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ABSTRACT

Over the past decade, the environmental impact of wastes discharged from high-density flow-through

fish-production systems has been viewed with increasing concern.  Recirculating aquaculture systems are

gaining wider acceptance because of their ability to reduce waste discharges, improve quality control,

and reduce costs.  The crucial processes that must be addressed in treating recirculating water are solids

capture, biofiltration, aeration, degasification, and ion balance.  One of the greatest potentials for cost

reduction rests with the development of designs that integrate two or more of these processes. 

Expandable granular biofilters (EGBs) integrate solids capture and biofiltration in a single unit process,

potentially reducing the cost of treatment.  Backwash frequency, a major operational parameter,

influences the rate of nitrification and the volume of sludge produced.  Computer and mass balance

models allow the relationship between solids retention time, sludge production, and nitrification rates to

be examined.  While infrequent backflushing decreases water loss and sludge production, nitrification

rates decline for extended solids retention times.  Declining nitrification rates reflect ammonification of

the accreting solids mass and a decrease in the availability of oxygen due to heterotrophic competition

and increased mass-transfer resistance.  Nitrification appears to be optimized with solids retention times

in the range of 2-3 days, for filters utilized as the primary solids capture device. Studies indicate that

biofiltration can be optimized in the presence of solids capture, by manipulating the backwash regime. 

This paper focuses on the primary in-filter stabilization and the post-discharge, predisposal digestion of

aquacultural solids.  However, because in-filter stabilization of solids is accomplished concomitantly

with nitrification in EGBs, the interplay of these two processes are considered.
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INTRODUCTION

High density recirculating aquaculture systems (RASs) allow for systematic optimization of the

environmental variables that control the quality and cost of producing the targeted aquatic species.  Fish

culturists in the United States are adopting RASs to enhance the production of highly valued products

including tropical fish, ornamental goldfish, and soft crabs.  Researchers have been working towards

improving the efficiency of recirculating components through integration, so that recirculating systems can

successfully compete in the production of even moderate or commodity priced products.  As waste

discharges from flow-through systems have become the subject of increasing scrutiny by government

regulatory agencies, in response to societal values, RASs are increasingly seen as a potentially effective

means of minimizing the impact of a production unit on water and environmental resources.

The five processes required to recondition water in a recirculating system are solids capture,

biofiltration, aeration, degasification, and ion balance.  Solids capture is the removal of feces, uneaten food,

and suspended bacteria.  Solids capture can be performed by settling tanks, microscreens, or granular

filters.  Biofiltration is the conversion of dissolved organics and toxic nitrogenous compounds to bacterial

biomass.  Several common biofilters are rotating biological contactors (RBCs), trickling filters, fluidized

beds, and granular beds.  Aeration is often provided by blowers and air stones,  and it must be sufficient to

meet the respiration demands of the culture species and the bacteria in the biofilter.  Degasification is the

removal of carbon dioxide that results from respiration in the system.  Degasification can be achieved

concomitantly with aeration by sparging a sufficient volume through air stones, or it can be performed

separately in a packed column.  Ion balance is necessary to correct potentially harmful chemical imbalances

in systems where the water exchange rate is very low.  Ion balance may be achieved by increasing the water

exchange rate, addition of chemicals, or denitrification for nitrate removal.  Each of these crucial processes

must be addressed, to provide minimally acceptable water quality for the culture species.

System efficiency can be increased by the addition of optional processes: foam fractionation,

ozonation, UV disinfecting, and denitrification.  Foam fractionation removes organics that are not easily

oxidized by bacteria, which helps control fine solids (<10 microns).  A foam fractionator is simply a tube

containing air stones, where fine particles form foam at the air-water interface for removal at the surface. 

Ozone is an effective oxidant used to remove refractory organic material, which contributes to color

problems, and bacteria.  Ultraviolet (UV) light can be used to control many forms of bacteria, algae, and

some viruses, reducing disease outbreaks.  Denitrification addresses ion imbalance created by the

nitrification process, removing excess nitrate and replenishing alkalinity.  These processes, although

usually considered optional, may become mandatory if stocking density is very high, the water reuse period

is extended, or endemic disease becomes a problem.
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EXPANDABLE GRANULAR BIOFILTERS

Solids capture and biofiltration are normally performed as sequential unit operations in RASs.  For

example, a settling basin followed by a rotating biological contactor is a widely-used configuration (Libey,

1991; Van Gorder, 1991).  An EGB performs both processes in a single operation.  Early EGB

configurations, such as the upflow sand filter (Burden, 1988; Malone and Burden, 1988) were limited in

TAN conversion and solids capture by the fluidization characteristics of the sand.  These limitations were

overcome in EGBs through the use of low-density floating plastic beads.  Bead filters exhibit superior

oxygen transport and are more easily cleaned than sand filters.  Filtration of suspended solids (TSS) is

accomplished by settling, straining and interception within the granular bead matrix,  and the bead bed

operates simultaneously as a fixed film bioreactor.  Periodic washing removes excess heterotrophic bacteria

and highly-organic solids, which accumulate in the interstitial spaces between the beads. Backwashing

mitigates solids ammonification and occlusion of the filter bed, so it is the primary means of optimizing

filter performance.

The benefit of this filtration approach stems from the extremely low water loss associated with

solids removal, and the large specific surface area (1100 m2
/m

3
) provided for the growth of bacteria.  Low

density polyethylene beads (3-5 mm in diameter) are employed as a filter media in an upflow pressurized

configuration.  The beads are less dense than water, float above the injection line, and are retained in the

filter by an overlying stainless steel screen.  A propeller, embedded in the filter media, is activated for

periodic cleaning.  The filtration bed is underlain by a cone shaped settling chamber,  and as shown in

figure 1, the filter has four operational modes. 

During a typical filter operation (Step 1), nitrifiers--which convert toxic ammonia and nitrite to

stable nitrate--and heterotrophic bacteria--which remove biochemical oxygen demand (BOD)--become

attached to the filter media (Colt and Armstrong, 1981).  Heterotrophic bacteria, which grow more rapidly,

soon fill the pore spaces between the beads.  As solids and bacterial biomass accumulate, solids

ammonification increases and  the transfer of oxygen and nutrients to the bacteria in the filter is impeded. 

Triggered by a timer, pressure sensor or computerized control unit, the propeller driven backwash sequence

is implemented, homogenizing the bed into the underlying settling chamber (Step 2).  When the propellers

are turned off, the beads float upward reforming the filtration bed, while the accumulated solids and the

bulk of the heterotrophic bacteria become concentrated in the bottom of the settling chamber (Step 3). 

While a large part of the solids accumulating in the settling cone consist of bacterial biomass that are

grown in the intervening filtration cycle, a portion of the nitrifying and heterotrophic bacteria remain

attached to the beads.  After backwashing, the solids are allowed to compress, forming a concentrated

sludge that can be removed with only minimal water loss (Step 4).  Since water loss is negligible, the solids

can be harvested frequently,  and little of the particulate BOD from solids excretion is expressed in the

system.  Thus, the bead filter is capable of mitigating extremely high waste loadings.
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Step 1: Filtration

Step3: Settling

Step 2: Backwashing

Step 4: Solids Removal

Figure 1. The four operational modes of an EGB.
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Bead filters compare quite favorably to trickling filters and RBCs, which are clearly effective

biofiltration units (table 1).  However, trickling filters and RBCs must maintain high porosity to avoid

biofouling, which limits their specific surface and thereby their volumetric conversion capacity.  On the

other hand, fluidized beds display superior volumetric nitrification rates, but they must be used in

conjunction with a solids capture device.  Use of a bead filter for nitrification, in lieu of a fluidized bed, is

predicated on the assumption that integrated treatment is more cost effective.  That is, a bead filter sized for

nitrification will be less costly than a properly sized solids capture device and a fluidized bed.

Filter Type Aerial TAN Conversion

(g/m
2
-day)

Specific Surface Area

(m
2
/m

3
)

Volumetric TAN

Conversion (g/m
3
-day)

Reference

RBC 0.280 150 41 Mississippi Power and

Light demonstration

facility, Greenville,

Mississippi (1991)

Upflow Sand 0.064 2350 152 Commercial soft-crayfish

facility (Burden, 1988)

Hydraulically-

Washed EGB
0.231 1230 286 Experimental scale catfish

system (Wimberly, 1990)

Mechanically-

Washed EGB
0.291 1050 308 Mississippi Power and

Light demonstration

facility, Greenville,

Mississippi (1991)

Fluidized Bed 0.284 2350 633 Experimental scale

chemically fed

(Thomasson, 1991)

Table 1. A comparison of the TAN conversion rates of common biofilter types.

SLUDGE PRODUCTION

All the sludge generated from a recirculating aquacultural system can be equated to the feed. 

Assuming a typical feed conversion ratio of 1-2 lbs feed/lb fish, and neglecting the impact of uneaten food,

80% of the feed (on a dry mass basis) put into an aquacultural system will eventually be wasted as fish

excretion products (Hopkins and Manci, 1989).  Sludge volume is a major factor in designing a waste

treatment system for effluents.  Sludge volume generated from a recirculating system is controlled by the

amount of solids produced (measured as kilograms of dry weight solids) and the degree to which the solids

are concentrated in the effluent stream.  Total sludge production from a recirculating system can be

estimated by considering direct fish excretion, solids breakdown, and biofloc production from soluble BOD

excretion.  The concentration is controlled by the solids removal technique employed to capture solids from

the recycled stream.  Solids production can be quantified through a mass balance that considers the major

solids fluxes:

d

dt
M F M E E Y k M S H M

S O S B H S S V S S
( ) ( )= + − − (1)
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Where: MS is the mass of solids in the filter bed (mass);

MO is the mass of cultured species (mass);

ES is the solids excretion ratio (mass TSS/mass-feed);

EB is the dissolved BOD5 excretion ratio (mass BOD5/mass-feed);

YH is the heterotrophic yield per mass of BOD5 consumed (mass VSS/mass-BOD5);

kS is the solids decay rate (d
-1
);

SV is the volatile solids fraction (unitless);and

HS = hf fb (2)

Where: HS is the solids harvest rate (d
-1);

hf is the solids harvest fraction (unitless); and

fb is the backwash frequency (d
-1
).

The direct solids excretion ratio (ES) has been observed as 0.40 (Speece, 1973) to 0.52 kg/kg-feed

(Liao and Mayo, 1974) for trout and 0.43 kg/kg-feed for catfish (Wimberly, 1990).  Other reported TSS

excretion rates for catfish ranged from 0.18 to 0.69 kg/kg-feed (Page and Andrews, 1974; Gordon, 1974,

Ruane et al., 1977).  Solids excretion rates clearly vary with species, temperature, and feeding rates. 

However, values of ES in the range of 0.3 to 0.5 are common.

The soluble BOD5 excretion rate can also be expressed as a fraction of the feeding rate.  Based

upon a study of channel catfish, Murphy and Lipper (1970) reported the soluble BOD5 as 58% of the total

BOD5 excreted; whereas, BOD5 in particulate matter was 42%.  Wimberly (1990) found that soluble BOD5

excretion ratio was 0.05 kg BOD5/kg feed,  or about 23% of the total BOD5 excreted.

The first-order solids-decay rate at 20°C has been reported as varying from 0.124 SRT
-0.594

 (Ning

1995) to 0.278 SRT
-0.518

 (Wang 1995).  The volatile fraction of catfish excretions has been reported as

about 0.9 by Wimberly (1990) and as about 0.7 for Kemp’s Ridley sea turtles (Malone & Guarisco 1988),

red swamp crawfish (Cange 1987), and blue crabs (Burden 1988).

The solids production from biofiltration depends on the growth of bacterial biomass during the

breakdown of dissolved organics (BOD5) and nitrification.  Considering ammonia nitrogen excretion rates

of 1.8 to 4.6% of the feeding rate (Page and Andrews, 1974; Gordon, 1974; Ruane et al., 1977; Wimberly,

1990) and the stoichiometry of nitrification cited by Wheaton (1977), biomass production due to

nitrification is negligible at 0.3% to 0.9% of the feeding rate.  The biomass production due to dissolved

BOD5 consumption, on the other hand, is more significant.  For example, if the soluble BOD5 excretion is

0.05 kg BOD5/kg feed, as reported by Wimberly (1990), biofloc production will be about 6% of the feed

rate.



W. J. Golz, et al. / Reducing the Environmental Impact of High-Density Fish Production 7

HS can be related to the solids retention time (SRT) by:

SRT = 1/HS (3)

The solids harvest rate for a given bead filter can be determined by washing the filter repeatedly

and estimating the harvest fraction.  By this method, SRT can be estimated for a variety of backwashing

sequences.  With a backwash frequency of once per day, propeller-washed bead filters with a harvest

fraction of 0.57 display a HS of 0.57 and a SRT of about 1.75 d.

The sludge production constant Sp (kg/day) from the system is defined as:

Sp = HS x MS (4)

The concentration of the sludge stream (SC, kg/m
3
) is determined by the efficiency of the sludge

separation process and the amount of flushing or wash down water (QS, m
3
/day) required for the sludge

removal.

SC = Sp /QS (5)

Calibration of Equations 1 through 5 against a computer model resulted in kS = 0.065 d
-1
 for a SRT

of 3 days.  Because aquaculture sludge is partially digested in the filter, kS values for sludge with a high

SRT are usually lower than those observed for municipal waste (0.48 SRT
-0.415

 , Rich 1982).

Equations 1 through 5 can be used to estimate sludge production from a proposed recirculating

configuration.  Assuming a feeding rate of 2% of body weight per day, table 2 illustrates that recirculating

aquacultural systems for catfish or trout generate sludge volumes comparable to other commercially raised

animals on a live weight basis.

Animal BOD (kg) TSS (kg) TKN (kg) Sludge Vol. (kg) Reference

Fish 1.13 3.90-6.30 0.20-2.32 65-630 Chen (1993)

Beef Cattle 1.60 9.50 0.32 30 Middlebrooks, et al.

1982; Overcash et al.

1983a

Dairy Cows 1.40 7.90 0.51 51 “

Poultry 3.40 14.00 0.74 37.00 “

Swine 3.10 8.9 0.51 76.00 “

Table 2. A comparison of the waste generation rates of various commercial animals.
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DISCUSSION

Direct discharge of untreated aquacultural solids to receiving streams, e.g. in flow-through

systems, can cause a variety of problems including oxygen depletion, nutrient enrichment, loss of water

clarity, and destruction of benthic communities by the formation of sludge deposits.  However, in

recirculating systems, water discharge rates are negligible, e.g.. 5-10% per day, and effluent streams can be

clarified, separating and concentrating settleable solids prior to discharge.  Although the sludge itself must

be disposed of through land application or landfilling, the material has been partially oxidized by biofilter

bacteria.  The two issues most important to successful aquacultural solids management are (1)

understanding the impact that primary in-filter solids stabilization has on other critical system functions

and (2) selecting the most appropriate post-discharge treatment option.

As can be seen in equation 4, the mass of sludge produced from a recirculating system (Sp) is the

product of the solids content of the system (MS) and the sludge harvest rate (HS).  However, HS and SRT

are inversely related through equation 3.  Decreasing HS tends to decrease sludge production as the amount

of solids decay increases with SRT, but solids ammonification and mass-transfer constraints also increase

with SRT, causing apparent nitrification to decline.  Chen et al. (1993) applied equations 1 through 3 to a

model of a hypothetical finfish system of a 1000 kilogram capacity.  Utilizing constant values for ES=0.4,

EB=0.05, YH=0.4, and kS=0.36, a reduction of about 50% in discharged sludge mass was achievable by

manipulating the bead filter backwash frequency.  However, the corresponding increase in sludge mass held

in the system ultimately increases aeration and degasification burdens on the recirculating system and

causes the apparent nitrification rate to decline.  This phenomenon constrains efforts to manipulate SRT for

purposes of sludge volume reduction.  Naturally, the SRT-nitrification relationship will define the optimum

sludge reduction,  and the backwash frequency should be manipulated to optimize nitrification.

Sludge management policies should focus on increasing SC (Equation 5), since the concentration of

solids varies dramatically with the type and management of the solids control device employed in the

recirculating loop (table 3).

Source Sludge TSS Concentration Reference

Upflow Sand Filter 0.005-0.015% Malone & Burden 1988

Sand Filtration 0.01-0.02% Metcalf & Eddy 1979

EGB 0.05-0.5% Chen et al. 1993

Primary Sedimentation 1-6% Kugleman & Van Gorder 1991; Chen et

al. 1993

Table 3. A comparison of sludge TSS concentrations from several sources.
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Additionally, the sizing criteria and cost of the stabilization and disposal options depend upon the volume

of sludge produced.  If the solids capture device in the production system is not capable of concentrating

the solids, then an external clarifier should be used to achieve the desired sludge density.  Consideration

should be given to partitioning sludge stabilization between internal and post-discharge treatment

processes.  Integrated design allows for overall minimization of treatment costs, reduction of the potential

for adverse environmental impact, and enhanced RAS efficiency.

Bead filters are designed with internal settling cones, to facilitate single stage sludge concentration

(figure 1).  Additionally, the sludge retention time can be controlled by the frequency, duration, and vigor

of the backwash.  Higher sludge retention times (2-5 days) tend to encourage the biodegradation of solids

concomitant with enhanced nitrification rates and decreased water losses.  Increasing settling times

following the backwash sequence is another means of significantly increasing sludge density.  These factors

are important in the context of their linkage with an external sludge treatment processes.

High nitrogen contents (4-6%), phosphorus levels of about 2% and the absence of contaminants,

such as heavy metals, make aquacultural sludge attractive as a fertilizer (Mudrak, 1981; Willett and

Jakobsen, 1986; Olson, 1991).  Direct land application has proven feasible in areas with dry climates

where the high moisture content of the sludge is considered beneficial.  In wet climates, additional

stabilization of sludge may be required to avoid odor and runoff problems.  Table 4 lists some of the more

common methods for digesting sludge, along with some of their important advantages and disadvantages.

Method Advantages Disadvantages

Anaerobic Lagoon High organic loading capacity

Low maintenance

Odor

Aerated lagoon High organic loading capacity

Low area requirement

Large energy consumption

Moderate maintenance

Composting Useful end product Dewatering required

Moderate capital expense

Anaerobic Digestor High organic loading capacity

Methane generation

Complicated management

High maintenance

Table 3. A comparison of sludge stabilization options.

Although anaerobic lagoons are inexpensive and easy to operate, they are seldom suited for any but the

most remote locations because of their nefarious odor.  Aerated lagoons have an organic loading capacity

similar to anaerobic lagoons with no offensive odor,  but aeration equipment is initially expensive with

continuing operations and maintenance costs.  Composting yields soil conditioner, which is a commercially

valuable end product.  However, composting requires mechanical dewatering prior to stacking in static

piles or windrows,  and static piles must be aerated while windrows require periodic mixing.  Anaerobic

digestors are very popular for stabilizing sludge from municipal waste treatment plants,  but they are

expensive and their management requires specialized knowledge of their microbiology.
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SUMMARY

Recirculating aquaculture systems provide better quality control and can mitigate the negative

environmental impact caused by the continuous discharge of organic solids from large-scale aquaculture

production systems.  An integrated approach to solids treatment permits the synergy between processes to

reduce costs.  Manipulation of bead filter backwashing characteristics can result in a substantial reduction

in sludge mass discharged through biodegradation, without adversely affecting nitrification.  Dilute sludge

produced by backwashing or wash down operations can be concentrated by internal settling or by external

clarification processes prior to stabilization and disposal.  Aerobic and anaerobic processes with extensive

track records are available to reduce the easily biodegradable portion of discharged sludge, minimizing the

volume of sludge for final disposal.  As a final disposal option, land application appears most feasible for

rural areas, whereas landfilling may be most appropriate for urban areas.

In this paper, we have focused on solids discharge, because it presents the greatest threat of

environmental degradation, particularly oxygen depletion and destruction of crucial benthic communities. 

However, the discharge of nutrients, i.e. nitrate and phosphorous, can cause eutrophication of the receiving

water.  The major problem associated with nutrient enrichment is an algal bloom, providing the basis for an

oxygen crash when water quality or environmental conditions change.  Nitrate removal can be

accomplished by denitrification within or external to the RAS.  If denitrification is provided within the

RAS, some of the alkalinity lost in the nitrification process will be replenished.  Because phosphorous

removal methods are expensive, the reformulation of aquatic feeds to increase metabolically available

phosphorous is the most promising means of reducing the phosphate discharge.
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