture, or carbon dioxide control. The main structure
of the program is shown in the following flow chart (Figure 1):

Figure 1. Computer Program Flowchart
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In an effort to provide a flexible design tool, program inputs for various parameters in each
control strategy were allowed to be defined in very specific detail. Modular computer
programming was utilized to provide for the future addition of other design strategies including
both the side steam and in-tank surface aerator.

The mathematical models which served as the basis for carbon dioxide control strategies were
synthesized from previously reviewed mass transfer and chemical engineering theory (Summerfelt,
1993). The application of this knowledge into computer code is presented in the following
section.

MODEL DEVELOPMENT

Packed Tower

Construction of a mathematical model to predict carbon dioxide removal in a packed tower
treatment unit is based on mass transfer theory presented by Cornwell (1990). Application of
Cornwell=s mass transfer theory to carbon dioxide removal provides a logical calculation
procedure.

Defined values for packed tower parameters including packed tower height, hydraulic loading,
individual packed tower water flow, gas to liquid ratio, packing media characteristics, and influent
dissolved carbon dioxide level (tank design level), are used to calculate treatment process removal
efficiency. Program calculations start with removal efficiency equal to 1% and repeat at efficiency
increments of 1% until the model calculated height equals the defined tower height. Model
calculations in logical order follow:

Define the removal efficiency, g, starting at 1%:

g = g + 0.01 (1)

Using the defined influent dissolved carbon dioxide concentration, calculate the mole fraction of
carbon dioxide in the influent water, Xi, to a packed tower:

221000 COOH WM

Ci
Xi =

(2)

Calculate the mole fraction of carbon dioxide in the treated effluent water, Xe, from a packed
tower at the current removal efficiency:

Xe = Xi (1-ε) (3)

Using the defined hydraulic loading and water flow rate to an individual packed tower, compute
the packed tower cross-sectional area, A, and radius, r:
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load

gpm

H

L
A

764.10
=

(4)

π
A

r =
(5)

Determine the water flow rate through a packed tower in superficial volumetric, mass, and molar
velocities (Lvol, Lmass, Lmol) using the defined water flow rate to an individual packed tower:

A

L
L gpm

vol 8.15850
=

(6)

Lvolmass LL ρ= (7)

OH

mass
mol W

L
L

2

1000
=

(8)

Using the defined gas to liquid ratio, calculate the air flow rate through a packed tower in
superficial volumetric, mass, and molar velocities (Gvol, Gmass, Gmol):

GLLG volvol = (9)

Gvolmass GG ρ= (10)

air

mass
mol W

G
G

1000
=

(11)

Using a mass balance on carbon dioxide, determine the mole fraction of carbon dioxide in the air
leaving a packed tower, Ye:

( ) i
mol

mol
eie Y

G

L
XXY +
















−=

(12)

Based upon the mole fractions of carbon dioxide in the gas phase and utilizing Henry=s Law,
calculate the equilibrium concentrations of dissolved carbon dioxide in the influent water, Xi

eq, and
treated effluent water, Xe

eq, from a packed tower:

H

PY
X Tieq

i =
(13)
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H

PY
X Teeq

e =
(14)

Compute the driving forces for carbon dioxide transfer at influent and effluent conditions (DFi,
DFe):

eq
iii XXDF −= (15)

eq
eee XXDF −= (16)

Compute of the log mean driving force for carbon dioxide mass transfer in a packed tower, DFlm









−

=

i

e

ie
lm

DF

DF

DFDF
DF

ln

(17)

Using the model of Onda, et al. (1968), calculate the wetted area in a packed tower, aw:


























































−−=

− 2.0205.0

2

21.07.0

45.1exp1
tLL

mass

L

tmass

Lt

mass

L

c
tw a

L

g

aL

a

L
aa

σρρµσ
σ

(18)

Using the model of Onda, et al. (1968), calculate the liquid phase mass transfer coefficient, kL:

( ) 4.0

05.03/23/1

0051.0 pt
LL

L

Lw

mass

L

L
L da

Da

L

g
k

−−

























=

ρ
µ

µµ
ρ (19)

Using the model of Onda, et al. (1968), calculate the gas phase mass transfer coefficient, kG:

( ) 0.2

3/17.0

23.5 −

















= pt

GG

G

Gt

mass
GtG da

Da

G
Dak

ρ
µ

µ

(20)

Employing the two-film mass transfer theory (Lewis & Whitman, 1924), calculate the overall
mass transfer coefficient, KL:

1
11

−









+=

LGu
L kkH

K
(21)
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Calculate packed tower height, Z:

( )
lmwL

eivol

DFaK

XXL
Z

−
=

(22)

Compare the defined packed tower height to the calculated packed tower height. Repeat
calculations, incrementing the removal efficiency until the two values for packed tower height are
equal.

Compute the gas phase carbon dioxide exiting a packed tower, CO2gas
out:

( ) AWGYYCO COmolie
out

gas 2
48.1902 −= (23)

Calculate the carbon dioxide production, CO2
prod, based on the fish feeding rate:

453592
2

2

RCO
CO

resp
prod =

(24)

Determine the number of packed towers required, N, to meet the carbon dioxide production:

out

prod

gas
CO

CO
N

2

2=
(25)

This set of calculations results in the total number of packed towers necessary to remove the mass
of dissolved carbon dioxide that allows the defined concentration of tank dissolved carbon dioxide
to remain constant at steady state conditions. Flexibility for inputting packed tower parameters,
including hydraulic loading and water flow to an individual tower gives the potential for designing
multiple and single packed tower control strategies.

It is important to note that the chemical reaction also plays a role in carbon dioxide stripping
because removing carbon dioxide increases the pH and reduces the total carbonate carbon of the
water. Fortunately, for the purpose of estimating carbon dioxide stripping performance, the half-
life of the dehydroxylation of  bicarbonate to carbon dioxide is slow compared to the treatment
time within the column; this means that chemical reaction need not be considered at the same time
as mass transfer (Grace & Piedrahita, 1993; 1994). However, the carbonate equilibrium must be
considered after stripping is complete to correctly estimate the carbon dioxide concentration after
equilibrium has been reached (Grace & Piedrahita, 1993; 1994). Inclusion of carbonate
equilibrium calculations after packed tower mass transfer to determine the total carbon dioxide
loss (including chemical transformation) is to be included in future modeling efforts.

Sodium Hydroxide Addition

Construction of a mathematical model to predict carbon dioxide removal via chemical
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consumption using the addition of sodium hydroxide is based on carbonate chemistry theory
presented by Snoeyink & Jenkins (1980). The following chemical equation governs carbon
dioxide removal:

OHHCOOHCOH 23
*
32 +⇒+ −− (26)

In the above equation, dissolved carbon dioxide is represented by the functional chemical species
H2CO3

* and sodium hydroxide is represented by OHG. It can be seen from the stoichiometry that
it takes one mole of sodium hydroxide to consume one mole of carbon dioxide. Application of
this basic chemistry relationship in a logical calculation procedure follows.

Calculate the carbon dioxide product, CO2
prod, based on the fish feeding rate:

453592
2

2

RCP
CO

resp
prod =

(27)

Using stoichiometry, calculate the moles of sodium hydroxide required, NaOHmol
req, to consume all

carbon dioxide produced:

2

2
mod

59.453

CO

prod
req

W

CO
NaOH =

(28)

Determine the liters of sodium hydroxide solution required, NaOHliter
req, using the molarity of the

sodium hydroxide solution:

NaOH

req
molliter

req M

NaOH
NaOH =

(29)

Similar to the packed tower calculations, this set of calculations results in a design strategy to
remove the mass of dissolved carbon dioxide that allows the defined concentration of tank
dissolved carbon dioxide to remain constant at steady state conditions. In this case the total
amount of sodium hydroxide solution required is the computed result.

Water Exchange

Construction of a mathematical model to predict carbon dioxide removal by exchange of system
water with makeup water having low dissolved carbon dioxide levels is currently based on  simple
mass balance. The following mass balance equation governs the carbon dioxide removal:

( ) prod
makeupimakeup COCCL 29.119829=− (30)

Application of this equation results in the total flow of makeup water needed. This approach to
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carbon dioxide removal is simplistic and neglects bulk mixing concerns. A more complex
mathematical and chemical approach can be used to include how blending of low and high
alkalinity water effects the total dissolved carbon dioxide present in a steady state situation. This
approach will be included in a future model.

FACILITY HEAT & MOISTURE BALANCES

The context of the simulation model is that the fish production tanks are housed indoors to
provide temperature control. One of the primary benefits of water recirculating systems is that the
rearing waters can be maintained near optimum growing temperatures, even when tropical fish are
raised in northern climates. As such, housing is generally well insulated and fairly airtight. Given
the likelihood that fairly high fish densities and feeding rates will be the objective of such facilities,
the potential for unsafe air quality conditions can occur. Of particular concern can be the
concentration of carbon dioxide and the moisture conditions inside the structure that may reduce
carbon dioxide stripping efficiency or may cause structural damage if condensing conditions on
inside surfaces are crated leading to liquid moisture penetration into inside wall cavities or
ceilings.

The program calculates ventilation rates to maintain specified air conditions for temperature,
Vtemperature, carbon dioxide, VCO2

, relative humidity, VRH, and ventilation air exchange due to natural

infiltration, Vwind. After calculating ventilation rates for carbon dioxide, moisture, and infiltration,
the largest of these three rates, Vmax, is used to calculate the supplemental heating rates in
comparison to the necessary ventilation rate for sensible heat control, Vtemperature, where Vtemperature

is the ventilation rate necessary to remove the net sensible heat generated within the facility, e.g.
motors, lights, etc., less evaporative heat losses. If Vmax > Vtemperature, then there are supplemental
heating requirements that must be provided by direct heat, either to the air or to the water. When
Vtemperature > Vmax, then the facility must be ventilated for temperature control. If the ventilation
capacity for the facility is insufficient to maintain the desired room temperature, then the building
air temperature is raised until the ventilation capacity can remove the sensible heat load. A
summary of the equations used for these calculations follows. Further details of this type of
analysis can be obtained from Timmons (1986).

Moisture Load

Moisture load calculations are based upon the evaporation rates from tank water surfaces and the
moisture picked up by the air that is forced through the packed column for carbon dioxide
stripping. The assumption is that the air reaches a 100% humidity condition as it moves through
the packed column. All air psychometric properties are calculated based upon ASHRAE (1989).

( )airkkk PPAM −= tantantan (31)

( )air
sat

aircolcolumn PPVM −= (32)
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columntotal MMM += tan (33)

oi

total
RH WW

M
V

−
=

(34)

Note that the vapor pressure conditions are a function of temperature and relative humidity and
that these design parameters are choices for the user in the input variables.

Carbon Dioxide Load

The carbon dioxide load calculations are based upon stripping rates from the packed columns:

( )atmdesign
air

CO

load
CO

CC
W

W

C
V

−







=

2

2

(35)

Typically, carbon dioxide loads do not define the minimum required ventilation rates. Extremely
tight buildings may be defined by carbon dioxide loading, e.g. concrete walled or small
laboratories or rooms within a larger building.

Air Infiltration

All buildings are subject to air infiltration due to cracks and other porous areas. The air exchange
rate due to natural infiltration for a typical tight agricultural building will be approximately 2 air
volumes per hour. Very tight buildings might be as low as 1 air change per hour and a loose
building would be approximately 3 air changes per hour or higher. The air changes per hour then
defines one of the ventilation rates for the building:

G

buildbuildbuild
wind

IHLW
V

ρ
=

(36)

Heat Balance

The total sensible heat load on the structure is calculated and then the ventilation rate necessary to
maintain desired room temperature is determined.

evapfuelgeneratedpconductivesolartotal QQQQQQQ +++++= (37)

( )oip

total
temerature TTC

Q
V

air
−

=
(38)
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Note, in Equation (38), that conduction losses are negative when inside temperatures exceed
outside temperatures and the evaporative heat is a negative number. the model assumes no direct
solar gain, but does include solar gain by assuming the major axis of the building is east west and
that the ground reflectivity for direct solar component is 25% reflected (diffuse radiation loads are
included on all transparent surfaces). More sophisticated approaches can embellish this part of the
heat balance calculations. Use of Equation (38) may result in a required supplemental heating rate,
i.e., the ventilation rate cannot be less than zero.

After calculating all the load ventilation rates (VRH, VCO2
, Vwind), then the ventilation heat balance

becomes:

Qsupplemental = (Vmax ! Vtemperature)Cpair
 (Ti ! T0) (39)

Weather Model

A convenient method to provide outside environmental conditions for simulation purposes is
based upon Pickering (1982). Daily values for temperature or radiation can be calculated based
upon the yearly maximum and minimum values for the variable of interest, U:

( ) ( ) min
minmax 1

2
U

UU
U +








+







 −
= φθ

(40)

( ) ( ) 0;sin <−−−= λθθλφ if (41)

( ) ( ) 0;sin ≥−−= λθλθφ if (42)

ECONOMICS

Packed Tower

The total cost of utilizing the packed tower treatment option is the sum of the capital cost of
building all packed tower units and the cost to operate those units. The capital cost to construct
an individual packed tower unit is a defined parameter which is depreciated over a defined period:

period

t
capital

Depr D

PT
PT

365

cos
cot =

(43)

The operating cost of an individual packed tower unit is the sum of the water pumping costs and
the air blowing costs. The relationship between the water pumping and air blowing is set by the
defined gas to liquid ratio. The water pumping costs for an individual packed tower are calculated
as follows:
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kWhLgpmpump EJLPT
gpm

24cos = (44)

The air blowing costs for an individual packed tower are calculated as follows:

GLEJLPT kWhGgpm
t

air gpm
24cos = (45)

The resulting total daily cost for all packed towers in a design is then:

( )NPTPTPTPT t
air

t
pump

t
Depr

t
total

coscoscoscos ++= (46)

Sodium Hydroxide Addition

The total cost of utilizing the sodium hydroxide addition treatment option is just the daily cost of
purchasing the chemical, calculated as:

t
gal

req
litert

total NaOH
NaOH

NaOH coscos

7853.3 







=

(47)

Continuous pumping of sodium hydroxide solution via a peristaltic pump is neglected in the
costing, because it is such an insignificant cost.

Water Exchange

Total cost of the water exchange option is the sum of heating the makeup water to tank system
temperature and the cost of pumping the makeup water. The daily cost of heating the makeup
water to tank system temperature is calculated as:

( ) kJmakeupkPmakeupLwater ETTDLH
water

−= tan0037853.0 ρ (48)

Incorporating the pumping costs and the above heating costs results in a total daily costs,
calculated as:

waterkWhL

makeupt
makeup HEJ

L
L

gpm
+


















=

60
cos

(49)

PROGRAM APPLICATION

Application of the computer program to large and small-scale aquaculture designs provides a
preliminary comparison between the three treatment options modeled in the current version of the
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program. Technical and economic feasibility of each treatment option was demonstrated in a
series of simulations. Economic sensitivity of the treatment option to the scale of the system being
designed is provided in Figure 2. (Calculations for heating of the makeup water are not part of the
data for Figure 2 costs.)

Figure 2. Daily Cost of Treatment Option versus Scale of System.

The base system that accounts for the 100% case is a hypothetical million pound per year fish
production facility. Base case parameters that were scaled back 20% at each simulation interval
include:

• Tank Surface Area: 8835 ft2

• Feeding Rate: 5400 pounds/day
• Facility Length: 428 ft
• Packed Tower Flow: 12000 gpm

In all simulations a single packed tower of 3 meters in height was utilized. The resulting packed
tower radii for each scale follow:
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20% 40% 60% 80% 100%

Tower Radius (m) 1.4 2.0 2.5 2.8 3.2

In all simulations an 18.7 molar sodium hydroxide solution was used. The resulting sodium
hydroxide dosing rates for each scale follow:

20% 40% 60% 80% 100%

Sodium Hydroxide (gal/day) 74 148 222 296 370

In all simulations makeup water with 0.5 mg/L dissolved carbon dioxide was used. The resulting
makeup water replacement rates for each scale follow:

20% 40% 60% 80% 100%

Makeup Water (106 gal/day) 2.1 4.1 6.2 8.2 10.3

Model simulations demonstrate that the addition of sodium hydroxide to remove carbon dioxide is
the most expensive treatment option. However, heating costs in the water exchange option were
neglected for this data set. Incorporation of makeup water heating costs is likely to result in water
exchange being the most expensive option in these simulations due to use of a tank system
temperature of 75EF.

The three treatment options all involve high daily costs of between $100 and $900 for a large-
scale million pound production facility. In addition to these high costs, the physical components
involved in implementing any of these options are formidable. Sodium hydroxide addition of 370
gallons per day may present storage and dosing problems, as well as safety concerns that
accompany storing a large amount of  caustic like sodium hydroxide. Packed tower construction
of a 3 m high and 6.4 m diameter column requires a relatively large space, and may also present
problems for air blowing injection in such a large volume. Finally, water exchange of 10.3 million
gallons a day requires a very large source for adequate makeup water; such a source may be
difficult to find.

Future work on the models utilized for packed tower stripping and water exchange may provide
increased carbon dioxide removals and result in lower daily costs while scaling back the large
physical parameters discussed above. Also, incorporation of side stream and in-tank surface
aerator treatment options my yield more economical and feasible carbon dioxide control
strategies.
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