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I ntroduction

Aquaculture is simply the raising of fish, shellfish, or other species and keeping the water
needed by the organisms clean enough for the crop to survive and grow asrapidly as their
geneticswill allow. In recirculating aquaculture production systemsthewater isalternately
polluted by the crop and cleaned by thefiltration systems. Aslong as thefiltration systems
adequately remove enough pollution to restore water quality to acceptable levels, the water
can be recycled indefinitely with some makeup water to replace water that evaporates or
leaks from the system. Thus, the secret to profitable recirculating aguacultural systemsis
removal of thewaste from the systemsand at acost that allowsthe operator to make a profit.

Sour ce of Pollution

Pollution in natural bodies of water comes from a variety of locations. However, in
recirculating systems pollution comes from the fish and the feed that the fish receive.
Becausefish, and most other aquatic crops, are cold blooded (pokilotherms) their metabolic
rateisafunction of temperature. Thus agrower can adjust fish feed intake by adjusting the
water temperature. The samelot of fish may befed 3to 4 percent body weight per day when
growing at a warm temperature for the species and 1 to 2 percent of body weight per day
when in sametank or system but held at a cool temperature for the species. The amount of
waste products produced by the fish will be different in the two cases. Because fish eat
more of less depending on temperature, waste production by fish isusually stated as waste
produced per unit of feed input. Inwarm blooded animals, waste production is often stated
in weight of waste produced per animal with some adjustment for animal size. Warm
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blooded animals always operate their metabolism at a constant temperature (e.g. 98.6°F for
humans). Thus, it is usual to say a 454 kg cow will produce 37.3 kg of waste per day
(Midwest Plan Service, 1987). With fish and shellfish, the waste production is typically
given as a percentage of thefeed fed per day (e.g. ammoniais 2 to 3 percent of the feed fed
per day). Thevariation in both consumption of feed and production of waste is one reason
for expressing waste production thisway. The second reason isthelimited knowledge base
availablefor most aquatic animal species. Knowledgeislacking to distinguish between the
waste of different species or between the wastes of the same species when they are fed
different rations.

Aquaculturewastesarerel eased directly into thewater. Hence, aquaculturewastesareoften
giveninmg/L. Most of the datafor fish tolerance to various pollutants (e.g. ammonia) are
alsoavailablein mg/L. However, dilution has always been one solution to pollution. Intwo
recirculating systemsthat have the samefish load and are fed the sameration, the pollution
load in one system may be ¥z that in another ssimply because the water flow rate in the
second is twice that in the first system. Thus, one must look carefully at pollution
measurements and determine exactly what they mean.

Waste Production

Waste production has not been well quantified for many species. Thus the data that is
availalbe is widely used for a range of species. Some of the best data available was
developed for trout. The equations below detail most of the waste production based on
feeding rate (Liao and Mayo, 1974).

Ammonia-N Production = 0.289 (Feed Fed) @
Nitrite-N Production = 0.024 (Feed Fed) 2
Phosphate-P Production = 0.0162 (Feed Fed) 3
Suspended Solids = 0.52 (Feed Fed) 4
Biochemical Oxygen Demand = 0.60 (Feed Fed) ®)
Chemical Oxygen Demand = 1.89 (Feed Fed) (6)

Theunitsfor these equations are kg of the product produced per day (e.g. kg of NH,-N/day)
and feed fed isin kg of feed fed per day. These equations were developed based on trout
held at 10 to 15°C. It should also be noted that the equations project zero metabolite
production at zero feed rate. Obvioudly, thisisnot true as fish must metabolize or die, but
aguacultural systems should not be operating at feeding rates so low the fish are starving.
There will also be a variation in the metabolite production with species, temperature, feed
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typeand composition, and other variables. However, for aninitial estimate of themetabolite
production, equations 1 through 6 will give areasonable value, especially if temperatureis
taken into account. There is no good mathematical way to include temperature in these
equations. Equations 4, 5, and 6 will have more variability with the above mentioned
variables than the first three equations.

For comparison purposes, data for striped bass show that for every kg of feed fed, they
produce 0.28 kg of carbon dioxide, 0.03 kg of ammonia, and 0.3 kg of fecal solids and use
0.2 kg of oxygen (Colt, 1986).

If one assumes afish culturist has 10,000 kg of trout and is feeding them 3 percent of body
weight then the culturist can expect the following:

10,000 kg fish (3percent body weight/ day) = 300 kg of feed per day
(300 kg feed per day) (0.0289) =8.67 kg NH,-N / Day

Thus, the filtration systems will have to remove at least 8.67 kg of ammonia per day to
maintain water quality at acceptable levels.

Oxygen Consumption

Oxygen availability is probably the most critical parameter for fish. There are two aspects
of oxygen that are important to fish, oxygen concentration and oxygen consumption.
Oxygen concentration isthe concentration of oxygenin thewater anditisusually expressed
in mg/L or parts per million (ppm). Oxygen consumption isthe amount of oxygen thefish
must take into their bodies per unit time to survive, and it is usually expressed in kg or
grams of oxygen per minute or per hour. The minimum oxygen concentration fish can
tolerateisafunction of stress, speciesand several other factors, but generally commercially
important species need a minimum concentration of about 4 to 5 mg/L of oxygen. Fresh
water at sealevel in contact with air at 10°C is saturated if the oxygen concentrationis11.3
mg/L while water at 30°C is saturated at 6.7 mg/L of oxygen (Wheaton, 1977). Thus, fish
are comfortable only between their minimum concentration (5 mg/L of oxygen) and
saturation (11.3 mg/L at 10°C), or in this case, over arange of 6.3 mg/L of oxygen. In
warmer water or at increased altitude this range is even narrower. Air that we humans
breathe is about 210,000 mg/L oxygen, a much higher concentration.

Oxygen consumption of fish and culture systems varies with many variables including
temperature, bacterial population, stress on thefish, species, fish size, etc. Although some
oxygen consumption datafor afew aquatic speciesisavailable, much of thedesired datais
not. Oxygen consumption by trout and salmon is given by Liao (1971) as:

Oxygen consumption = K, T2W (7)
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Where:

Oxygen Consumption isin Ib of oxygen/ 100 Ib of fish per day
T = Temperature (°F)

A, b =Sopes—Vauesgivenin Table 1 below

W = Fish Size (Ib/fish)

Depending on the author cited, the oxygen consumption in kg oxygen per kg of feed is0.20
(Colt, 1986), 0.22 (Wheaton, 1977), or 0.25 (Timmons et al., 2001). Thus, values from
0.20 to 0.25 kg of oxygen per kg of feed are typically used.

Table 1. Oxygen Consumption Constants for Equation 7 (Liao, 1971).

Species Temperature K, a b
(°F)

Salmon <50 72X 107 3.200 -0.194

Salmon > 50 49X 10 2.120 -0.194

Trout <50 1.90 X 10 "¢ 3.130 - 0.138

Trout >50 3.05X 104 1.855 - 0.138

Oxygen isimportant in waste management because the bacteria breaking down the organic
wastes require oxygen. The oxygen demand of the bacteriais high in many recirculating
systems and must be added to the fish oxygen demand given above to calculate the total
oxygen demand of a production system. Total demand is what must be supplied by the
aeration or pure oxygen system. Typically total oxygen demandisat least 1.5 timesthefish
oxygen demand and may be higher in some recirculating systems. When the fish become
excited (e.g. during harvesting) their oxygen demand may be as much asfour timesnormal.
Diseases or any stress typically increases oxygen demand in arecirculating system. All of
these factors need to be taken into account by a systems designer when developing a
recirculating system.

Waste Removal Principles

There are some general principlesthat need to befollowed in waste systemsor recirculating
systemdesign. First, themorequickly wastesareremoved fromthewater thelesstimethey
have to break down and the less oxygen they will demand from the culture system. The
longer the waste particles are in the culture system the smaller they become, due to
mechanical damage from passing through pumps and plumbing and bacterial degradation.
Thesmaller the particles and the closer the particle density isto water, themoredifficult the
particles are to remove from the culture system. Particles also leach into the water and
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create dissolved wastes that are difficult to remove. Rapid removal of particulate wastes
from recirculating systemsis of upmost importance.

Secondly, wastes from aquatic production systems include ammonia, nitrite, nitrate,
phosphorus (primarily phosphate), solids, and an array of organic compoundswhichinmost
systems are completely unidentified. For example, recirculating aquaculture production
systems exhibit brown or coffee colored water. Some of the coloring compounds are
tannins, but there are a host of compounds that have not been studied. It is known, for
example, that ozone will break down these color compounds, but the nature of these
compounds and/or the breakdown compounds formed during ozonation are not known. It
is not presently understood whether or not it is necessary or desirable to remove these
compounds from the culture water. Ammonia, nitrite, nitrate, and phosphorustypically are
dissolved compounds and will require abiofilter, chemical method, or ion exchange system
to remove them. Solids can be removed by mechanical filtration.

Thirdly, stocking density oftenisaprimary determinatein the profitability of arecirculating
system. Higher stocking densities and more rapid growth rates allow more weight of fish
to be produced from the same physical facility. Thisin turn spreads capital costs over more
units (kgs of fish) thereby lowering the capital cost attributed to each kg of fish. However,
increasing stocking densities require better management, and more reliable systems and
systems components. The waste loads are higher and waste removal from the system and
waste disposal after it is removed from the system become increasingly critical problems.
Eventually apoint isreached wherefurther stocking density increasesdo not increase profit.
Because the most profitable stocking density will depend on many variables, it is not yet
well defined for recirculating systems.

Waste Removal M ethodologies

Wastes must first be removed from the culture water and then disposed of in an
environmentally benign manner, or preferably, in a profitable manner. In the overview of
the waste removal methods below it will be assumed that removal of the wastes from the
water is separate from disposal unlessit isnoted in thetext that the process being discussed
combines the two functions.

M echanical Solids Removal Systems

Settling/ Sedimentation: Settling depends on the difference in density between particles
in the water and thewater. The greater the density differences the faster separation can be
achieved. Solids in aquaculture systems typically have a specific gravity of about 1.19
(Chen et al., 1993) hence the driving sedimentation forces are a specific gravity difference
of about 0.19. Typically, retention timesfor settling basins used in aquaculture range from
15 to 60 minutes. Recirculating system designers most commonly use a 15 to 20 minute
retention times for waste. A well designed sedimentation tank will usually remove most
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particlesdown to lessthan 100 microns. Sedimentation basins are simple, have no moving
parts, but do require labor to maintain and/or clean out the settled solids.

Sand filters. Fixed bed sand and particle bed filters may be used in aquacultural
applications but are not widely used in commercial systems. Thesefilters consist of a box
filled with sand or some other particulate material. Water is allowed to pass through the
fixed bed either in a downward direction (down flow) or in a upward direction (up flow).
Particles are removed from the water as it is “screened” by the sand filter. Particles are
removed from some minimum sizeand larger. Theminimum particlesizeremoved depends
onthe sand size, flow rate and waste characteristics. Sand filters can be designed to remove
particles down to about 30 microns (Wheaton, 1977). The smaller thefilter media particle
size is the smaller the waste particles that are removed. However, clogging, back wash
frequency, and head lossincrease with decreasing filter mediasize. Sand filters work well
on clear water, but suffer the need for frequent back wash intervals or excessive head loss
if the waste stream is very concentrated. Gravity and vacuum sand filtersarerarely used in
aquacultural systems, while pressure sand filters may befound on low technology systems.

Screens. Screens remove particles the same size or larger than the mesh size of the screen.
Screens come in a wide variety of configurations and each has its advantages and
disadvantages. Stationary screensarerarely used in aquacultural systems becausethey plug
rapidly and require too much costly labor and maintenance to maintain and operate.
Occasionally tangential screens, atype of sdlf cleaning stationary screen, are employed in
small aquacultural recirculating systems.

Drum screens are used frequently in aquacultural production systems for solids removal.
These are rotary screens, often referred to as microscreens in sewage treatment, that are
continuously back washed. Hence the continuous or intermitten automatic backwash
preventstherotating screen from plugging. Theseunitsaresimple, but haveseveral moving
parts and require a backwash pump. The screen costs vary with capacity but typically are
in the range of $4,000 to $5,000 for a 750 to 1100 liter per minute unit. Flow rate is a
function of the screen mesh used, characteristics of the wastes, water flow and waste
concentration. Typical aguacultural applications use 60 to 100 micron screens

Bead Filters. Thereareseveral typesof bead filters. The most common type containsplastic
beadsthat aretypically 3to 5 mmin diameter. The beads may be approximately spherical
or they may have other shapes. The beads are formed from some type of plastic having a
specific gravity closeto that of water, usually dlightly less than water so they float. There
isascreen inthetop and in the bottom of thefilter. Water pumped from the bottom upward
through the filter causes the beads to be held against the upper screen as long as the water
keeps flowing. The water passes through the filter which acts like a screen to remove the
particles that are larger than the openings between the beads. As the bead bed becomes
clogged with solids, the filter is backwashed by stopping the water flow and ether
mechanically stirring the beads to remove the solids so they can settle to the bottom of the
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tank or by removing the water from the beads and causing the bead bed to break up into
individual beadsthereby releasing thesolids. Thesolidsarethen flushed out of thetank and
the water flow restarted to put the filter back into operation (Beecher et al., 2001). This
filter also will operate as a biofilter (see biofilters below).

Other configurations of bead filtersinclude filters that use 1 to 2 mm diameter foam beads
that obvioudly float in place of the beads described above. There are other filters that are
designed such that the water flow causes the beads to rise in the center of the filter and
circulatedownward around theoutsideof thefilter. Thislast configurationisessentially self
cleaning except the bottom of the tank has to be flushed out periodically.

Diatomaceous Earth Filters. Diatomaceous Earth (D. E.) filters are essentially very fine
particulate filters although their principles of operation vary somewhat from atypical fixed
bed sand filter. Diatomaceous earth filters will remove particulates down to about 0.1
microns (Purchas, 1967). Unfortunately, diatomaceousfiltersarerelatively difficult to use,
they plug easily, and typically require considerablelabor. Thus, they are used where crystal
clear water is needed such as in aguariums where water transparency is highly important.
Because commercial aguaculture systemsdo not require crystal clear water, D. E. filtration
is seldom used due to the additional cost required.

Centrifugesand Hydr oclones: Typically centrifugesarecylindrical inshape. Thecylinder
rotates as water is allowed into the bottom of one end of the cylinder. Cylinder rotation is
very rapid, sometimes several hundred thousand revol utions per minute, which createsvery
high acceleration forces in the water passing through it. The particles in the water, being
dlightly more dense than the water, move to the outside of the cylinder and the clean water
toward the center of thecylinder. Thus, by taking avery thinlayer of material off justinside
of the cylinder wall, most of the particles are removed. Clean water then exits from the
center of thecylinder. Inaguaculturethe particlesusually are not much more densethan the
water. Theadvantage of centrifugesisthat theacceleration in the centrifuge can be adjusted
by selection of thetubediameter and rotational speed whilethe percentage of water removed
with the waste can be adjusted by selection of the depth of water collected on theinner wall
of the centrifuge. Centrifuges are not widely used in commercial aquaculture because they
are expensive to purchase and operate and they require considerable maintenance.

Hydroclonesaresimilar to centrifugesin that they generate high acceleration forcesthat aid
separating solidsfromthewater. Hydroclones consist of acylindrical and aconical section.
Water under pressure enters the top of the vertical cylindrical section tangentially and is
forced to rotate in the cylindrical section. Asthewater circulates, cylindrical forces cause
the particles to move outward toward the cylindrical case. Gravity pulls the circulating
water downward into the conical section of thehydroclone. Somewater from along thewall
of the hydrocloneisallowed to drop out of the bottom of the hydroclone (underflow) taking
most of the particles with it. Because the inflow is greater than the underflow, the clean
water in the center of the hydroclone rises and exits from the top of the hydroclone
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(overflow). The smallest particle size removed is afunction of the water pressure, density
difference between particles and water, percent of underflow and other variables.
Hydroclones are occasionally used in commercial aquaculture, primarily for small systems.
Hydroclones have no moving parts so they are reliable, but they have a significant
proportion of the water in the underflow with the particles. They also requireat least 30 to
60 psi pressure drop across the hydroclone, an energy expensive requirement.

Chemical Filters

Chemical filters are used primarily for removal of dissolved materials or very fine
particulates. Typical thesefilters rely on chemical reactions to adsorb materials from the
water, e.g. carbon adsorption and foam fractionation. The second attraction is electrical,
with one compound (the one be removed from the water) having a greater binding ability
than a species already bound to the substrate, e.g. ion exchange.

Adsor ption: There are many materials that can be used as an adsorption matrix including
activitated carbon, compost, wood bark and other materials. Activitated carbon is most
widely used because it has a very high surface area per unit volume (sometimes as high as
1to 2.5 x10 °* m? /kg) (EPA, 1973). Activitated carbon will also adsorb awide variety of
chemicalsonitssurface. Aquacultural use of carbon adsorptionislimited to usesrequiring
crystal clear water or in emergenciesfor absorbing certain chemicalsthat accidently got into
the aguaculture system. Cost, labor requirements, rapid plugging, and disposal of used
carbon are afew of thereasons it is not widely used in aquaculture.

Foam Fractionation: Foam fractionation depends on adsorption of dissolved and very fine
particulates onto bubble surfaces. A simple foam fractionator issimply an air stonein the
bottom of a vertical pipe. As bubbles from the air stone rise through the pipe they collect
dissolved materials from the bulk liquid onto their surfaces. Because of the chemistry, the
pollutant concentrates on the bubble surfaces in excess of the concentration it isfound in
thebulk liquid. When the bubblesreach the surface the bubbles are removed and the excess
concentration is removed with it. Foam fractionation is widely used in aquaculture. Itis
simple, inexpensive, and isone of the few ways of removing dissolved pollutants from fish
culture water. Additional theoretical discussion of foam fractionation can be found in
Wheaton (1977) and Timmons (1994).

|lon Exchange: lon exchangeisamethod of removing dissolved materials from the water.
Typically it consists of a packed bed of ion exchange media, typically small spheres of
material 1 to 2 mm in diameter. The ion exchange has an electrical charge on its surface
caused by the adherence of charged particles. Aswater movesthrough the packed bed, ions
in the water are exchanged for ions that are attached to the media. The most familiar ion
exchange system is the softening of water where sodium is bound onto the ion exchange
media. Water containing calcium flowsover the mediaand the surface of the media attracts
the calcium more strongly than the sodium. Thus, the media gives up sodium and adsorbs
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calcium. Thesystemsisrecharged by running avery high concentration of sodium through
thefilter. Because the sodium concentration isvery high, it displaces the calcium with the
sodium, thereby recharging the ion exchange media. The characteristic of ion exchangeis
that it adsorbs one or more ions and it gives off one or moreions. There is always a net
charge of zero exchanged. If calcium isreleased (valence of 2), two sodium are adsorbed
(each with avalenceof one). Thus, the net charge on theion exchange medium remainsthe
same. Whether or not theion released istoxic must be considered. It is also obvious that
theion exchange mediahasa certain capacity, i.e amount of ion it will adsorb per unit mass
of media before it must be recharged. The water used to recharge the ion exchange media
may or may not be caustic, acidic or have some other characteristic that makes disposal of
it difficult.

lon exchange medium may be a natural product (e.g. Clinoloptile) or aman made material.
It can be manufactured to selectively adsorb specific ions, eg. ammonia. Ammonia
adsorption is probably the most common use of ion exchange in aguacultural systems.
Becauseit is an ion exchange system and salt water has very high ion concentrations, ion
exchangewill not work in salt or most brackish water systems. It works well in fresh water
systems, but thereis concern about the cost asion exchangemediaisquiteexpensive. There
are many variables that effect the efficiency or removal of specific ions by ion exchange
media. Thus, the design of these systems is often somewhat specific to the waste water
characteristics.

Biological Filters

There aremany types of biological filters (or biofilters) used in aquaculture and wastewater
treatment systems. Conversion of ammoniato nitriteand thento nitrateis probably the most
common biofilter used in aquaculture. However, there are biofilters used for removal of
BOD (Biochemica Oxygen Demand), nitrate (an anaerobic system), and other uses. Here
the focus will be on biofilters that remove ammonia and convert it to nitrite and then to
nitrate  Ammoniaistoxic to fish in therange of 1 ppm (part per million), nitriteistoxicin
the 1to 2 ppm range whilefish can often tolerate over 1000 ppm of nitrate. Toxic levels of
these three nitrogen compounds depend on temperature, pH, fish health, ion concentration
in the water, and other factors. However, the point here is ammonia and nitrite are much
more toxic at the same concentrations than is nitrate.

Ammonia is produced in aguacultural systems by direct excretion from the fish and by
breakdown of organic compoundsby heterotrophic bacteriaasthefirst inorganic compound
produced Viathe nitrogen cycle, ammoniais then oxidized to nitrite (NO, ) by several
bacterial species, the most commonly known genus of which is Nitrosomonas. Nitriteis
then further oxidized by several groups of bacteria, the most widely known of which is
Nitrobacter, to nitrate (NO,). Therate at which the conversion of ammoniato nitrate takes
place is dependent on nitrogen concentration in the water, the oxygen concentration, the
organic concentration in the water in thefilter, temperature, and other variables. How big
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abiofilter you must have on therecirculating systems depends on these same variables plus
others such as the completeness of cover of the fixed media by nitrifying bacteria, the
surface area of thefilter per unit volume, and others. Although anyone can build abiofilter,
designing an efficient one is a rather difficult job and is one best left to expertsin filter
design.

Biological filters comein avariety of physical configurations. The oldest types are fixed
bed designs with the water flowing from the top to the bottom (downflow) or from the
bottom upward (upflow). The bed can be most any material that is not toxic to the fish or
the bacteria (e.g. oyster shells, sand, rocks, mesh material, etc.). It isdesirable to have a
high surface area per unit volume asthisleadsto smaller filtersfor the same job. However,
smaller diameter filter media, through it has a high surface area to volume ratio, easier to
plug and it has to be back washed more often.

Bead Biofilters: Bead filters were described above under solidsfilters. Exactly the same
filter can also be used asabiofilter. The plastic mediamust be treated slightly more gently
during backwash so all of the bacteria are not removed from the beads but otherwise the
filtersarethe same. Bacteriagrow in the plastic beadsin thefilter and use ammoniaand/or
nitriteasafood source and thereby removeit from thewater. Thesefiltersare quite efficient
asthey have ahigh surface areato volumeratio, but the beads are not so small that they plug
excessively. Thesefilters are commercialy availablein a variety of sizes and designs.

Fluidized Sand Biofilters. Fuidized sand filters are widely used in aquacultural
applicationsfor biofiltration becausethey haveavery high surfaceareato volumeratio, and
henceproduceardatively small footprint for theammoniaremoval they achieve. Essentially
afluidized sandfilter isatank about half full of washed, graded sand. Water ispumped into
the bottom of the tank at an increasing velocity. At some flow rate the sand beginsto boil
and it becomes fluidized. Fluidizing the sand makes all surfaces of the sand particles
availablefor bacteriato grow on. Becausethe surfaceareato volumeishigh, fluidized sand
filters are take up arelatively small space for the ammonia removal rate they can produce.
They are reliable if operated properly, relatively inexpensive, and if properly designed,
relatively easy to operate.

Other Biofilter Designs: There are hundreds of configurations for biofilters. Each has
their advantages and disadvantages. |deally agood biofilter will not plug or will haveto be
back washed only infrequently, it will be reliable (will not break down or the bacteria will
not die off for no apparent reason), it isinexpensiveto install and operate and it takes up as
little floor space a possible. It must remove the ammonia and nitrite down to acceptable
levels and keep them there as soon as it is broken in.
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Summary

Fish produce waste, waste pollutes the culture water, which in turn requires filter systems
to remove the pollutants prior to recirculating the water. Waste production is afunction of
the feed fed, and the more feed fed the greater amount of waste must be removed whether
or not thefish consumethefeed. Thereare many types of filtersavailableto remove wastes
from fish culture systems. The most common filters employed include particulate
(mechanical) filters, chemical filters, and/or biological filters. The types of filters used
depends on the culture systems, owner’ s preferences, loading rates, fish species, and other
variables.
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