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Chapter 1. Introduction 

1. Background 

 From 1990 to 1997, the consumption of seafood increased faster than the world 

population, increasing from 71.1 to 93.8 million tons (United Nations, 1999; FOA, 1997).  

This rate of consumption was supported by record fisheries production in 1996 and 1997 

with seafood harvest totals of 115.9 and 121 million tons, respectively (FAO, 1997).  In 

spite of these harvests, 73% of the world’s most productive natural fisheries have 

experienced steady declines since the 1970s and the world population continued to 

increase at an annual rate of 1.31% (United Nations, 1999).  The obvious short fall in 

natural fisheries supplies has facilitated the rapid expansion in aquaculture products, 

which include fish, crustaceans, and mollusks. With current trends in the expanding 

world population, decreasing natural harvests, and increasing per capita consumption of 

seafood, continued growth in the aquaculture industry is projected. 

1.1 Production systems 

 Aquaculture products are defined as those aquatic organisms (plant and animal) 

cultured under controlled or semi-controlled environmental conditions.  Environmental 

controls in aquaculture range from no-control (experienced in ocean net pen culture 

and/or sea ranching) to moderate control (experienced in pond and raceway cultures), to 

complete environmental control (obtained in recirculating system culture). 

 Pond and cage culture are the predominant methods of aquaculture production for 

several reasons including the relatively low energy requirements and the ease of 

construction as the majority of aquaculture takes place in areas that are currently 

considered to be underdeveloped.  In the United States, pond and raceway culture 
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techniques are the primary systems used and are most often employed in the southeastern 

and northwestern regions of the United States, respectively.  The continual increasing gap 

between natural fishery harvests and consumer demand has facilitated a rapid expansion 

in the aquaculture industry, which has averaged 9.4% growth per year on a dollar basis as 

compared to 3.1% for terrestrial livestock (Dudley-Cash, 1998).  However, this current 

rate of industry expansion could be tempered by the influx of cheaper seafood products 

from foreign countries and public concern over the environmental impact of these 

systems as they expanded to meet the increasing demand. 

 The environmental impacts of primary concern are eutrophication of natural bodies 

of water that receive aquaculture effluents and the depletion of groundwater.  As a result, 

groundwater withdrawal permits and effluent quality discharge standards have become 

increasingly more stringent.  In fact, the Unite States Environmental Protection Agency is 

schedule to submit proposed aquaculture effluent guidelines in June of 2002 and final 

recommendations in 2004.  While no federal regulations exist governing water 

withdrawal, some aquaculture facilities have encountered local restrictions, particularly 

during years when water tables drop significantly due to insufficient recharge from rain 

events.  As the aquaculture industry seeks to minimize environmental deterioration 

directly related to production expansion, recirculating system technology appears to be a 

promising solution. 

1.1.1 Recirculating aquaculture systems 

 Recirculating systems (more commonly referred to as recirculating aquaculture 

systems, RAS) have the distinct advantage of minimizing the volume of water used per 

unit of fish biomass produced.  Additionally, RAS facilities can discharge directly to 
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municipal wastewater treatment systems while pond and raceway facilities cannot.  In 

RAS facilities, water conservation strategies are employed that allow for continuous 

recirculation of culture water while minimizing the volume of water exchange to removal 

settled solids and replace evaporative losses. 

1.1.2 RAS filtration 

 Environmental quality in a RAS is maintained by passing the water through 

treatment processes that convert and/or remove dissolved and suspended constituents 

known to inhibit fish growth.  The primary unit processes used in RASs include 

biofiltration, solids removal, and re-oxygenation (Lucchetti and Gray, 1988). 

 The most important unit process is re-oxygenation.  In most recirculating systems, 

oxygen becomes the first limiting factor.  In order to exert complete environmental 

control, fish are cultured at densities that range from 60 to 120 kg of biomass per m3 of 

water in the system to minimize the volume of water that must be treated.  These high 

densities rapidly deplete the oxygen content of the water, and therefore must be 

replenished at a rate equal to or greater than the consumption rate.  Several types of 

aeration systems are used to maintain sufficient dissolved oxygen concentrations (> 3 

mg/L) sustain basal metabolic demand in the rearing tanks.  

 The most toxic dissolved waste constituent is ammonia, which is a by -product of 

protein metabolism.  Once in the water, a dynamic equilibrium between the ionized  

(NH4
+) and un-ionized (NH3) forms exists.  Between the two forms, the un-ionized form 

is the most toxic, and its proportion of the total ammonia present depends on the pH and 

(to a lesser degree) the water temperature (Emmerson et al., 1975).  Ammonia is 

detoxified by the biologically mediated transformation called nitrification.  During 
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nitrification, chemolithoautotrophic bacteria oxidize ammonum to nitrate (NO3
-), which 

is relatively non-toxic at concentrations approaching 100 mg/L as nitrogen.  As part of 

the nitrification process, the intermediate nitrogen species nitrite (NO2
-) is formed, and 

can be toxic at various concentrations depending on the fish species being cultured.  

Typically, this is only a concern during the start-up of a nitrifying filter when NO2
- may 

accumulate temporarily until sufficient nitrite oxidizing bacterial colonies are established.  

Generally, fish culture systems maintain NO2
--N below 1 mg/L.   The mass-based 

stoichiometric equation for nitrification is (Grady et al., 1999): 

 
 

(1) 
 

 Suspended solids found within the culture system consist of feed particles and 

feces.  These solids are of concern because they abrade gill tissue (the primary site of gas 

exchange), thereby reducing oxygen transfer capacity and/or creating sites for 

opportunistic pathogen infection.  Mechanical filtration in the form of micro-screens or 

gravitation settling can be used to remove a portion of the suspended solids (Lawson, 

1995). 

 Additional water treatment strategies like advanced oxidation processes (AOP) and 

supplemental gas exchange are used to enhance the quality of the culture water.  With 

biofiltration primary focused on nitrogen transformation, dissolved organic compounds 
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AOPs such as hydrogen peroxide (H2O2), potassium permanganate (KMnO4), or ozone 

(O3) into their water quality management strategies.  Research has shown that the 

application of O3 not only improves water clarity and improves DOC removal, but also 

facilitates micro-flocculation of fine particulates (< 30µm), which tends to increase 

suspended solids removal efficiency (Chen et al., 1993; Rueter and Johnson, 1995).  A 

final unit process that is often included in a recirculating system is gas stripping.  This 

process removes carbon dioxide (CO2), which is introduced into the culture water by fish 

respiration.  If not removed, CO2 concentrations accumulate to levels that anesthetize fish 

before becoming lethal (Summerfelt et al., 2000). 

 The unit processes employed in recirculating systems have operated in both parallel 

and series treatment flows (Figure 1.1).  However, the serial process flow configuration is 

more commonly used than the parallel configuration.  With the parallel configuration, a 

pump is required to deliver the water to the treatment process, whereas with the serial 

configuration, unit operations and hydraulics can be design to reduce the number of 

pumps required to deliver the water.  Regardless of the configuration and/or devices used 

to achieve filtration, water quality in RASs decreases over time in direct proportion to the 

amount of feed delivered (Hirayama, 1970) and inverse proportion to the amount of water 

exchanged (Liao and Mayo, 1972).  Thus, a balance must be obtained between the desire 

to increase fish production per unit volume of water and the need to maintain some 

minimum level of water quality without having to exchange large volumes of water.  As a 

result, RAS facilities generate waste streams laden with the high nutrient and solids 

levels. 
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Figure 1.1.  RAS schematics depicting typical serial (A) and parallel (B) configurations.  
Water treatment devices placed in the most common order unit process order.  The sizes 
of the processes boxes should infer relative size comparison.  BF – biofiltration, RO – re-
oxygenation, P – pump, SR - solids removal.
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1.2 Waste stream treatment 

 Environmental and economic concerns have focused the aquaculture industry’s 

attention on waste stream treatment.  Since the early 1990s, the industry has recognized 

the potential damage from excess solids loading receiving streams and facilities have 

installed devices and/or implemented management practices to reduce the mass of solids 

entering streams.  However, dissolved nutrients (nitrogen and phosphorous for marine 

and freshwater receiving bodies, respectively) have been largely overlooked.  Thus, much 

of the industry is anxious over the pending EPA discharge regulations. 

 As for RAS facilities discharging to POTWs, the impetus for wastewater treatment 

has largely been economic.  Even though the volume of water discharged per unit volume 

of fish cultured is reduced, significant volumes of wastewater can still be generated.  As 

an example, Blue Ridge Aquaculture (BRA, located in Martinsville, Virginia) raises more 

than 997 metric tons (2.2 x 106 lbs) of tilapia annually.  This production level requires a 

daily exchange of 10 to 50% of the total volume of water for the facility’s various culture 

systems, resulting in a daily discharge of more than 1900 m3 (5 x 105 gal) of water.  In 

addition to carrying waste products to final disposal, the effluent carries heat energy.  

Tilapia are a warm water fish species that thrives at temperatures between 27 and 30 oC 

and the incoming water must be heated to maintain appropriate water temperatures for 

acceptable fish growth.  BRA utilizes groundwater and municipal water, which have 

annual temperatures range between 14 and 17 oC.  Thus, a significant amount of energy 

must be imparted into the water to achieve optimum growing temperatures (25 to 28 oC).  

It can be easily seen that the discharge of each unit volume of water incurs the expenses 

associated with treatment, disposal, and heating.  For industrial-scale facilities like BRA, 
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there could be a tremendous economic benefit to treating the waste stream and reusing it 

in daily facility operations. 

 Any strategy employed to reclaim an aquaculture waste stream for reuse in fish 

culture must be robust enough to produce effluent of high quality effluent so that fish 

growth will not be inhibited.  Given the extremely concentrated nature of the discharge 

(Table 1.1), implementation of effective treatment strategies present an interesting 

challenge.  Efforts to develop effective strategies for reclamating aquaculture effluent 

streams have focused primarily on suspended solids.  Suspended solids removal can be 

easily incorporated using devices similar to those installed in the culture system.  

However, reusing this effluent stream will require treatment for complete nitrogen 

removal as well.  Nitrate accumulation in the culture system is indirectly moderated by 

routine water exchanges and typically remains at levels that appear to be non-growth 

inhibiting.  Work conducted by Hrubec et al. (1996) revealed that nitrate concentrations 

approaching 200 mg/L (a level believed to safe) compromised the immune system of 

hybrid striped bass.  Recent work with tilapia has demonstrated that extended exposure to 

nitrate concentrations greater than 100 mg/L as nitrogen elicited similar physiological 

effects (Terri Hrubec, personal communication).  Thus, reusing a waste stream void of 

suspended solids but containing nitrate may result in growth inhibiting conditions as 

concentrations accumulate. 
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Table 1.1.  Selected water quality characteristics observed for a waste stream generated 
from a pilot-scale RAS rearing hybrid striped bass. Adopted from Table 4 of Easter 1992. 

Parameter Average 
(mg/L) Waste strength rating1 

Total ammonia 
nitrogen as nitrogen 0.80  Weak 

Nitrite as nitrogen 0.52 Strong 

Nitrate as nitrogen2 170 Strong 

Total suspended solids 371 Strong 

Volatile suspended 
solids 277 Strong 

Total chemical oxygen 
demand 320 Weak to moderate 

1. Criteria obtained from Metcalf and Eddy (1991) for domestic waste. 
2. Value represents the maximum concentration measured. 
 

 

1.2.1 Denitrification 

 Biological removal of nitrate is accomplished by facultative or strictly anaerobic 

heterotrophic bacteria, which reduce the oxidized form of nitrogen to or di-nitrogen gas 

(dissimilative nitrate reduction or denitrification).  Nitrate may also be removed through 

assimilative nitrate reduction to ammonia by a broad range of organisms when ammonia 

is not available as a nitrogen source.  Like nitrification, intermediate nitrogen species 

(nitric [NO](gas) oxide,  nitrite, and nitrous [N2O](gas) oxide) are formed during 

denitrification, and can be toxic to aquatic organisms.  Under anoxic conditions, 

facultative bacteria will utilize nitrate as an electron acceptor (much like oxygen 

utilization under aerobic conditions) to metabolize carbon and available energy sources 

(Equation 1).  Figure 1.2 depicts the reductive pathways of denitrification. 
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(copied with permission from Phillips 1997). 

 

 
 

 
 

 

1.2.1.1 Nitrite accumulation 

 Nitrite has been shown to accumulate in denitrifying systems under certain 

conditions.  Nitrite accumulation has been attributed to kinetic differences between 

nitrate and nitrite reductases (Bethlach and Tiedje, 1981; van Rijn and Sich, 1992) and 

differences between electron transport chain activities with respect to electron affinity 

(Almeida et al., 1995; Glass and Silverstein, 1998).  Additionally, differences between 
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carbon sources (Æsøy et al. 1998) and the initial carbon to nitrate ratio (van Rijn and 

Sich, 1992 have to shown to influence nitrite accumulation.  Bethlach and Tiedje (1981) 

and van Rijn and Sich (1992) suggested that the denitrifying bacterial consortium 

composition could also facilitate the accumulation of nitrite.  The process of 

denitrification is routinely used during the treatment of domestic wastewaters where 

nitrate concentrations are relatively low, and little to no nitrite accumulation is observed 

(Glass and Silverstein, 1997).  The waste characteristics of RAS wastes provided by 

Easter (1992) suggest that the potential to exists to generate significant nitrite 

concentrations, given the presence of high ambient nitrate concentrations.   

1.2.1.2 Carbon sources 

 Complete denitrification occurs when a biodegradable carbon source, which serves 

as the electron donor, is available in sufficient quantity to fuel the process.  Various 

carbon sources and energy sources including simple sugars, alcohols, and volatile fatty 

acids, have been amended to waste streams to facilitate the process at POTWs where 

sufficient electron donor is not available (Paul et al., 1989; Sadick et al., 1996; Lee and 

Park, 1998).   

 In recirculating systems, organic carbon compounds accumulate when left untreated 

(Hirayama et al., 1988; Herbst, 1994).  However, this carbon constituent has proven to be 

unsuitable to fuel denitrification (Balderston and Sieburth, 1976; Arbiv and van Rijn, 

1995).  Both studies suggested that the form of the residual carbon and nonsupportive 

ambient concentrations contributed to the instability of denitrification.  Yet, Thoman et 

al. (2001) reported nitrogen losses between 9 and 21% in laboratory-scale RAS when 

conducting a nitrogen balance.  The authors further suggested that this indicated the 
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occurrence of denitrification.  It has been widely believed that “passive” denitrification 

potentially occurs in RAS where solids collect and are allowed to decompose.  However, 

because of the unpredictability of this process and the difficulty in quantifying the 

potential loss of nitrate via this pathway and the different RAS management strategies 

used by aquaculturist, “passive” denitrification is typically ignored when predicting 

nitrate equilibrium concentrations in the RAS. 

 It is common for POTWs to recirculate a portion of the nitrate-laden water 

(following nitrification) back to the front of the process train and mix it with the 

untreated water (containing electron donor) to enable nitrogen removal.  When 

insufficient carbon is available, facilities will add an exogenous carbon source.  While 

many different carbon sources have been tried, the most commonly used amendment is 

methanol because it is readily degraded and less costly than other available carbon and 

energy sources (Regan et al., 1998). 

 Because of the unsuitability of the ambient dissolved carbon in the aquaculture 

waters, denitrification of the waste stream has to be fueled by an alternative source. 

Balderston and Sieburth (1976) supplemented RAS culture water passing through a 

denitrifying column with methanol prior to treatment.  The authors reported that without 

intensive monitoring of the treatment system, a poor quality effluent was produced that 

was insufficient for growing fish.  Because of the potential toxicity of methanol to fish 

and the explosive hazard of the solution, other sources of carbon and energy, such as 

sugars or organic acids, are preferred.  Both exogenously added acetate and glucose have 

been reported to adequately fuel complete denitrification (Akunna et al., 1993).  
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However, amending a waste stream could be cost prohibitive, even for POTWs (Monteith 

et al., 1980), and certainly for an aquaculture facility.  

 These concerns has focused research on identifying and utilizing resources within 

the aquaculture stream to generate effective carbon compounds such as volatile fatty 

acids (VFA, Thauer et al., 1989) to fuel denitrification.  The most readily available 

resource is the suspended solids, composed of fish feces and uneaten feed particles.  In a 

series of experiments, it was determined that fermentation of an aquaculture waste steam 

prior to biological treatment increased denitrification rates and process reliability (Arbiv 

and van Rijn, 1995).  The authors attributed the stable denitrification performance to the 

production of VFAs, which resulted from the decomposition of fish solids.  Aboutboul 

and van Rijn (1995) characterized the dissolved organic constituents and revealed that 

acetate, propionate, and butyrate were generated in the fermenter described by Arbiv and 

van Rijn (1995).  The researchers indicated that the operational strategy of the fermenter 

precluded determining a VFA production rate estimate.  However, results reported by van 

Rijn et al. (1995) determined that VFA production from the fermentation of fish feed was 

20 mg COD / g dry sludge /day, which was equivalent to 350 mg / g feed delivered to the 

digester. 

1.3 Research Goal 

 Waste fish solids are a promising resource for providing VFAs through 

fermentation, potentially providing a relatively inexpensive source of endogenous carbon 

and energy to fuel waste stream denitrification.  It remains to be determined whether 

VFA production from waste fish solids is similar to that of fish feed as suggested by van 

Rijn et al. (1995) and Phillips (1997).  Additionally, a mass balance needs to be 
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conducted on an industrial-scale RAS facility to determine whether the waste solids 

production will meet the demand required for complete denitrification of an effluent 

containing nitrate and nitrite concentrations ranging between 60 to 100 mg/L and 0.5 to 2 

mg/L as nitrogen, respectively.  Therefore, the research reported here was designed to 

evaluate the potential incorporation of waste fish solids fermentation to support complete 

denitrification of the waste stream from an industrial-scale RAS facility.  The specific 

objectives were to: 

1). Characterize stoichiometric and kinetic rates for complete denitrification fueled by 

fermentation of waste fish solids products, 

2). Characterize and quantify the sCOD production from fermented waste fish solids, 

3). Characterize the influence of operational conditions on sCOD production,   

4). Characterize the waste stream from an industrial-scale RAS facility, to determine 

whether the solids production is sufficient to fuel complete denitrification, and   

5).  Estimate the cost of supplementing an aquaculture waste stream with an exogenous 

or endogenous derived carbon and energy source. 

 

 

 

 

 

 

 
 



 15

1.4 References 

Æsøy, A., Ødegaard, H., Bach, K., Pujol, R., Hamon, H., 1998.  Denitrification in a 

packed bed biofilm reactor (BIOFOR) - experiments with different carbon sources.  

Water Research 32,1463-1470. 

Aboutoul, Y., Arviv, R., van Rijn, R., 1995.  Anaerobic treatment of intensive fish culture 

effluents: volatile fatty acid mediated denitrification.  Aquaculture 133,21-32. 

Arbiv, R., van Rijn, J., 1995.  Performance of a treatment system for inorganic nitrogen 

removal in intensive aquaculture systems.  Aquacultural Engineering 14,189-203. 

Balderston, W. L., Sieburth, J.M., 1976.  Nitrate removal in closed-system aquaculture by 

columnar denitrification.  Applied and Environmental Microbiology 32,808-818. 

Bethlach, M.R., Tiedje, J.M., 1981.  Kinetic explanation for accumulation of nitrite, nitric 

oxide, and nitrous oxide during bacterial denitrification.  Applied and 

Environmental Microbiology  42,1074-1084. 

Chen, S., Timmons, M.B., Aneshansley, D.J., and Bisogni Jr, J.J, 1993.  Suspended 

solids characteristics from recirculating aquacultural systems and design 

implications.   Aquaculture 12,143-155. 

Dudley-Cash, W.A., 1998.  “Aquaculture has been the world’s fastest growing food 

production system”.  Factory Farm, Miller Publishing Company,        NY. 

Easter, C.E., 1992.  Water chemistry characterization and component performance of a 

recirculating aquaculture system producing hybrid striped bass.  Masters thesis 

presented to the Department of Civil Engineering.  Virginia Polytechnic Institute 

and State University, Blacksburg, Virginia. 



 16

Emmerson, K., Russo, R.R., Lund, R.E., Thurston, R.V., 1975.  Aqueous ammonia 

equilibrium calculations:  effect of pH and temperature.  Journal of Fisheries 

Research Board of Canada 32,2379 – 2383. 

Food and Agriculture Organization, 1997.  “World fish production shows slight increase 

in 1996”.  Food and Agriculture Organization of the United Nations, Rome, Italy. 

Food and Agriculture Organization, 1998.  Yearbook of fishery statistics.  Food and 

Agriculture Organization of the United Nations, Rome, Italy. 

Glass, C., Silverstein, J., 1997.  Inhibition of denitrification in activated sludge by nitrite.  

Water Environmental Research 69,1086-1093. 

Glass, C., Silverstein, J., 1998.  Denitrification kinetics of high nitrate concentration 

water: pH effect on inhibition and nitrite accumulation.  Water Research 32,831-

839. 

Grady, C.P.L., Daigger, G.T., Lim, H.C., 1999.  Biological wastewater treatment: 2nd 

edition, revised and expanded. Marcel Dekker, Inc., New York, 76pp. 

Herbst, J.  1994.  The effects of ozone treatment on chemical parameters of a 

recirculating aquaculture system producing hybrid striped bass.   Masters thesis, 

Virginia Polytechnic Institute and State University, Blacksburg, Virginia. 

Hirayama, K., 1970.  Studies on water control by filtration through sand beds in marine 

aquarium with closed circulating system-VI.  Acidification of aquarium water.  

Bulletin of the Japanese Society of Scientific Fisheries 36,26-34 

Hirayama, K., Mizuma, H., Mizue, Y, 1988.  The accumulation of dissolved organic 

substances in closed recirculation culture systems.  Aquacultural Engineering 7,73-

87. 



 17

Hrubec, T.  2001.  Personal  communication. 

Lawson, T.B., 1995.  Fundamentals of aquaculture engineering.  Chapman and Hall, New 

York, 196pp. 

Lee, M.W., Park, J.M., 1998.  Biological nitrogen removal from coke plant wastewater 

with external carbon addition.  Water Environment Research 70:1090-1095. 

Lucchetti, G.L., Gray, G.A., 1988.  Water reuse systems:  A review of the principal 

components.  The Progressive Fish-Culturist 50,1-6. 

Madigan, M.T., 1997.  Brock biology of microorganisms.  M.T. Madigan, J.M. Martinko, 

J. Parker (Eds.).  Prentice Hall, New Jersey, pp. 473-531. 

Monteith, H.D., Bridle, T.,R.., Sutton, P.M., 1980.  Industrial waste carbon sources for 

biological denitrification.  Progressive Water Technology 12:127-141. 

Paul, J.W., Beauchamp, E.G., Trevors, J.T., 1989.  Acetate, propionate, butyrate, glucose, 

and sucrose as carbon sources for denitrifying bacteria in soil.  Canadian Journal of 

Microbiology 35:754-759. 

Phillips, J.B., 1997.  Denitrification of recirculating aquaculture system waters using an 

upflow biofilter and a fermented substrate.  Masters thesis presented to the 

Department of Civil Engineering.  Virginia Polytechnic Institute and State 

University, Blacksburg, 

Regan, J., Koopman, B., Svoronos, S.A, Byonghi, L., 1998.  Full-scale test of methanol 

addition for enhanced nitrogen removal in a Ludzack-Ettinger process.  Water 

Environment Research 70:376-381. 

Rueter, J., Johnson, R., 1995.  The use of ozone to improve solids removal during 

disinfection.  Aquaculture 14,123-141. 



 18

Sadick, T., Semon, J., Palumbo, D., Keenan, P., Daigger, G., 1996.  Fluidized-bed 

denitrification:  meeting potential nitrogen limit in Long Island Sound.  Water 

Environment and Technology 8:81-85. 

Summerfelt, S.T., Vinci, B.J., Piedrahita, R.H., 2000.  Oxygenation and carbon dioxide 

control in water reuse systems.  Aquacultural Engineering 22,87-108. 

Thauer, R.K., Moller-Zinkhan, D., Spormann, A.M., 1989.  Biochemistry of acetate 

catabolism in anaerobic chemotrophic bacteria.  Annual Review of Microbiology 

43,43-67. 

United Nations, 1999. “The World at Six Billion,”  Population Division of the 

Department of Economic and Social Affairs of the United Nations Secretariat.  

October. 

van Rijn, J., Rivera, G., 1990.  Aerobic and anaerobic biofiltration in an aquaculture unit-

nitrite accumulation as a result of nitrification and denitrification.  Aquacultural 

Engineering 9,217-234. 

van Rijn, J., Sich, H., 1992.  Nitrite accumulation by denitrifiers isolated form fluidized 

bed reactors operated in an aquaculture unit.  The Progressive Fish-Culturist 

17,39-54. 

van Rijn, J., Fonarev, N., Berkowitz, B., 1995.  Anaerobic treatment of intensive fish 

culture effluents: digestion of fish feed and release of volatile fatty acids.  

Aquaculture 133,9-20. 

 

 

 



 19

Chapter 2.  STOICHIOMETRIC AND KINETIC EVALUATION OF A 
DENITRIFICATION REACTOR SYSTEMS FUELED BY FERMENTATION 
PRODUCTS FROM WASTE FISH SOLID 

 

 

 

 

 

 

Brian L. Brazil and Nancy G. Love 
 
 
 
 
 
 
 
 
 
 

Charles E. Via, Jr., Department of Civil and Environmental Engineering 
Virginia Polytechnic Institute and State University 

Blacksburg, Virginia 24060, USA 
 
 
 
 
 
 
 
 
 
 

 
Planned for Submission to Aquacultural Engineering 

 



 20

  Abstract 

 Efforts to increase water utilization by recirculating aquaculture facilities (RAS) 

have focused on reclamation and reuse of effluent water streams.  A treatment strategy 

combining solids fermentation and denitrification was examined to determine the impact 

of fermentation products from fish solids on nitrogen removal kinetics and stoichiometry.  

Volatile fatty acid production accounted for a significant proportion of the measured 

soluble carbon content generated during fish solids fermentation.  This material proved to 

be an acceptable carbon and energy source for denitrification.  However, measurable 

transient concentrations of nitrite were present in all experiments.  The maximum 

measured nitrite concentration was correlated with the initial nitrate concentration and 

was associated with a reduction in the rate of denitrification when initial nitrate-nitrogen 

concentrations exceeded 50 mg/L.  Conversely, the rate of denitrification was controlled 

by the initial sCOD:NO3 when initial nitrate-nitrogen concentration was less than 50 

mg/L.  The stoichiometric sCOD requirement for denitrification varied considerably and 

was not correlated with those same factors found to control the denitrification rate.  

Increasing the initial sCOD increased the residual carbon levels in the denitrified effluent, 

which when aerobically treated required extended reaction time and exerted an oxygen 

demand of 5.6 g/g of carbon consumed.  The potential toxicity problems associated with 

fish from nitrite and residual carbon suggest that it may be necessary to implement a 

treatment strategy that prevents nitrate concentrations from rising above 50 mg/L. 

Keywords:  denitrification, kinetics, nitrite accumulation, aerobic treatment, aquaculture, 

agriculture waste stream treatment 
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2 Introduction 

 Increasing water utilization in RAS facilities is accomplished by the continuous 

filtration of fish waste products before the water is delivered back to the culture tank 

(Lucchetti and Gray, 1988).  This water reuse strategy significantly reduces the volume 

of replacement water required to culture fish within a given culture system.  However, 

when production is divided among multiple tanks, the volume of water used and 

discharged by a facility increases proportionally to the number of culture systems and/or 

mass of fish produced.   For example, Blue Ridge Aquaculture raises 1134 metric tons of 

fish annually using RAS production systems.  The facility discharges nearly 1890 m3 of 

water daily, which is approximately 12% of the total volume of water housed by the 

facility (Brazil and Love, 2001).  A desire to increase production by recovering water and 

heat resources has the facility management investigating the efficacy of treating this 

waste stream and reusing it for production activities.   

 The primary waste constituents of concern in aquaculture effluents are fish solids 

and oxidized nitrogen species (Eikebrokk et al., 1995).  Suspended solids removal is 

typically accomplished by gravity settling and/or mechanical screening (Chen et al., 

1993; Summerfelt et al., 1999).  Complete denitrification has been found to be a more 

challenging goal to achieve and can result in the accumulation of toxic intermediates if 

conditions are not properly controlled (Balderston and Sieburth, 1976; van Rijn and 

Rivera 1990, Lee et al., 1995). 

 During biological denitrification, nitrate is reduced to nitrogen gas via several 

intermediate nitrogen species in the presence of assimilable organic carbon, which acts as 

both an electron donor and the carbon source.  Various carbon compounds have been 
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used to fuel denitrification, including: glucose, sucrose, glycerol, volatile fatty acids, and 

methanol (Paul et al., 1989; Akunna et al., 1993; Koch and Siegrist, 1997; Kelso et al., 

1999).  However, volatile fatty acids and methanol are used most often.  Akunna et al. 

(1993) showed that the selection of the carbon greatly affected both the stoichiometric 

and kinetic rates of the denitrification process.  In addition to the type of carbon, its 

concentration relative to the nitrate and the presence of oxygen will significantly impact 

the denitrification process (van Rijn et al., 1996; Oh and Silverstein, 1999).  The most 

common upset problem associated with denitrification is the accumulation of nitrite, 

which can be problematic to the denitrifying bacterial consortium (Beccari et al., 1983; 

Glass et al., 1997) and to the fish (Smith and Williams, 1974; Eddy et al., 1983). 

 Nitrite formation is inherent to the denitrification process; however, the 

accumulation of toxic concentrations is not and has been attributed to several factors.  

The leading hypotheses center around kinetic differences between nitrate and nitrite 

reductases activities (Bethlach and Tiedje, 1981), competition between the reductases for 

limited electron protons (Almeida et al., 1995; van Rijn et al., 1996), and environmental 

factors such as pH (Beccari et al., 1983; Glass and Silverstein, 1998) 

 Betlach and Tidje (1989) demonstrated that the accumulation of different 

intermediates resulted from differences in reductase activity rates.  By amending batch 

cultures with varying concentrations of nitrate and nitrite, a simple kinetic model was 

used to demonstrate that slight differences in the enzyme activities resulted in the 

accumulation of intermediates, specifically, nitrite (van Rijn and Sich, 1992).  

Additionally, Her and Huang (1995) indicated that differences in the relative 

concentrations of the two reductases influenced the accumulation nitrite. 
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 Differences in reductase affinities for electron donor protons has been observed to 

facilitate nitrite of accumulation.  van Rijn et al. (1996) working with Pseudomonas 

stutzeri observed that in the presence nitrate, the rate of nitrite reduction was slower than 

when nitrite was supplied as the sole electron acceptor.  The competition for available 

protons is further encouraged in the presence of short-chained electron donors and tends 

to promote nitrite accumulation.  When acetate served as the electron donor, nitrite 

reduction inhibition was observed in the presence of nitrate than when the denitrifying 

culture was amended with butyrate during which no inhibition of nitrite reduction by 

nitrate existed.  Almeida et al. (1995) reported similar findings that nitrate inhibition of 

nitrite reduction resulted from competition for electron donor.  pH was observed to 

influence this interaction such that, at higher pH levels the affinity of nitrate reductase 

was increased, shunting electron flow toward nitrate.  Almeida et al. further indicated that 

this effect was completely reversible and did not change the maximum reduction rates. 

 The pH influence mechanism also affects nitrite reduction directly.  Beccari et al. 

(1983) suggested that differences in nitrate reduction and the subsequent accumulation of 

nitrite was largely pH dependent.   The implication was that nitrite toxicity was not the 

causative agent, but that nitrous acid was the inhibitory constituent.  In solution, a 

dynamic equilibrium between nitrous acid (HNO2) and nitrite (NO2) is established, where 

their relative concentrations are dependent on pH.  The nitrous acid concentration 

increases at lower pH levels, where Glass and Silverstein (1998) observed that the rate of 

denitrification was slower at 6.5 than at 7.  In the absence of nitrate, the rate of nitrite 

reduction was found to increase with sequential increases in pH from 7.5 to 9.  Abeling 

and Seyfried (1992) suggested that the toxicity mechanism was that HNO2 acts as an 
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uncoupler by donating a proton inside the cell during nitrite denitrification, which 

changes the transmembrane pH gradient.  This results in a reduction in adenosine 

triphosphate production, thereby slowing nitrite reduction. 

 In aquaculture waste streams, solids are typically a nuisance; however, Arbiv and 

van Rijn (1995) demonstrated that pre-fermentation of the fish solid before denitrification 

resulted in complete denitrification.  Phillips (1997) digested fish feeds in order to 

generate sufficient carbon resources to fuel denitrification.  The ability to utilize the 

waste solids would reduce both the expense of solids disposal as digestion of solids 

results in a significant solids reduction (Fothergill and Mavinic, 2000) and the expense of 

purchasing an exogenous carbon (Monteith et al. 1980).  However, in using fermentation 

products, it was observed that significant concentrations of residual carbon were 

measured after complete denitrification.  Phillips (1997) reported that effluent residual 

concentrations increased as influent concentrations increased.  Arbiv and van Rijn (1995) 

observed a similar trend and further suggested that this could become problematic as the 

mass of nitrate requiring denitrification increased, requiring high concentrations of 

carbon material.  The increased carbon load entering the culture would likely result in 

reduced fish growth and higher incidences of disease outbreaks (Hirayama et al., 1988). 

2.1 Objectives 

 Kinetic and stoichiometric coefficients are critical parameters that have not been 

well defined for denitrification of aquaculture waters augmented with products from 

fermented fish solids.  During the experiments presented, a self-contained denitrification 

system was operated to model a treatment strategy that might be employed to reclamate 

an aquaculture waste stream. The experimental system was used to determine: 
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 1).  The kinetic coefficient for complete denitrification fueled by fermented fish 

waste solids,  

 2). The empirical stoichiometric requirements for electron donor:electron acceptor 

in support of denitrification, 

 3).  The factors that influence nitrite accumulation and the magnitude of this 

accumulation, and   

 4).  The effectiveness of post-aerobic treatment of denitrified effluent to removal 

residual carbon. 

2.2 Materials and Methods 

2.2.1 Denitrification system design and operation 

 A semi-automated, self-contain denitrification reactor system was operated over a 

12-month period to determine stoichiometric and kinetic parameters for nitrate removal 

fueled by fermented fish waste solids.  The reactor system in Figure 2.1consisted of a 5 L 

fermentation reactor 4 L of biosolids, a 5 L denitrification reactor containing 2 L of 

mixed liquor, three peristaltic pumps and speed controllers for delivering denitrification 

feed solutions and decanting and wasting of solids.  Mixing was accomplished using 

magnetic stir bars and stir plates.   Programmable timers provided control.  Reactors were 

maintained at room temperature (28 oC). 
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Figure 2.1.  Self-contained denitrification (Reactor 2) system fueled by fermentation (Reactor 1) products.  Waste fish solids 
collected from an industrial-scale recirculating systems aquaculture facility and manually delivered to the fermentation  
reactor daily.
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Figure 2.1.  Self-contained denitrification (Reactor 2) system fueled by fermentation (Reactor 1) products.  Waste fish solids 
collected from an industrial-scale recirculating systems aquaculture facility and manually delivered to the fermentation  
reactor daily.
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 Fermentation production of assimilable carbon compounds was governed by the 

mass of feed solids delivered to the reactor.  Feed solids consisting of fish excreta and 

uneaten feed particulates were obtained from the waste stream generated by an industrial-

scale aquaculture facility (Blue Ridge Aquaculture, Martinsville, VA) producing more 

than 1134 metric tons (2 x 109 lbs) of tilapia annually.  Details on solids collection 

provided in Brazil and Love (2001). 

 The fermentation and denitrifying reactors were operation in tandem as modified 

and conventional sequencing batch reactors (SBR), respectively.  Four 6-hr cycles were 

used during each 24-hr period for both reactors.  Each cycle consisted of a 1 min rapid fill 

period when 500 ml of fermentation decant was delivered to the denitrifying reactor 

while it was mixed.  Immediately following carbon addition, nitrate (as potassium nitrate) 

was delivered during an 8 to 10 sec fill from a nitrate stock solution.  A mixed reaction 

period lasting 5.25 hr was followed by a 0.67 hr settling period.  Solids were wasted once 

daily (300 mL) from the well mixed denitrifying reactor at the end of a reaction cycle.  

Solids were wasted and feed solids added to the fermenter once immediately following 

the last decant period. 

 As this denitrifying reactor was coupled to a fermentation reactor, the carbon 

substrate concentrations changed in response to changes in the feed solids concentration 

delivered to the fermenter.  As such, initial nitrate concentrations were varied depending  
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on the carbon concentration in the fermenter supernatant to achieve different soluble 

chemical oxygen demand (sCOD) to nitrate-nitrogen (NO3-N) ratios.  Carbon and nitrate 

solutions were added only at the beginning of each SBR cycle.   

 Reactor NO3-N, nitrite-nitrogen (NO2-N), pH, dissolved organic carbon (DOC), 

sCOD and total and volatile suspended (TSS and VSS, respectively) were monitored two 

times per week 5 min before carbon addition and 30 sec after nitrate addition for the first 

SBR cycle.  Denitrification profiles were monitored once it was observed that the coupled 

denitrification system had stabilized.  The system was considered stable when sCOD in 

the fermentation supernatant varied no less than 10% from the previous days sample 

measurement and NOx from the denitrifying reactor was less than < 0.5 mg-N/L at the 

end of days first cycle.  On two occasions, the carbon substrate supplied in the 

fermentation supernatant was analyzed for volatile fatty acid (VFA) constituents.   

2.2.2 Aerobic treatment 

 Waste solids supernatant from the denitrifying reactor were placed in a 2 L glass 

flask, supplied humidified air, and continuously mixed using a magnetic stir bar and 

variable speed stir plate.  The flask contained 1.5 L of the denitrifying reactor supernatant 

and waste solids. 

 The reactor was operated as a batch system that was feed every other day.  Prior to 

each feeding, the entire reactor volume was measured and half discarded.  The remaining 

portion was mixed with an equal volume of denitrified supernatant collected from the two 

most recent decants and refrigerated, which had been filtered through 1.5 µm pore filters.  

DOC and solids analysis were conducted on the feed material, and reactor material prior 

to and after feeding. 
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  Two oxygen consumption testes were conducted using an electrolytic 

respirometer (Model ER-100, Bioscience Management, Inc., Bethlehem, Pennsylvania).  

Five hundred milliliters of the aerobic batch culture were placed into a respirometer flask 

and sealed.  Simultaneously, a second flask containing an equal volume of aerobic batch 

culture was placed in a second flask, aerated with humidified air, and sampled at 2 to 3-hr 

intervals for DOC analysis.  Tests were conducted in a 20 oC constant temperature room. 

2.2.3 Sample analysis 

 Samples collected for analysis were centrifuged for 30 sec and immediately filtered 

through 1.5 µm glass fiber filter for analysis of soluble constituents.  Aliquots used for 

nitrate analysis were subsequently filtered through 0.45µm Supor filter paper.  Analyses 

were generally conducted with 6 hrs of sample collection.  However, samples that could 

not be immediately analyzed for organic content were acidified with concentrated 

sulfuric acid and frozen.  Aliquots for anion analysis were micro-filtered and frozen until 

analysis was conducted. 

 Nitrate concentrations were measured by ion chromatography using a Dionex 

model DX120 (Dionex Corporation, Sunnyvale, California) with an AS14 column using 

an ASRS-I suppressor and an eluent of 3.5 mM sodium carbonate and 1.0 mM sodium 

bicarbonate at a flow rate of 1 mL/min.  Because of concerns of chloride interference, 

nitrite concentrations were measured colorimetrically following Standard Methods 

procedure 4500 (APHA, 1998).  pH determinations were made using a pH/mV meter 

(Fisher Brand Accumet model 910, Fisher Scientific, Atlanta, Georgia).  

 DOC measurements were obtained using a total organic carbon analyzer 

(Dohrmann Model DC 80, Santa Clara, California).  sCOD analyses were conducted 
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using the closed flux procedure according to Standard Method 5220 C and (APHA, 

1998).  Total and suspended solids analyses were conducted according to Standard 

Methods procedures 2540B and 2540D, respectively (APHA 1998).   

 VFA analysis was conducted using a Hewlett Packard 5880 A series gas 

chromatograph with a flame ionization detector.  The column (76.2 mm x 0.63 x 4 mm 

ID) used was a 60/80 carbopak C, Carbox  20 M, 10% H3PO4 (Supelco, Inc., Bellefonte, 

Pennsylvania) with nitrogen as the carrier gas at a flow rate of 50 ml/min and air and 

hydrogen gas pressures at 206.8 N/m2.  Prior to injection, samples were acidified with 

formic acid at a rate of 1 µL per 1 ml of sample.  Theoretical COD values (mg COD/ mg 

acid measured) were calculated for each VFA constituent per the following (Barker et al., 

1999): acetic acid – 1.07, propionic – 0.98, butyric – 1.82, and valeric – 0.81. 

2.2.4 Kinetic determinations 

 Oxidized nitrogen (NOx-N) species reduction rates were calculated using zero order 

regression model: 

-x
    oNO N

Cr  =   kC
T

xd
d

= −  (1) 

   x = 0   

-x
 NO Nr = -k  (2) 

 

 Where: rNox-N  – nitrogen removal rate, 

   C – concentration (mg/L),  

   Co – initial concentration (mg/L), 

   k  – coefficient of denitrification (mg N/L/min), 
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   T – time (minutes). 

2.2.5 Statistical analysis 

 Descriptive and regression analyses were conducted using SigmaStat® v 7 and 

SigmaPlot® v. 6.0, respectively (SPSS Science, Inc, Chicago, Illinois).  Linear and non-

linear regression curve fitting routines were used to determine model coefficients.  

Parameter correlation coefficients were determined with Pearson product moment 

correlation procedure using SigmaStat® v 7. 

2.3  Results 

2.3.1 Denitrifying reactor operation 

 This semi-automated, self-contained denitrification system was operated to examine 

denitrification performance.  Generally, complete nitrogen removal was achieved within 

each 6-hr cycle period.  However, in two instances NO2-N concentrations ranging of 15 

and 20 mg/L were not removed within the 6-hr cycle.  The first nitrite accumulation 

incident was attributed to a carbon-limited condition, which resulted after fermentation 

sCOD production decreased unexpected.  The second incident resulted when 

fermentation solids were pumped into the denitrifying reactor following a malfunction of 

an automated timer. 

 Recovery of the denitrifying culture required 3 to 4 weeks and was facilitated by 

ceasing nitrate addition for 48 hrs.  Fermentation products were continually supplied and 

NO2-N concentrations monitored.  Nitrate was subsequently supplied at lower 

concentrations to prevent further nitrite shock, and nitrate was slowly increased to desired 

levels.   
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2.3.2   Carbon fuel 

 Analysis of the carbon source supplied to fuel denitrification confirmed that volatile 

fatty acids were produced during the fermentation of waste fish solids (Figure 2.2).     

 

sCOD characterization indicated that the VFA constituents accounted for significant 

proportions of the measured sCOD.  Acetic and propionic acids were consistently 

measured in greater proportion than butyric or valeric acids.  Even though the 

characterizations revealed different profiles with respected to the relative VFA 

concentrations and the definable (78 and 91% for samples 1 and 2, respectively) portions 
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 33

of the measured sCOD, sufficient material was supplied to fuel complete denitrification.  

sCOD concentrations were periodically estimated from DOC measurements.  A positive 

linear relationship (r2 = 0.73) was determined between DOC and sCOD (Figure 2.3).   

2.3.3 Denitrification profiles 

 Routine monitoring of the denitrification reactor was conducted to ensure sufficient 

carbon resources were being supplied and that the process was stable (data not shown).  

Full denitrification profiles (measuring NOx-N and sCOD) were conducted to determined 

stoichiometric and kinetic coefficients under different loading conditions.  Examples of 

observed profiles under specific conditions are shown in Figure 2.4.  Nitrate and sCOD 

were quickly consumed while nitrite was observed to accumulate prior to being 

consumed, but did not inhibit complete denitrification during the cycle.  Additionally, it 

was observed that as denitrification progressed, the portion of definable sCOD decreased, 

leaving significant quantities of sCOD at the end of denitrification (Figure 2.4A). 

2.3.4 Stoichiometric and kinetic estimation 

 Different loading (nitrate and sCOD) conditions were used to determine how they 

impacted on the rate of denitrification, k, and nitrite accumulation.  The rate constant, k, 

was determined as the zero order decay of the total nitrogen removed during the cycle. 

 

 

 



 34

 

 

sCOD:NO3-N appeared to be the factor the rate of denitrification when the maximum 

measured nitrite concentration was less than 20 mg/L (Figure 2.5A).  However, when the 

maximum measured nitrite concentration exceed 25 mg/L, the rate of denitrification was 

negatively correlated with increasing nitrite concentrations, regardless of the sCOD:NO3-

N (Figure 2.5B). The maximum observed denitrification rate was 0.246 mg N/L/min at an 

initial ratio of approximately 10, above which no increase in the rate of removal was 

observed.  
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Figure 2.3.  Relationship between DOC and sCOD used to monitor
fermentation performance at 28 and 40 oC.
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Figure 2.4.  Examples of time profiles observed in the denitrification reactor fuel by carbon and energy 
resources from fermented fish waste solids.  Profile A presents the identified carbon constituents, initial 
sCOD:NO3-N = 17.2.  Profile B demonstrates the transient nitrite accumulation and subsequent 
removal, initial sCOD:NO3-N = 13.3.
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The lowest removal rate (0.08 mg N/L/min) was observed at an initial sCOD:NO3-N  = 

6.9.  Correlation analysis on carbon consumption did not reveal any significant 

relationships (Table 2.1).  Carbon consumption was observed to vary from 3.21 to 11.98 

mg sCOD/mg NOx-N (Table 2.2). 

 As indicated previously, transient nitrite accumulations were observed during each 

profile.  The maximum measured nitrite concentration was determined to be dependent 

on the initial nitrate concentration.  An inverse relationship was observed between the 

nitrogen removal rate and the nitrite concentration (Figure 2.6).  Pearson correlation 

coefficients indicated that the denitrification removal rate was significantly correlated to 

both the initial nitrate and maximum observed nitrite concentrations (Table 2.3). 

2.2.5 Aerobic treatment 

 Review of Figures 3.4 and 3.5 indicated that while most of the carbon generated 

during the fermentation of fish solids was in the form of VFA, a percentage 

(approximately 22%) was unidentified and that a significant portion of the carbon 

supplied was not consumed during complete denitrification.  In order to understand the 

nature of this material, a batch reactor, which received denitrified effluent, was 

established to  
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Table 2.1.  Parson’s correlation matrix for denitrification parameters monitored observed 
during stoichiometric and kinetic coefficient determinations.  The top value in each cell 
represents the correlation coefficient and the second value presented is the p-value. 

 sCOD:NO3-N CODi1 k2 Nitrite3 Nitrate4 sCOD 
consumed

SCOD:NO3-
N 1      

CODi 0.441 
0.234 1     

k 0.086 
0.826 

-0637 
0.065 1    

Nitrite 0.216 
0.576 

0.950 
<0.001 

-0695 
0.037 1   

Nitrate 0.021 
0.976 

0.861 
0.003 

-0.731 
0.025 

0.912 
<0.001 1  

COD 
consumed 

-0.022 
0.955 

-0.745 
0.021 

0.985 
<0.001 

-0.789 
0.012 

-0.772 
0.015 1 

1. CODi =  initial sCOD concentration (mg/L) 
2. k = measured rate of denitrification (mg of NO3-N/min) 
3. Nitrite =  maximum measured nitrite concentration (mg/L) 
4. Nitrate = initial nitrate-nitrogen concentration (mg/L) 
 

 

determine whether the residual material was readily degradable under aerobic conditions.  

Results of the batch treatment indicated that approximately 50% of the residual carbon 

after denitrification was degraded within 48 hrs.  Extended treatment for 6-days resulted 

in less than a 15% reduction of the remaining carbon (Figure 2.8).  The results of the 

respirometry experiments showed that the carbon constituents remaining after 

denitrification possessed a total oxygen demand of 290 mg (Figure 3.9).  Table 2.3 

provides a comparison of the residual carbon to other carbons used to fuel denitrification 

and/or aerobically degraded in a domestic waste stream. 

 
 
 
 



 39

Table 2.2.  Calculated stoichiometric and kinetic coefficients for batch denitrification 
experiments. 

  Empirical profile parameter 
Initial 

COD:NO3-N 
Initial NO3-N 

(mg/L) 
Stoichiometric requirement 

(mg sCOD/mg NOx-N) 
Kinetic removal rate 
(mg NOx-N/L/min) 

5.82 68.65 5.07 0.096 

6.9 97.9 5.17 0.08 

7 111.3 4.55 0.124 

8.1 31.2 3.21 0.194 

8.4 215.0 8.48 0.054 

10.2 38.17 5.65 0.239 

13.3 89.4 8.65 0.01 

16.8 188.1 5.67 0.051 

17.2 19.5 9.6 0.246 
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Figure 2.6.  Denitrification rate (k) presented as a function of the 
maximum measured nitrite-nitrogen concentration during each batch 
experiment.  The values presented with each symbol indicate the initial 
pH.  An exponential decay model (r2 = 0.819) was used to
describe the observed trend.

8.25

NO2-N concentration (mg/L)

0 20 40 60 80 100 120 140

N
O

x-
N

 re
m

ov
al

 ra
te

 c
on

st
an

t, 
k

(m
g 

N
/L

/m
in

)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

7.89

7.94

8.02

7.73

7.54

7.68
7.43

7.54

Figure 2.6.  Denitrification rate (k) presented as a function of the 
maximum measured nitrite-nitrogen concentration during each batch 
experiment.  The values presented with each symbol indicate the initial 
pH.  An exponential decay model (r2 = 0.819) was used to
describe the observed trend.

8.25

NO2-N concentration (mg/L)

0 20 40 60 80 100 120 140

N
O

x-
N

 re
m

ov
al

 ra
te

 c
on

st
an

t, 
k

(m
g 

N
/L

/m
in

)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

7.89

7.94

8.02

7.73

7.54

7.68
7.43

7.54



 

 41

Table 2.3.  The oxygen demand (OD) required during aerobic treatment of residual 
carbon (from fermented fish waste solids) after complete denitrification compared with 
other carbon sources aerobically degraded. 

Carbon source Oxygen demand (g COD/g C) 

Residual carbon 5.81 

Glycine 4.67 

Glucose 2.68 

Acetic acid 2.67 

 
 
2.4 Discussion 

 Waste stream treatment systems that allow for the reuse of aquaculture effluents 

primarily focus on solids removal and denitrification.  Research has shown that in pond 

systems, coupling the two processes provided an effective strategy for removing 

relatively low nitrate concentrations (Arbiv and van Rijn, 1995).  In this case, solids were 

captured in a basin and allowed to digest and generate VFAs that fueled denitrification 

(Aboutboul et al., 1995).  However, if proper conditions were not maintained for 

complete denitrification, the process tended to accumulate one of the intermediate 

nitrogen species.  Of particular interest to aquaculture is the excess accumulation of 

nitrite because it’s potential toxicity to fish (Lewis et al., 1986).  Additionally, the 

accumulation of nitrite can slow the overall rate of denitrification or inhibit the process 

completely (Betlach and Tiedje, 1981; Almeida et al., 1995; Barak et al., 1997; Oh and 

Silverstein, 1999). 
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Figure 2.7.  Reduction of residual sCOD during aerobic 
batch treatment of denitrified waste.  Mean + standard 
errors bars values shown (n = 3).
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 Nitrite formation is inherent to the denitrification process.  During the studies 

conducted for this work, nitrite formation was measured in all experiments, yet the 

processed continued to completion.  It was determined that the rate of denitrification  

was negatively affected with increasing maximum nitrite concentrations.   Beccari et al. 

(1983) suggested that the nitrite inhibition was not caused by the direct interference by 

nitrite on the process but that was likely due to the toxicity associated the formation of 

nitrous acid (HNO2). 
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Figure 2.8.  Mean + standard error bar value shown for DOC and oxygen
consumed during aerobic treatment (determined from respirometry
experiments, n = 2) of an effluent from a denitrifying reactor fueled by carbon
and energy producs from fermented waste fish solids.  Temperature = 20 oC,
pH = 8.5.  
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 As a weak acid, nitrous acid is in dynamic equilibrium with nitrite, where at a pH of 

7, the nitrous acid molar concentration is 0.01% of that for nitrite.  Abeling and Seyfried 

(1992) found that nitrous acid inhibited denitrification at a concentration of 0.04 mg/L as 

nitrogen.  Under the test conditions examined during our studies, it was not likely that the 

observed reduction in the rate of denitrification (0.246 to 0.01 mg NOx/L/min) resulted 

from nitrous acid toxicity.  The initial pH value for all conditions was greater than 7.0 for 

which a nitrite concentration of 400 mg/L would result in nitrous acid toxicity.  The 

highest initial nitrate concentration examined was 215 mg N/L (at pH = 8.02), well below 

that necessary to facilitate nitrous acid toxicity (assuming all the nitrate was reduced to 

nitrous acid).  Thus, the reduction in the rate of denitrification was attributed to the 

accumulation of nitrite. Beccari et al. (1983) reported that at pH levels between 7 and 8, 

nitrite was inhibitory at concentration approaching 25 mg/L.  The measured nitrite 

concentrations for the slowest denitrification rates exceed 25 mg/L while the highest 

removal rates were observed at maximum measured nitrite concentrations less than 10 

mg/L. 

 The experimental protocol used during these experiments could not conclusively 

identify the cause(s) for the nitrite accumulation, but indicated that the production of 

nitrite significantly influenced the overall rate NOx removal rate.  A number of 

mechanisms have been proposed as to causing the accumulation of nitrite during 

denitrification.  Betlach and Tiedje (1981) suggested that kinetic differences between 

nitrate and nitrite reductases were responsible for the accumulation of nitrate, while 

Almedia et al. (1995) used pure culture batch tests to show that differences in electron 

affinity by reductases resulted in the accumulation of nitrite, which was supported in the 
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work reported by Oh and Silverstein (1999).  As a result, the nitrate and nitrite reductases 

compete for electrons provided by the electron donor and as pH increases, the electron 

flow tends to be shunted more towards nitrate reductases (van Rijn et al, 1996).  It is 

therefore responsible to attribute the nitrite accumulation observed during this 

experiments, partially to a shift in electron donor affinity favoring nitrate reduction. 

 It has also been shown that the carbon source influences nitrite accumulation.  van 

Rijn et al. (1996) showed that nitrite accumulation was increased in the presence of one-

and two-chained volatile fatty acids.  Whereas, cultures supplied butyric and valeric acids 

cultures possessed slower nitrate reduction rates and higher nitrite reduction rates than 

cultures using acetate.  This reversal resulted in lower nitrite accumulations.  In 

characterizing the carbon constituents generated by the fermentation unit used in the 

present study, acetate and propionate accounted for more than 60% of the defined sCOD 

supplied to the denitrification reactor.  These findings in addition to experimental 

conditions, which favored nitrate reduction, likely explain the observed results.   

 As reported previously, the initial COD:NO3 had little influence on the rate of 

denitrification.  However, increases in the initial sCOD concentration resulted in higher 

residual carbon concentrations after denitrification using a fixed-film reactor (Phillips, 

1997).  Arbiv and van Rijn (1995) and well as this study describe similar trends.  Both 

studies indicated that the definable sCOD following denitrification was significantly 

lower than that measured in the influent, which was predominately VFA. 

 Neither Phillips (1997) or Arbiv and van Rijn (1995) directly examined this issue of 

residual carbon.  However, both suggested that the residual material was likely soluble 

microbial product formed during the fermentation of fish feed (Phillips, 1997) and fish 
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solids (Arbiv and van Rijn, 1995).   This existence of this carbon material in the effluent 

is potentially problematic for aquaculturist.  In recirculating systems, slowly degraded 

carbon compounds have been attributed to a reduction in fish growth and feed conversion 

efficiency (Hirayama et al., 1988; Yoo et al., 1995).  In order to describe this residual 

carbon after denitrification, treatability studies were conducted.   Between 50 and 60% of 

the residual carbon in the denitrified effluent could be degraded aerobically within 48-hr.  

However, when allowed to reactor for an additional 6-days, DOC concentrations had 

dropped only 15 %.   The specific nature and biological degradability requires additional 

examination in order to more accurately design a process that can be effectively 

employed to remove this material before introducing it into a fish culture tank.  

2.5 Conclusion 

1). The variability in denitrification kinetic and stoichiometric constants suggests that 

denitrification supported by fermentation products was influenced by multiple factors 

including the VFA composition, the initial nitrate concentration, and initial sCOD:NO3-N 

ratio. 

 2). It was possible that the VFA composition facilitated conditions that favored the 

nitrate reduction over nitrite.  Under such conditions, nitrite reduction is the rate limiting 

in denitrification, which resulted in the temporary accumulation of nitrite. 

3).   Post-aerobic treatment of residual sCOD was effective and determination of  the 

specific oxygen demand for this material suggests that biological treatment may be 

enhanced by pre-oxidation of the organic material to increase the rate of biological 

degradation.  
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 Abstract 

 Recent efforts to reclamate aquaculture waste streams have incorporated the 

digestion of fish solids to generate volatile fatty acids (VFA), which fuel denitrification, 

primarily for pond-based systems.  This study was conducted to characterize fermentation 

performance under a variety of operational conditions and to determine whether this 

strategy of VFA generation would be feasible for industrial-scale recirculating 

aquaculture system (RAS) facilities. The results indicate that during high rate 

fermentation of fish solids, sCOD production is highly correlated to the daily mass of 

solids fed to the reactor and the solids retention time (averaging 2.3 days).  For the range 

examined here, hydraulic retention time (ranging from 14 to 38 oC) was poorly correlated 

with sCOD yield.  Additionally, increases in fermenter temperature facilitated higher 

sCOD production per unit mass of solids digested.  Ammonia-nitrogen production 

averaged 5.1 mg/ g solids applied to the reactor during the digestion and no statistically 

significant increase in ammonia-nitrogen at elevated temperatures.  Cost comparisons 

between the use of exogenous carbon sources and those endogenously-derived carbon 

sources from fermentation indicate that denitrification is most economically fueled by a 

combination of the two.  The simultaneous production of ammonia during fermentation 

(which is not completely removed during denitrification) could result in poorer water 

quality when reintroduced into the culture system if sufficient nitrification capacity is not 

available.   

Keywords: fermentation, digestion, aquaculture effluent, waste reclamation, cost 

analysis, recirculating aquaculture system, tilapia 
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3 Introduction 

 Aquaculture in the United States and worldwide is moving toward more intensive 

methods of fish production.  As a result, considerable research has focused on 

recirculating aquaculture system (RAS), particularly in industrialized countries.  Much of 

the work has focused on increasing fish production per unit volume of water used and 

reducing the environmental impact of the effluent (van Rijn, 1996).   As a result, the 

development of innovative strategies has lead to an increase the production capacity and 

improved economic efficiency of recirculating systems.  

 Increasingly stringent regulations on groundwater withdrawal and a desire to 

increase water utilization have aquaculturists exploring strategies that allow for the 

reclamation and reuse of the waste stream, which possesses large volumes of suspended 

solids and nitrogenous wastes.  Solids removal and management strategies have been 

well defined and shown to be effective at minimizing the detrimental effect on the 

environment upon disposal (Summerfelt et al., 1999; Cripps and Bergheim, 2000).  In 

contrast, economically efficient strategies for nutrient removal in recirculating 

aquaculture systems have not been demonstrated. 

 Arbiv and van Rijn (1995) reported on a treatment strategy for intensive pond 

systems that incorporated anaerobic fermentation followed by denitrification, which 

accomplished both solids removal and nitrogen removal.  A subsequent study indicated 

that fermentation of the fish solids yielded volatile fatty acids (VFAs), which are a 

readily biodegradable carbon source for the denitrifying bacterial consortium  (Aboutboul 

et al., 1995).  Prior to the installation of the fermentation basin, denitrification was 

unreliable and often resulted in the accumulation of nitrite (van Rijn and Rivera, 1990).  
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It was concluded that the ambient carbon compounds found in aquaculture waters were 

not suitable for fueling denitrification and needed carbon supplementation. 

 Potable water and municipal wastewater streams are often amended with exogenous 

carbon and energy sources prior to denitrification to ensure an efficient reaction.  

Methanol and acetate have been the most widely employed carbon and energy sources 

(Sadick et al. 1996).  In addition, alcohols (Green et al. 1995), volatile organic acids 

(VOA), sugars (Paul et al. 1988), and carbon laden industrial wastes (Monteith et al., 

1980) have been examined for their ability to fuel denitrification.  The carbon and energy 

source used is largely dependent upon the ultimate use of the water, nitrate concentration, 

and expense of the carbon.  In the case of drinking water, carbon and energy sources are 

limited to simple and easily degradable compounds such as methanol, acetic acid, and 

glucose  (Mohseni-Bandpi and Elliott, 1998; Oh and Silverstein, 1999).  These 

compounds have been shown to facilitate nitrate removal efficiencies approaching 98% 

and are rapidly consumed biologically during downstream aerobic polishing.  With 

respect to wastewater streams, potential exogenous carbon and energy sources are 

relatively unrestricted and cost considerations play a greater role (Monteith et al. 1980).  

As a result, researchers have investigated strategies to utilize endogenous carbon 

resources to fuel denitrification.  Given high organic load found in many domestic 

wastewaters, this self-sustaining form of nitrogen removal has been highly successful in 

the municipal wastewater treatment industry. 

 Fermentation is the biological process whereby carbohydrates, proteins, and lipids 

are transformed into organic intermediates, primarily VFAs.  Several different metabolic 

groups of bacteria were responsible for the production of VFA, as either intermediates or 
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end products.  Hydrolytic bacteria metabolize complex molecules such as 

polysaccharides and proteins to acetate, single carbon compounds (formate), H+, and 

CO2, while acetogenic bacteria transform large organic molecules like propionate and 

butyrate to H+ and acetate.  Homoacetogenic bacteria are able to convert long carbon 

chain molecules to acetate while catalyzing the reduction of CO2 (van Rijn, 1996) 

 Fass et al. (1994) and Moser-Engeler et al. (1998) reported that fermenting primary 

sludge at two domestic wastewater treatment plants resulted in high concentrations of 

VFAs, which accounted for better than 90% of the chemical oxygen demand measured in 

the fermented process stream.  This change in process flow resulted in nitrate removals 

greater than 84%.  During fermentation, the primary VFAs produced from primary sludge 

were acetic, propionic, butyric, valeric, and to a lesser extent, various isomer forms of 

butyric and valeric acids.  Phillips (1997), Aboutboul et al. (1995), and van Rijn et al. 

(1995) found that the digestion of fish feed and fish solids yield VFA profiles that are 

similar to those observed when wastewater sludges are fermented.  The reactors used 

during by Phillips and Aboutbout and co-workers operated as high rate fermentation 

units.   

 In summary, studies reported to date suggest that fermenting fish solids could help 

reduce waste loads and generate an acceptable carbon and energy source to augment 

nitrogen removal at RAS facilities.  However, little effort has been directed toward 

optimizing VFA production from the fermentation of fish wastes.  Additionally, no cost 

analyses have been conducted to determine the relative economic cost of augmenting a 

RAS facility aquaculture with endogenously-derived verses exogenously obtained carbon 

and energy sources. 
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3.1 Objectives 

 The goal of this study was to evaluate the efficacy of employing endogenously-

derived carbon and energy sources to fuel nitrogen removal when incorporated into the 

waste effluent treatment system for a RAS facility.  The specific objectives were to: 

1). Characterize the waste stream generated from an industrial-scale RAS tilapia 

facility, 

2). Characterize the performance of a laboratory-scale fermentation unit under different 

operational conditions when supplied fish waste solids collected from the industrial-scale 

system, and  

3). Evaluate the relative cost of endogenously-derived verses exogenously supplied 

carbon and energy sources for fueling denitrification in the RAS facility. 

3.2 Materials and Methods 

3.2.1 Fish culture facility 

 The waste stream characterized during this experiment was generated by Blue 

Ridge Aquaculture (BRA, Martinsville, VA), which is a large commercial-scale RAS 

facility producing more than 1134 metric tons (2 x 109 lbs) of tilapia annually.  The 

facility houses 42 RAS production systems (each holding 227 m3 of water), fish breeding 

and egg incubation/hatching systems, fingerling rearing systems (utilizing a green water 

culture strategy), and brood stock holding systems.  Fish were fed commercially prepared 

diets containing minimum crude protein and fat levels ranging between 32 to 45% and 8 

to 15%, respectively.  As part of the management strategy, freshwater exchanges were 

used to remove settled particulate material (feces and uneaten feed) and/or to dilute 

ammonia, nitrate and dissolved organic carbon concentrations from the various systems.  
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Daily water exchanged rates ranged from 10 to 50% of a system’s water volume, 

depending on the culture system, life stage of the fish, and amount of feed delivered to 

the system.  The total daily volume of wastewater generated was approximately 1,676 m3 

per day. 

3.2.2 Waste stream sampling 

 Water quality measurements were obtained by continuously sampling the combined 

waste stream over a 24-hr period on three different occasions, which occurred over a 5-

week period.  During two of sampling events, a composite sample was generated using a 

peristaltic pump to constantly deliver 8 ml/min of wastewater to a collection basin.  

Average concentrations (Cavg) were measured directly, and contaminant mass loadings 

(nMass) were calculated from QavgCavg, where Qavg was the average estimated daily flow. 

 For the third sampling event, diurnal variations in the waste stream were 

characterized.  Continuous sampling of the waste stream was conducted a peristaltic 

pump as described for the other two occasions.  However, the water samples were 

collected as separate aliquots spaced at 90 min intervals, yielding 16 separate samples.  In 

addition to waste stream constituent analysis, waste stream flow variations were 

estimated.  Flow volumes were estimated hourly by calculating the volume of water 

drained from each culture system throughout the facility and the timing the length of the 

drain period by BRA personal during daily activities.  Flow-weighted and non flow-

weighted concentration averages were determined for the contaminants monitored during 

the waste stream surveys.  Three different methods were used: 1) non flow-weighted 

average (nPavg, equation 1), 2) variable flow weighted average (vfPavg,equation 2), and 3) 

constant flow-weighted average (cfPavg,equation 3).  In addition, mass loadings were 



 

 58

calculated for sampling event three by multiplying contaminant averages by the 

associated flows, and are categorized as daily flow-weighted mass loading (vfMass, 

equation 4) or constant flow-averaged mass loading (cfMass, equation 5). 

 

avg

1
P  = i

x

i

C
n=

∑   (1) 

vf avg

1
P  = i i i

i i

x

i

CQt
Qt=

∑  (2) 

cf avg 

1
P = i i i

j

x

i i i

CQt
Q t
t

 
 =
 
  

∑  
(3) 

vf
1

Mass =  i i

x

i
CQ

=
∑  (4) 

cf
1 1

Mass = 
day

ii
i

x x

i i

Q t C
= =

  
  

  
∑ ∑  (5) 

 

Where:  

Ci - contaminant concentration for a given 90 minute sample aliquot (mg/L) 

n - number of samples 

Pavg - concentration average without considering flow (mg/L) 

cfPavg - parameter flow per volume weighted average using assuming a constant 

flow stream (mg/L) 

vfPavg - flow-weighted average concentration (mg/L) 

Qi - stream flow for a given time period (L/min) 

cQj - constant flow over entire sample event (L/min) 
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ti - length of a given time period (min), 

tj - length of a given time period (min), 

i - ith 90-minute interval  

j - jth 60-minute interval   

 

3.2.3 Laboratory reactor set-up 

 Waste fish solids were fermented using semi- and fully-automated laboratory-scale 

reactors located at Virginia Polytechnic Institute and State University (Blacksburg, 

Virginia).  One fermentation system was held at 28 oC (no temperature control required) 

and consisted of a 5 L glass reactor containing 4 L of biosolids.  The fermenter served as 

the feed source for a self-contained laboratory-scale denitrification system described in 

Brazil and Love (2001).  The fermenter was operated as a modified sequencing batch 

reactor (SBR) with four 6 hr-cycles during each 24 hr period.  Phase time for each cycle 

were:  1.5 min manual feed (with mixing on), 5.25 hr react, 50 min settling, and 1.5 min 

decant.  The hydraulic retention time (HRT) of the fermenter reactor was maintained at 

36 hr, while the solids retention time (SRT) varied between 1.5 and 3 days with 

variations in feed solids concentration (where the wastage rate was constant but reactor 

total suspended solids levels varied).   The reactor pH level was maintained above 6.0 by 

adding sodium bicarbonate at a rate of 3 to 5 g daily, depending on the reactor waste 

solids pH.   

   A second automated fermentation system was maintained at 40 oC and consisted of 

three 4 L glass reactors containing 3 L of biosolids operated in parallel.  By using a warm 

water jacket created by connecting the reactors in series to the water heater/cooler 
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circulator, the experimental temperature was held constant.  Polyethylene tubing (1.27cm 

dia.) coiled around each reactor carried the continuously circulated heated water.  During 

the reaction cycle event, the reactors contents were kept completely mixed with two 

rectangular (0.32 cm x 3.3 cm x 7.6 cm) plastic paddles, 7.6 cm (on center) apart, 

oriented perpendicular to each other.  The paddles were connected to the 0.95 cm shaft 

rotated at 100 RPM via a parallel shaft gear motor.  Solids in the stock reservoir were 

kept suspended with a magnetic stir bar and stir plate placed in miniature refrigerator.   

 All reactors were operated as conventional SBR with three 8 hr-cycles per 24-hour 

period.  Phase times for each were controlled by an automated timer system coupled with 

peristaltic pumps, and were: 1.5 min feed (with mixing), 7 hr react, 50 min settling, and 

2.5 min decant.  Each reactor was operated at one of 3-HRTs, 12, 18, or 24 hours, while 

the SRT varied slightly with each solids loading condition.  Different feed solids loadings 

were achieved by varying the fish solids concentration delivered to the reactors.  The 

desired feed solids concentration was achieved by adding the appropriate mass of 

concentrated solids to the refrigerated solids storage basin and diluted with tap water 

daily.  The storage basin was emptied and rinsed of residual solids/debris (fish scales and 

inert material) every other day.  Sodium bicarbonate was added at a rate of 20 to 25 g to 

the solids feed bucket daily to maintain pH levels above 6.0 during fermentation.   

3.2.4 Feed solids collection 

 Feed solids for the 28 oC fermentation study were collected from the industrial-

scale facility as concentrated slurry using the following procedure. Each of the 42 RAS 

production unit consists of a rearing tank, a multi-tube clarifier (sump), a nitrifying 

rotating biological contactor (RBC) and a U-tube aeration device.  Once per day, the 
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sump was isolated from the system, drained, washed down of fish waste solids, refilled, 

and reconnected to the system.  Material from the sump drained into a catch basin, which 

collected waste solids from four RAS units before combining other waste streams from 

different culture systems within the facility.  Typically, 8 to 10 buckets of slurry were 

collected from the catch basin and allowed to settle for approximately 50 minutes.  The 

supernatant was discarded, the thickened solids from all bucket poured into a 94.5 L 

container, thoroughly mixed, and redistributed into 1 L plastic bottles.  The bottles were 

immediately packed in ice, transported to Virginia Tech, and frozen until used.  The time 

between solids collection and longer-term storage was generally 4.5 hrs.  Solids were 

typically frozen between 23 and 25 days. 

 During the 40 oC fermentation studies, feed solids were collected from either a pre-

settling basin or rotating drum filter, which were part of a pilot-scale waste recovery 

system that was being tested at the BRA.  Installation of the waste recovery system 

altered the BRA drain system hydraulics such that collection of waste fish solids from the 

catch basin was not possible.  The solids slurry collected during this phase of the study 

was collected, thickened, stored in 1 L bottles and frozen until used.  For all fermentation 

reactors, frozen feed solids were thawed 24 hrs and stored at 4 oC before use. 

3.2.5 Sample collection and analysis 

 The waste streams from each fermenter were analyzed twice weekly for a range of 

constituents.  Each reactor’s waste was gently and thoroughly mixed before being 

analyzed for temperature, pH, soluble chemical oxygen demand (sCOD), dissolved 

organic carbon (DOC), total and volatile solids (TS and VS, respectively), and 

supernatant total and volatile suspended solids (TSS and VSS, respectively).  In addition, 
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all effluents were analyzed for soluble total ammonia nitrogen (sTAN).  All analyses 

were completed within 4 hours of sample collection. 

 Sample aliquots designated for soluble analysis were centrifuge for 1 minute and 

filtered through 1.5 µm pore glass fiber filter paper.  All constituents remaining in the 

filtrate are defined as soluble.   

 COD analyses were conducted using the closed flux procedure according to 

Standard Method 5220 C (APHA, 1998).  DOC measurements were obtained using a 

total organic carbon analyzer (Dohrmann Model DC 80, Santa Clara, California).  

Ammonia was determined according to Standard Methods procedure 4500-NH3-N 

(APHA, 1998).  Total and suspended solids analysis was measured according to Standard 

Methods procedures 2540B and 2540D, respectively (APHA 1998).  pH determinations 

were made using a pH/mV meter (Fisher Brand Accumet model 910, Fisher Scientific, 

Atlanta, Georgia).  

 Cations and anions were measured in the BRA waste stream to characterize the 

facilities effluents.  Ion analysis was conducted on a Dionex DX-120 ion chromatograph 

(IC).  Cations were measured with a CS12 IonPac column using a CSRS Ultra suppressor 

and an eluent of 20 nM methansulfonic acid at a flow rate of 1.0 mL/min.  Anions were 

measured with an AS14 using an ASRS-I suppressor and an eluent of 3.5 mM sodium 

carbonate and 1.0 mM sodium bicarbonate at a flow rate of 1mL/min.  

3.2.6 Statistical analysis 

 Descriptive statistics and hypothesis testing were conducted using SAS statistical 

package (SAS Institute, Cary, North Carolina).  Treatment (HRT and SRT) effects were 

evaluated with one-way analysis of variance procedures.   Statistically significance was 
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an alpha level (α) = 0.05.  Regression analyses were performed using SigmaPlot (SPSS 

Science, Chicago, Illinois). 

3.2.7 Cost analysis 

 A cost analysis was conducted on two carbon source alternatives that could be used 

to fuel complete denitrification for different scenarios of nitrate loading and initial 

COD:NO3-N of 6 as suggested by Phillips (1997) and Abriv and van Rijn (1995).  The 

carbon and energy sources compared in this analysis were the endogenously derived 

products from fermentation and methanol (CH3OH, 99.99% by volume).  Methanol is a 

commonly used exogenous carbon used to fuel denitrification in carbon-limited 

wastewater treatment systems and has been used in successfully in aquaculture 

applications (Piamsak et al., 2001).  Capital costs were not included in the final analysis 

because it was determined that these costs no more than 7 % of the total monthly cost to 

add a carbon and energy source to the waste stream. 

3.2.7.1 Endogenous and exogenous carbon and energy products 

 Endogenously derived carbon and energy products were assumed to be VFA 

compounds generated by the fermentation of fish solids as described elsewhere (Brazil 

and Love 2001).  The daily mass of nitrate requiring denitrification determined the daily 

mass of COD that had to be produced, which determined the mass of solids that had to be 

fermented.  Because the fermenter supernatant would contain elevated ammonia 

concentrations, the resulting sTAN concentration after mixing with the main process was 

calculated and used to estimate the volume of dilution water need to maintain sTAN 

concentrations below 1 mg/L (if necessary).  Additionally, it was assumed that the 

denitrifying bacterial colony would consume 0.05mg of ammonia / mg nitrate consumed, 
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which periodically observed during the operation of a pilot-scale fluidized bed 

denitrification system (preliminary data not shown).  sCOD and sTAN productions were 

based on fermentation results.  Utility costs (water and sewage) were based on 2001 rates 

for the Town of Blacksburg, Virginia.  Exogenous carbon and energy source costs were 

based on wholesale prices at the time of the analysis.   

 

Table 3.1.  Items and parameter values used to estimate the cost of amending an 
aquacultural waste stream with exogenous carbon and energy source, or with dilution 
water if required when using endogenously derived fermentation material. 

Item g COD/GMW1 Density (g/cm3) Cost function 

Methanol (100%) 1.03 0.7922 $0.355/kg COD 

 Cost   

Water $0.516/m3 $5.05x10-4/L 

Sewage $0.524/m3 $5.13x10-4/L 
1.  GMW - gram molecular weight 

 

3.3 Results 

3.3.1 Waste stream characterization 

 Three separate 24-hr sampling events indicate that the waste stream generated by 

the industrial-scale RAS facility is fairly strong with respect to organic and oxidized 

nitrogen contaminants, and highly variable.  As shown in Table 3.2, the average (non 

flow-weighted) concentrations are high for organic suspended solids, nitrate, and sodium, 

chloride, and sulfate when compared to typical values for domestic sewage (Metcalf and 

Eddy, 1991).  Both soluble COD and TAN are, on average, more dilute than domestic 

sewage, but peak concentrations are approximately 3 times the average and similar to 

domestic sewage.  The low average TAN concentrations and elevated NO3-N reflect the 
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use of nitrifying biofiltration within the culture system.  Over the 24-hour period, the TSS 

concentration varied widely from a low of 84 mg/L, characteristic of the discharge water 

from the systems holding juvenile fish, to a high approaching 1615 mg/L, which was 

characteristic of the waste generated from the production systems.   The relatively high 

concentrations of sodium and chloride reflect the intensity of the production strategy 

employed at this facility where salt is routinely added to the culture systems to aid the 

fish in osmotic regulation during handling.  In summary, the wastestream composition 

was heavily influenced by operational practices occurring upstream.  Additionally, the 

wastestream contained high concentrations of organic carbon and nitrate, which suggest 

that the wastestream may be appropriate for applying fully or partially self-contained 

biological denitrification. 

 The non flow-weighted and flow-weighted mass loadings and concentrations are 

similar for all constituents and indicate that the extreme (high and low) loading 

conditions were well balanced.  Additionally, the average concentrations observed over 

the three distinct sampling events were quite similar for all constituents, indicating that 

the day-to-day variation in activities occurring within the facility was low.  This result 

suggests that some equalization located upstream of a fermentation and/or denitrification 

treatment system would be appropriate.  For purposes of evaluating costs associated with 

use of either endogenous or exogenous carbon and energy sources, a primary clarifier 

located upstream would provide a significant equalization effect with regard to the most 

variable waste component, TSS. 
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Table 3.2.  Mean + standard deviation water quality values for the waste stream generated by an industrial-scale recirculating 
aquaculture production facility (Blue Ridge Aquaculture, Martinsville, VA), producing more than 1134 metric tons (2 x 109 lbs) of 
tilapia annually.  The daily waste stream volume was estimate to be approximately 1,677 m3.  Water samples were collected at 
approximately 90 min intervals over a 24-hr period with simultaneous flow estimations to account for concentration and volume 
fluctuations. 

Parameter Min 
(mg/L) 

Max 
(mg/L) 

vfPavg  
(mg/L) 

cfPavg 
(mg/L) 

Pavg 
(mg/L) 

vfMass 
(kg/day) 

cfMass 
(kg/day) 

cMass1 

(kg/day) 
Temperature 

(oC) 26.3 30.0 27.9 + 1.2 27.9 + 1.0 27.9 + 1.0 ----- ----- ----- 

pH 6.7 7.6 7.0 + 0.3 7.1 + 0.2 7.1 + 0.2 ----- ----- ----- 

TAN 0.5 9.9 2.8 + 1.1 2.9 + 0.2 3.1 + 2.3 4.6 4.9 4.9 

NO2-N 0.3 2.5 1.4 + 0.2 1.4 + 0.2 1.2 + 0.7 2.3 2.1 2.4 

NO3-N 2.5 79.1 57.4 + 2.9 57.1 + 2.2 52.5 + 26.1 96.3 95.7 104.0 

SCOD 36.4 390.2 113.4 + 10.6 125.2 + 7.3 125.3 + 128.0 210.1 213.4 151.5 

TSS 84.0 1613.3 623.6 + 58.0 599.5 + 50.7 553.6  + 394.9 1045.6 1005.2 927.7 

VSS 73.3 1402.2 558.8 + 51.1 530.0 + 45.1 479.9 + 354.8 835.6 814.7 802.1 
1.  cMass -  mass production estimated from two composite sampling events. 

 
 
 
 
 
 
 



 

 67

Table 2.3 continued. 

Parameter Min 
(mg/L) 

Max 
(mg/L) 

vfPavg  
(mg/L) 

cfPavg 
(mg/L) 

Pavg 
(mg/L) 

vfMass 
(kg/day) 

cfMass 
(kg/day) 

cMass1 

(kg/day) 

Ca2+ 32.4 84.8 21.4 + 1.5 21.1 + 0.1 22.6 + 11.1 35.8 35.4 29.6 

K+ 4.9 75.1 35.9 + 3.6 36.1 + 2.8 33.8 + 21.0 60.2 60.5 65.4 

Mg2+ 5.0 12.7 10 + 0.8 10.0 + 0.5 9.8 + 3.0 16.8 16.8 15.8 

Na+ 51.3 324.7 242.9 + 21.1 237.9 + 14.8 232.1 + 93.4 407.3 398.9 57.9 

Cl- 26.2 226.7 103.8 + 9.5 104.7 + 7.3 103.4 + 59.3 174.0 175.5 466.3 

PO4
—P 2.4 11.4 6.1 + 0.4 6.2 + 0.4 59.0 + 3.1 10.1 10.4 13.8 

SO4
- 32.4 84.4 49.4 + 3.4 50.7 + 0.1 53.4 + 17.5 82.8 85.0 320.2 

1.  cMass -  mass production estimated from two composite sampling events. 
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3.3.2 Endogenous carbon production 

 Fish solids were fermented under different operational condition to evaluate the 

impact on carbon production, measured as increased sCOD.  SRT was held relatively 

constant across all four reactor systems and was less than or equal to 2.5 days, on 

average.  Analysis of variance indicated that SRT was similar for all reactors (p-value > 

0.05).  The HRT was held constant for each reactor, but varied between reactors from 14 

to 38 hours.  Table 3.3 shows overall fermentation operational conditions. 

 

Table 3.3.  Overall mean + standard deviation values for the fermentation reactors under 
different operational conditions.  Feed solids obtained from the waste stream of an 
industrial-scale recirculating aquaculture facility. Values with the same letter are not 
significantly different within a given column. 

Reactor Temperature (oC) PH SRT (days) HRT (hours) 

R1 28 + 0.03a 6.4 + 0.2 2.3 + 1.5 37.6 + 0.1a 
R2 40 + 0.01b 6.3 + 0.4 2.5 + 0.6 25.8 + 0.5b 
R3 40 + 0.01b 6.5 + 0.4 2.2 + 0.4 18.4 + 0.4b 
R4 40 + 0.01b 6.6 + 0.6 2.1 + 0.7 13.7 + 0.1b 

 
 

The fermenter operated at 28 oC had a significantly (p-value < 0.01) longer HRT than the 

fermenters operated at 40 oC.  The production of sCOD (characterized as VFA, Brazil 

and Love 2001) by fermentation was influenced more by solids concentration in the 

fermenter than by the temperature (Figure 3.1).  A linear correlation between total solids 

up to 2.8% and sCOD produced up to 5500 mg/L.  Statistically, there is no clear 

advantage to operating the fermentation reactor at 40 oC relative to 28 oC with respect to 

sCOD production.  It is anticipated that a maximum sCOD will ultimately be achieved as 

%TS increases, but that limit was not achieved during this study.   Of relevance to 
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aquacultlurists is the mass of sCOD produced per mass of solids applied to the fermenter.  

Although there is a significant amount of scatter,  

 

 

Figure 3.2 present the correlation used to predict the mass of sCOD produced per mass of 

total solids applied.   sCOD production was normalized to the daily mass of solids 

applied to the fermenter (specific sCOD production rate) in Table 3.4.  It was determined 

that the specific sCOD production rate was highest from the fermenter operated with an 

HRT of 26 hrs (Reactor 2) at 40 oC, and lowest with the fermenter operated at an HRT of 

38 hours at 28 oC (Reactor 1).  
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Figure 3.1.  Relationship between reactor biosolids concentration and sCOD
production at different temperatures.
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Figure 3.2   Relationship between the mass of waste fish solids 
applied to the fermentation reactor and the sCOD production.   
Close symbols represent reactors operated at 28  oC and open 
symbols represent reactors operated at 40  oC. 
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Figure 3.2   Relationship between the mass of waste fish solids 
applied to the fermentation reactor and the sCOD production.   
Close symbols represent reactors operated at 28  oC and open 
symbols represent reactors operated at 40  oC. 
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Table 3.4.  Mean + standard deviation values for specific sCOD and ammonia production 
rates observed during the fermentation of fish solids at different temperatures. 

 HRT 
(hours) 

sCOD/Solids applied 
(mg/g) 

sNH4/Solids applied 
(mg/g) 

28 oC   

Reactor 1 38 160 + 26 4.3 + 1.6 

40 oC   

Reactor 2 26 270 + 96 5.7 + 2.3 

Reactor 3 18 232 + 89 5.6 + 2.6 

Reactor 4 14 248 + 95 4.8 + 1.9 
 

 

There was no significant effect of HRT on specific sCOD production rate between the 

fermenters operated 40 oC (p-value < 0.05).  Similarly, the specific ammonia production 

rate did not differ significantly at different temperatures or at different HRTs at 40 oC (p-

value < 0.05).  Therefore, elevating the temperature in the fermenter resulted in a greater 

yield of sCOD per unit of solids applied to the fermenter (Table 3.4), but varying the 

HRT had no impact.  Also, fermentation of fish solids resulted in fairly high production 

of ammonia production, but it was not significantly impacted by temperature. 

3.3.3 Cost analysis 

 Results of the cost analysis for the different waste stream scenarios are presented in 

Table 3.5.   Under all scenarios, the cost to meet the total daily COD requirement was 

more expensive when fermentation supernatant was supplied as the sole carbon and 

energy source.  When methanol served as the sole carbon and energy source, the cost 

savings ranged from 87% to 95% for Scenarios 1 and 4, respectively.  When the mass of 

fermentation-generated sCOD that can be used is limited by the mass of ammonia that 
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can be applied back to the production water with the remaining sCOD requirement meet 

with methanol, an optimum operating condition (with respect to percentage of daily COD 

demand met by fermentation products and that by an exogenous source) is determine for 

a given scenario (defined by the mass of nitrate to be removed and maximum allowable 

ammonia in the final effluent).  The inflection point for each plot in Figure 3.3 identifies 

this optimum point.   An example of this effect can be seen by the shift of this point of 

the curve to the left as the COD:NO3 increased from 6 to 10 at the same nitrate loading 

(50 mg/L NO3-N) relative the shift observed when the COD:NO3 is held constant and 

nitrate concentration held constant, indicates that the COD:NO3 exerts a greater influence 

over the optimum operation condition than nitrate concentration.  In a subsequent 

analysis that examined the influence of specific ammonia production rate on the cost of 

implementing a fermentation strategy, it was determined that changes in ammonia 

production resulted in greater per unit cost than did COD:NO3 under similar waste stream 

scenarios (Figure 3.4).
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Table 3.5.  Presented in the table are the volumes of carbon and energy sources needed to meet the daily sCOD demand and the 
associated cost of that alternative for the following scenarios.  Two nitrate loading and COD:NO3 scenarios were examined in this 
analysis for treating an aquaculture waste stream with an estimated daily volume of 1,677 m3.  

 NO3-N = 50 mg/L  NO3-N = 100 mg/L 

 COD:NO3 = 6  COD:NO3 = 10  COD:NO3 = 6  COD:NO3 = 10 

 Scenario 1  Scenario 2  Scenario 3  Scenario 4 

 Fermentation Methanol  Fermentation Methanol  Fermentation Methanol  Fermentation Methanol 

Amount of A 
material /day 1,520 kg 164 m3  2532 kg 273 m3  3,040 kg 327 m3  5,065 kg 545 m3 

Cost/day ($) 2,560 294  8,115 491  6,820 589  17,930 980 

Optimum ratioB   
(End%:Exo%) 69 31  42 58  59 41  35 65 

Ratio cost/day 
($) 90  287  240  633 

A. Value presented in the fermentation cells refers to the mass of solids required for fermentation (kg/day). 
B.  Percentage of the total daily COD requirement met by COD from endogenous fermentation productions (End) and portion 
fulfilled by pure exogenous carbon source (Exo). 
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Figure 3.3.  Analysis of the daily cost of carbon amendment as a function of the
relative amount of sCOD supplied from fermentation products and methanol.

% fermentation product supplied

0 20 40 60 80 100

D
ai

ly
 o

f c
on

su
m

ab
le

s

$0

$10000

$20000

$30000

$40000
Allowable NH4-N = 1 mg/L
Allowable NH4-N = 5 mg/L
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3.4 Discussion  

 Increased concern over environmental deterioration has lead to the implementation 

of nutrient removal and COD load reduction strategies on effluents discharged to the 

environment.  For many industries, it has been cost effective to discharge their waste 

streams to the POTWs for ultimate disposal; however, POTWs, faced with more stringent 

effluent quality guidelines, are exploring ways to comply with pending regulations.  One 

consideration is to implement nutrient and COD limits industry discharges or enact fees 

based on the mass of waste material introduced to the collection system.  These 

possibilities provide motivation for industries to investigate on-site waste stream 

treatment systems and implement strategies that are found to be cost effective.  Such is 

the case at BRA. 

 The waste stream generated by BRA is heavily polluted with suspend solids, COD, 

and nutrient.  This effluent was found to be highly variable throughout the day; however, 

average daily mass loadings proved to be fairly consistent (as demonstrated by three 

independent sample events).  The concentration ranges measured during this study were 

consistent with those observed at other facilities (Boyd, 1985; Beveridge et al., 1991; 

Dosdat et al. 1995).  Of the parameters measured, nitrate and total suspended variability 

would be very difficult on a downstream nitrogen removal systems and fermentation, 

respectively, if an endogenous carbon and energy source were used to the fuel 

denitrification.  Thus, in order to obtain a more consistent mass loading to these systems, 

equalization would have to be employed.  Use of a SBR fermentation system inherently 

requires this periodic batch addition of collected and concentrated solids. 
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 Fermentation of waste fish solids is an attractive method of generating an electron 

donor to fuel denitrification of an aquaculture waste stream.  Characterization of the 

sCOD showed that VFAs accounted for as much as 85% of the measured sCOD and was 

consistent with that produced when fish feed was fermented as reported by Phillips 

(1997).  The highest production rate (270 mg sCOD/ g solids applied) observed here was 

23 % lower than that reported by van Rijn (1995) where fish feed was fermented.  This 

reduction was attributed to storage of solid inherent with settling basing and the 

management strategy employed at BRA.  This equated to the a potential solids storage 

time ranging between 18 and 35 hrs, during which it was likely that the collected material 

under went partial degradation.  As a result, subsequent fermentation production potential 

would have been reduced.  Thus, it would critically important to obtained freshly 

collected fish solids for fermentation, which tends to contradict the implementation of 

equalization (where solids would be stored). 

 Fermentation of waste fish solids also produced ammonia-nitrogen at an average 

rate 5.1 mg/g of solids applied to the reactor.  In similar fashion to sCOD, fermentation of 

fish feed resulted in 15 % higher ammonia-nitrogen production (van Rijn, 1995).  

Excessive ammonia production during fermentation (if not removed during 

denitrification) could result is elevated concentrations of ammonia being re-introduced 

into the culture system; leading to conditions that could inhibit fish growth as ammonia 

accumulated in the culture if there was insufficient capacity in existing nitrification 

systems.  In such case, the mass of ammonia that could be diluted to acceptable levels 

would control the amount of fermentation product used.  
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 For the cost analysis conducting here, it was assumed that the nitrification system 

employed on the culture system possessed limited additional nitrification capacity.  Aside 

from capital cost (< 7 % of monthly costs), labor and odor control were not considered in 

this analysis.  Thus, examining only the daily cost of consumables (e.g., methanol and 

freshwater), the least cost alternative would be use a combination of the exogenous and 

endogenous sources.  Yet, when considering the complexity of managing another 

biological system (fermentation), it might be more cost effective and efficient in the long 

term to supply methanol as the sole carbon and energy source.  Additionally, the potential 

problems and complications associated with ammonia production from fish solids 

fermentation are eliminated.   

3.5 Conclusions 

 1).  High rate fermentation of fish waste solids produced significant masses sCOD 

which was a suitable carbon and energy source for denitrification of an aquaculture waste 

stream. Temperature positively increased the specific sCOD production rate, however, 

the resulting production rates at 40 oC may not justify the expense of operating at the 

elevated temperature.  Additionally work is needed to determine the maximum sCOD 

yield possible at elevated temperatures. 

 2).  The simultaneously liberation of ammonia from fish solids during fermentation 

could serve as a nitrogen source for denitrifying bacteria and would not likely be 

completely removed during the denitrification process.  If residual concentrations exceed 

the nitrification capacity of the biofiltration system installed on culture system, fish 

growth could be negatively impacted as ammonia concentrations accumulate to chronic 

levels. 



 

 78

 3).  For fish culture facilities that may not have excess nitrification capacity, 

supplementing endogenously derived carbon and energy sources with an exogenous 

carbon and energy source provided the least costly strategy for denitrifying an 

aquaculture wastestream.  However, the added complexity of operating a fermentation 

system may not justify the cost savings compared to fueling denitrification on methanol 

alone.  
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Chapter 4.  Engineering significance 

 Aquaculture in the United States and the world is moving toward more intensive 

production systems.  The pressures facilitating this intensification include, less land on 

which to construct new extensive facilities (van Rijn 1996), greater demand for seafood 

products as harvests from natural fisheries declines and increased per capita consumption 

of seafood (Harvey 2000) and reduced quantities of suitable water sources and increasing 

regulations on water discharge.  Recirculating aquaculture systems (RAS) employ water 

conservation techniques, which allow the aquaculturist to culture seafood products with 

minimal water requirements per unit mass of fish produced. 

 In the RAS, water from the culture tank is continuously cleaned and recycled back 

to across the fish.  This system has proven to be an effective water conservation strategy.  

However, as production facilities have continued to grow, water usage is once again of 

concern.  For the case of Blue Ridge Aquaculture (Martinsville, Virginia, an industrial-

scale), annual production is more than 1134 metric tons fish and requires approximate 

1890 m3 of water daily (which is equivalent to a small community of approximately 2900 

people – assuming a daily per capita water usage of .67 m3, Metcalf and Eddy, 1991).   

As a result, the facility ownership is exploring innovative treatment strategies that will 

allow for the reuse of this wastewater.  It is anticipated that reclamation and reuse of the 

water will reduce utility (electric, heating, water and sewage) cost and potentially 

facilitate additional intensification of current facilities.   

 The treatment strategy that has received the most attention couples waste fish solids 

and ground fish feed fermentation with denitrification.  Fermentation is used to generate 

an endogenously derived carbon and energy fuel to support complete denitrification.  
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Arbiv and van Rijn (1995) and Phillips (1997) have demonstrated the efficacy of this 

system in to remove nitrate from aquaculture waters.  However, system can periodically 

accumulate nitrite, which is toxic to fish at elevated concentrations (Eddy et al., 1983).  

Additional, it was reported that undefined carbon constituents remained in the effluent 

after all nitrate had been removed, which could limit fish growth if reintroduction and 

allowed to accumulate in RAS (Hirayama et al, 1988). 

 During this study, laboratory-scale fermentation reactors were operated under 

different condition to optimize carbon production (measured as soluble chemical oxygen 

demand, sCOD) and to evaluate the denitrification process when fueled by endogenously 

derived fermentation products.  sCOD was positively correlated with mass of waste fish 

solids applied to the reactor.  The most significant operational condition was temperature, 

which when increased 12 oC increase sCOD production 36 % to an average 250 mg 

sCOD/ g solids applied.  Ammonia production was significant during the fermentation 

process and was similar under the various operational conditions, averaging 5.1 mg NH4-

N/ g solids applied.  

 Evaluations of the denitrification process revealed that transcient nitrite 

accumulations occurred at all initial nitrate-nitrogen concentrations, which ranged 19 to 

215 mg/L, but these concentrations did not prevent complete denitrification.  The kinetic 

and stoichiometric coefficients were highly variable; however, there little evidence as to 

what controlled the stoichiometric demand for carbon consumption, and yet, rate of 

denitrification was strongly controlled by the maximum measured nitrite-nitrogen 

concentration.  When nitrite-nitrogen concentration was less than 20 mg/L, the rate of 

denitrification was controlled by the initial sCOD:NO3-N (typically less than 20 mg/L).  
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However, the denitrification rate slowed when nitrite accumulations exceeded 25 mg/L 

regardless of the initial sCOD:NO3. Additionally, it was observed that the sCOD in the 

denitrified effluent increased as the initial sCOD was increased to meet the carbon 

demand for a particular nitrate loading condition.  Aerobic treatability studies 

demonstrated that the residual carbon exerted a high oxygen demand and was relatively 

difficult to degrade. 

 An analysis comparing the cost methanol addition against the use of fermentation 

products to support denitrification of an aquaculture waste stream revealed that the least 

cost operational condition existed when a combination of the two the carbon and energy 

sources where used to meet the carbon demand.  Under this strategy, the mass of 

fermentation product used was limited by the mass of ammonia that could be diluted be 

the waste stream.   

 The results of this study have significant implications with respect to design and 

operation of a full-scale system.  The primary issues that must be considered when 

designing and implementing this treatment strategy will be the production of nitrite and 

removal of residual carbon and ammonia following denitrification.  Given the expected 

range of nitrate-nitrogen concentrations in an industrial-scale RAS facility waste stream 

(50 to 80 mg/L), it should be anticipated that nitrite accumulations will likely slow the 

rate of denitrification and given more time to complete.  The residual carbon constituents 

proved to be slowly degraded; however, it might be possible to increase their biological 

assimilability with ozonation before treatment is attempted.  The concentration of 

ammonia-nitrogen permissible in the treated effluent will depend on existing nitrification 
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capacity of biolfilters contained within a RAS receiving this treated water and sensitivity 

of the fish species being cultured. 
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Table A.1.  Data plotted in figure 2.2 
Event 1  Event 2 

Organic acid Concentration  
(mg/L) 

Standard 
deviation  

Concentration  
(mg/L) 

Standard 
deviation 

Acetic 32 4.85  47 5.47 
Propionic 27 3.658  36 6.58 
Butyric 15 3.25  2.7 0.3 
Valeric 7.0 0.78  1.0 0.25 
      
Measured sCOD 487.24   652.34  
 

Table A.2.  Data plotted in figure 2.3. 
sCOD DOC sCOD DOC sCOD DOC sCOD DOC 

2841.18 791.2 2874.5 1173 2091.18 669.57 4297.87 1489 
2785.85 834.2 1950 805.9 1625.62 563.2 2198.58 874.77 
3895.9 1235 1558 765.2 1822.66 567.2 1648.48 1234.67 

3003.21 997 2841.18 791.2 3832.51 1478 3003.21 997.07 
4297.87 1489 2091.18 669.57 4147.78 1473 3961.9 1418.17 
2198.58 874.77 3484.34 1009.67 4975.37 1802 2383.67 886.27 
3694.55 1148.33 2110.84 690.47 4916.26 1796 1234.67 666.67 
2443.64 745.1 3455.2 1713.67 841.58 476.2 824.49 997.07 
3484.34 1009.67 2293.91 1176 1039.6 459.8 3802.74 1159.5 
2110.84 690.47 3694.5 1148 1633.66 636.3 2312.33 810.5 
2841.18 791.2 2443.64 746.1 1475.25 647 3091.53 1159.5 
973.22 320.33 807.82 252.7 1740 580.83   

 
Table A.3.  Data plotted for Figure 2.4A.   

Time 

Acetic 
acid 

(mg/L) 

Butyric 
acid 

(mg/L) 

Propionic 
acid 

(mg/L) 

Valeric 
acid 

(mg/L) 
SCOD 
(mg/L) 

Nritrite 
(mg/L) 

Nitrate 
(mg.L) 

0 229.8171 32.09895 13.52929 17.68142 251.59 0.61 19.5 
5 74.73678 0 0 11.68289 200.03 1.99 14 

10 131.2962 4.39196 0 14.04407 157.61 0.6 5.45 
15 113.0083 0 0 16.85807 147.82 0.633 1.2 
20 106.8325 0 0 12.27761 154.35 0.183 1.13 
25 102.4458 0 0 7.02395 134.77 0.056 0 
30 109.1943 0 0 12.35814 130.2 0.054 0 
40 100.7487 0 0 6.886185 134.77 0.049 0 
45 61.38685 0 0 5.523525 108.66 0 0 
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Table A.4.  Data plotted for Figure 2.4B. 
Time sCOD Nitrite Nitrate 
0.5 1192.78 0.56 88.87 
1.5 1155.99 2 85 
6.5 1087.68 7.81 74.14 

11.5 1053.53 14.99 61.52 
16.5 912.97 21.59 48.83 
26.5 797.37 41.64 21.77 
36.5 693.6 10.35 2.5 
51.5 606.9 6.23 0 
66.5 542.53 4.34 0 
96.5 532.02 4.07 0 

126.5 496.55 3.41 0 
186.5 486.04 2.92 0 
246.5 422.99 0.45 0 

 
Table A.5.  Data plotted for figure 2.5. 

 k Initial sCOD:NO3-N
Plot A   

 0.239 10.2 
 0.246 17.2 
 0.194 8.0 
 0.096 5.82 

Plot B   
 0.124 7.0 
 0.080 6.9 
 0.054 8.4 
 0.051 16.8 
 0.010 13.3 

 
Table A.6.  Data plotted for figure 2.6. 

Nitrite k Nitrite k 
12.4 0.239 57.3 0.124 
6.7 0.246 57.3 0.124 

11.4 0.194 48.7 0.08 
27.6 0.0957 76.5 0.054 
41 0.01 123.5 0.051 
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Table A.7.  Data plotted for figure 2.7. 

Day 
(day) 

DOC 
(mg/L) 

Standard 
deviation 

0 21.19 2.085569 
1 --- --- 
2 12.52667 1.73148 
3 13.48 1.507072 
4 11.37333 1.384349 
5 11.5 1.730838 
6 10.79625 2.540083 
7 10.89375 2.735749 
8 11.685 3.56859 

 
Table A.8.  Data plotted for figure 2.8. 

Time (hours) DOC (mg/L) 
Standard 
deviation 

Oxygen 
consumed (mg/L) Standard deviation 

0.5 63.5 1.65 0 0 
2 62.5525 1.4 0 0 
5 58.8675 2.54 0 0 
8 55.1025 1.7 0 0 

11 49.2125 0.59 41.89167 1.430868 
14 31.03 0.26 166.95 4.075639 
17 25.0875 0.47 200.8417 2.842074 
20 23.65 2.36 226.275 2.991342 
24 21.58 1.2 264.3111 0.420219 
27 20.98 0.46 279.5556 0.283787 
32 20.57 0.24 290.25 0.202073 
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Table A.9.  Data plotted for figure 3.1. 

Temperature = 28  Temperature = 40 
sCOD %TS sCOD %TS  sCOD %TS sCOD %TS
8600 0.03 13100 0.03  1270.479 0.69 1077.419 1.04 
8300 0.32 14200 0.03  597.4359 0.7 1290.24 1.15 

15200 0.01 13600 0.02  1286.677 1.29 1269.14 1.11 
16300 0.24 35700 0.58  1242.581 1.29 3637.53 2.87 
19000 0.11 17200 0.22  1314.839 1.46 3637.53 1.39 
14300 0.06 9000 0.03  1661.44 1.15 1116.033 0.7 
15300 0.13 6600 0.08  1875.296 1.19 1200 0.64 
30500 0.01 7500 0.1  4067.362 2.63 564.1026 0.62 
21100 0.21 14400 0.07  4067.362 1.74 1248.154 1.2 
14500 0.4 12100 0.06  1142.479 1.23 1122.581 0.98 
5400 0.07 14400 0.03  828.2051 0.49 1273.548 1.14 
6100 0.06 15200 8.67  630.769 0.48 1551.36 6.18 

17200 0.06 14100 0.02  1171.108 1.48 1509.077 1.14 
13700 0.09 28700 0.06  1015.484 1.11 3573.376 2.47 
31000 0.19 . .  3573.376 2.7 . . 

 
Table A.10.  Data plotted for figure 3.2. 

Temperature = 28 oC 
Applied 

solids (g) sCOD (mg) 
Applied 

solids (g) 
sCOD 
(mg) 

Applied 
solids (g) sCOD (mg) 

14.43645 2880 14.34406 1689.8 43.37699 3102 
15.24999 3477.72 15.31561 3216 44.82708 4827.76 
14.46566 2232 15.85594 4190 45.43552 9271.76 
13.02394 2929.12 18.72964 3517.56 43.9083 12934.36 
13.56436 4251 13.70065 3882.04 62.16676 13804.72 
13.66785 4044.2 14.65765 4747.32 33.12379 13804.72 
16.03991 10209.56 13.77942 4435.36 32.40209 . 
14.63154 5781.88 12.86093 4435.36 32.94374 13804.72 
14.90867 12770.48 12.31229 2193.28 32.97126 13804.72 
15.57812 8070.618 12.73646 2815.4 32.86279 11672.13 
15.89468 9858.932 13.46063 3597.68 33.37867 11829.51 
12.80908 476.2 12.44205 3102 32.69376 11265.04 
13.15415 1689.8 12.17245 3102 33.88954 12094.16 
32.70786 11143.26 50.71194 17191.49 55.25142 13820.79 
52.24658 7800 62.41811 17191.49 55.53282 11415.27 
50.87366 11364.71 52.63159 15847.62 55.39044 12366.1 

 
 
 
 



 

 94

Table A.10 continued. 

Temperature = 40 oC 
HRT = 13.7 hrs  HRT = 18.4 hrs  HRT = 25.8 hrs 

Applied 
solids (g) sCOD (mg)  

Applied 
solids (g) sCOD (mg)  

Applied solids 
(g) sCOD (mg) 

12.12824 1707.531  7.649692 4798.413  10.4314 4764.298 
7.082005 6696  6.624398 3304.538  9.500782 5198.462 
12.18277 3931.795  15.13301 750.6154  10.34321 1780.359 
23.43937 10297.27  21.93157 5457.361  22.34279 4194.568 
19.55828 6915.097  21.31974 4732.155  20.27501 4147.734 
24.66843 5178.248  22.55399 4482.065  22.41303 4181.187 
20.63923 9618.432  22.02398 5960.909  21.8921 5515.981 
35.55103 6304.922  27.87201 6041.105  20.6196 5438.358 

. 18760.22  65.91824 16223.38  68.76656 13747.68 
81.79697 20261.04  68.95759 17387.39  54.24279 15293.28 
48.24589 9735.517  49.16778 10997.49  33.39312 7326.338 
53.25335 12776.1  43.93871 12277.64  32.17782 8882.35 

 
 
Table A.11.  Data plotted for figure 3.3. 

NO3-N = 100 mg/L, sCOD:NO3-N = 10 NO3-N = 100 mg/L, sCOD:NO3-N = 6 
% Fermentation product Cost % Fermentation product Cost 

0 1433.27 0 859.96 
10 1289.94 20 687.97 
20 1146.62 40 515.98 
28 1029.11 47 455.8 
40 6879.03 50 1348.66 
60 16793.16 70 7297.14 
80 26707.28 90 13245.61 
100 36621.41 100 16219.85 

    
NO3-N = 50 mg/L, sCOD:NO3-N = 10 NO3-N = 50 mg/L, sCOD:NO3-N = 6 
% Fermentation product Cost % Fermentation product Cost 

0 716.64 0 429.98 
15 609.14 20 343.98 
30 501.64 40 300.99 
33 479 50 214.99 
50 4673.87 55 192.94 
70 9630.85 70 2275.41 
90 14588.01 90 5335.67 
100 17066.54 100 6865.7 
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Table A.12.  Data plotted for figure 3.4 

NO3-N = 100 mg/L, sCOD:NO3-N = 10 
NH4-N = 1 mg/L  NH4-N = 5 mg/L 

% Fermentation product Cost  % Fermentation product Cost 
0 1433.27  0 1433.27 
10 1289.94  20 1146.26 
20 1146.62  40 859.96 
28 1029.11  60 573.73 
40 6879.03  80 8414.51 
60 16793.16  90 12329.13 
80 26707.28  100 16243.76 
100 36621.41    
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Table A.13.  Raw data for feeds solids used during fermentation studies. 

Date Water 
(L) 

Feed 
solids 

(L) 
HCO3 

(g) 
Feed stock 

solids (mg/L)
Initial volume in 
feed bucket (L)

Final volume 
in feed bucket 

(L) 

Feed solids 
concentration 

(mg/L) 

3/24/01 14 1.35 25 67500 17 1.65 6853.62 

3/25/01 14.5 1.4 . 67500 17 1.1 6224.03 

3/26/01 17 1.65 32.2 67500 17 0 6551.47 

3/27/01 14.5 1.42 30.5 70061.3 17 1.08 6074.00 

3/28/01 15 1.46 25 70061.3 17 0.54 6402.91 

3/29/01 13 1.25 31.1 70061.3 17 2.75 5354.95 

3/30/01 15 1.5 . 70061.3 17 0.5 7048.12 

3/31/01 15 1.46 . 70061.3 17 0.54 6224.33 

4/1/01 13.5 1.2 25 70061.3 17 2.3 5143.22 

4/2/01 17 1.6 25.3 70061.3 17 0 6594.00 

4/3/01 13.5 1.3 25 70061.3 17 2.2 5357.63 

4/4/01 13 1.26 25 70061.3 17 2.74 5886.12 

4/5/01 8 3.26 . 73256.67 17 1.65 7110.21 

4/6/01 12 1 . 67500 17 4 5147.06 

4/7/01 12.5 0.5 . 67500 17 4 3196.37 

4/8/01 12.5 0.5 . 67500 17 4 2737.38 

4/9/01 5.45 0.35 25 67500 17 11.2 2033.80 

4/10/01 17 1.3 . 67500 17 3.65 5161.76 

4/11/01 12.85 0.65 25 67500 17 3.5 3868.29 

4/12/01 12.5 0.5 25 67500 17 4 2781.71 

4/13/01 13.9 1.1 . 67500 17 2 5022.17 

4/14/01 11.6 0.4 25 67500 17 5 2179.08 

4/15/01 11.6 0.4 25.6 67500 17 5 2229.14 

4/16/01 12 1 . 67500 17 4 4626.22 

4/17/01 12 1 . 67500 17 4 5147.06 

4/18/01 12.5 0.5 . 67500 17 4 3196.37 

4/19/01 12.5 0.5 . 67500 17 4 2737.38 

4/20/01 5.45 0.35 25 67500 17 11.2 2033.80 

4/21/01 17 1.3 . 67500 17 3.65 5161.76 

4/22/01 12.85 0.65 25 67500 17 3.5 3868.29 

4/23/01 12.5 0.5 25 67500 17 4 2781.71 

4/24/01 13.9 1.1 . 67500 17 2 5022.17 
 



 

 97

Table A13 continued. 

Date Water 
(L) 

Feed 
solids 

(L) 
HCO3 

(g) 
Feed stock 

solids (mg/L)
Initial volume in 
feed bucket (L)

Final volume 
in feed bucket 

(L) 

Feed solids 
concentration 

(mg/L) 

4/25/01 11.6 0.4 25 67500 17 5 2179.08 

4/26/01 11.6 0.4 25.6 67500 17 5 2229.14 

4/27/01 12 1 . 67500 17 4 4626.22 

4/28/01 13.4 0.6 . 67500 17 3 3470.87 

4/29/01 15.35 1.65 . 67500 17 2.4 6551.47 

4/30/01 14 1.35 . 67500 17 1.65 6982.75 

5/1/01 14 1.36 . 67500 17 1.64 6077.74 

5/2/01 13 1.26 . 67500 17 2.74 5589.26 

5/3/01 11 1.07 . 67500 17 4.93 5149.39 

5/4/01 14 1.35 25 67500 17 1.65 6853.62 

5/5/01 14.5 1.4 . 67500 17 1.1 6224.03 

5/6/01 17 1.65 32.2 67500 17 0 6551.47 

5/7/01 14.5 1.42 30.5 70061.3 17 1.08 6074.00 

5/8/01 15 1.46 25 70061.3 17 0.54 6402.91 

5/9/01 13 1.25 31.1 70061.3 17 2.75 5354.95 

5/10/01 15 1.5 . 70061.3 17 0.5 7048.12 

5/11/01 15 1.46 . 70061.3 17 0.54 6224.33 

5/12/01 13.5 1.2 25 70061.3 17 2.3 5143.22 

5/13/01 17 1.6 25.3 70061.3 17 0 6594.00 

5/14/01 13.5 1.3 25 70061.3 17 2.2 5357.63 

5/15/01 13 1.26 25 70061.3 17 2.74 5886.12 

5/16/01 8 3.26 . 73256.67 17 1.65 7110.21 

5/17/01 10.6 1.4 . 73256.67 17 3.18 6723.01 

5/18/01 13.5 1.5 . 73256.67 17 1.73 7721.42 

5/19/01 10.7 3.3 25.7 73256.67 17 10.83 15006.18 

5/20/01 10.7 3.3 25.6 73256.67 17 8.07 23780.23 

5/21/01 10.7 3.28 25.8 73256.67 17 4.96 25422.84 

5/22/01 10 3 30.1 73256.67 17 3.91 20345.14 

5/23/01 10 3 30 73256.67 17 4.91 17607.03 

5/24/01 7.65 2.35 30 73256.67 17 11.32 15211.98 

5/25/01 10 3 30 73256.67 17 5.06 23057.04 

5/26/01 14 3 . 73256.67 17 3.24 19790.51 



 

 98

 
Table A13 continued. 

Date Water 
(L) 

Feed 
solids 

(L) 
HCO3 

(g) 
Feed stock 

solids (mg/L)
Initial volume in 
feed bucket (L)

Final volume 
in feed bucket 

(L) 

Feed solids 
concentration 

(mg/L) 

5/27/01 11.8 3.2 24.5 73256.67 17 2 17561.33 

5/28/01 11 3 . 73256.67 18 3 14160.70 

5/29/01 11 3 . 73256.67 18 3 14569.56 

5/30/01 10 3.5 25 73256.67 18 3.5 16672.61 

5/31/01 12 3 26.7 73256.67 18 2 15451.34 

6/1/01 11 3.5 . 73256.67 18 2.5 15961.17 

6/2/01 12 3 . 73256.67 18 2 14426.27 

6/3/01 5.78 2.61 25.4 73256.67 18 8.61 12225.14 

6/4/01 7 3 . 73256.67 18 7 18057.14 

6/5/01 6 1 25.9 73256.67 18 10 11092.03 

6/6/01 9 1.5 26.1 73256.67 18 6.5 12266.96 

6/7/01 0 . . 73256.67 18 . . 

6/8/01 6.2 2.9 2 73256.67 18 7.9 16232.20 

6/9/01 10 4 26.68 73256.67 18 3 23403.39 

6/10/01 7.6 3.7 25.65 73256.67 18 5.7 18958.88 

6/11/01 7.2 3.4 26.23 73256.67 18 6.4 19841.02 

6/12/01 6.8 3.6 25.94 73256.67 18 6.6 21705.92 

6/13/01 7 3 25.61 73256.67 18 7 20168.28 

6/14/01 14.65 3.35 . 53719.54 18 5.46 9997.80 

6/15/01 10.6 2.42 25.2 53719.54 18 7.88 10254.96 

6/16/01 10.4 2.6 26 53719.54 18 2.56 12248.88 

6/17/01 10.4 2.6 24.9 53719.54 18 4.14 9501.55 

6/18/01 12.3 2.7 21.4 53719.54 18 5.23 10243.29 

6/19/01 15 3 21.5 49005.895 18 3.08 11143.89 

6/20/01 12.2 2.8 22 49005.895 18 3.694 9529.98 

6/21/01 11.4 2.6 19.4 49005.895 18 4.1 9034.39 

6/22/01 12.3 2.7 . 49005.895 18 4.25 9408.72 

6/23/01 12.3 2.7 20.5 49005.895 18 5.18 9572.39 

6/24/01 12.25 2.75 . 49005.895 18 3.64 10241.73 
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Table A14.  Fermentation reactor solids data. 

Waste volume (liters)  Reactor waste solids (mg/L)  Reactor super solids Date 
R1 R2 R3  R1 R2 R3  R1 R2 R3 

3/24/01 3.26 4.66 8.25  15240 17246.67 14435.13  635 680 600 
3/27/01 3.338 4.66 6.16  16301.59 13690.19 12132.7  213.3333 180 326.6667 
3/30/01 3.18 4.16 4.066  19021.6 13128.59 14377.75  370 316.6667 380 
4/2/01 3.32 4.62 6.2  15212.2 14184.5 14311.9  380 418.67 371.67 
4/5/01 2.9 4.76 4.178  15321.06 14138.9 13540.29  348.89 253.33 330 

4/12/01 3.75 4.2 1.53  8644.978 14501.32 8979.606  . . . 
4/14/01 4.36 3.99 5.58  8470.358 5441.131 6630.116  346.6667 303.3333 362.2222 
4/23/01 3.75 4.2 1.53  8644.978 14501.32 8979.606  . . . 
4/25/01 4.36 3.99 5.58  8470.358 5441.131 6630.116  346.6667 303.3333 362.2222 
4/28/01 2.98 1.19 6.97  8295.739 6090.013 7531.426  371.1111 251.1111 343.3333 
5/4/01 3.26 4.66 8.25  15240 17246.67 14435.13  635 680 600 
5/7/01 3.338 4.66 6.16  16301.59 13690.19 12132.7  213.3333 180 326.6667 

5/10/01 3.18 4.16 4.066  19021.6 13128.59 14377.75  370 316.6667 380 
5/13/01 3.32 4.62 6.2  15212.2 14184.5 14311.9  380 418.67 371.67 
5/16/01 2.9 4.76 4.178  15321.06 14138.9 13540.29  348.89 253.33 330 
5/22/01 3.38 4.46 5.25  30465.96 35729.13 28717.23  1046.667 886.6667 970 
6/18/01 3.26 4.8 4.71  20170.88 19539.19 10722.51  716.67 776.67 776.67 
6/22/01 3.42 4.67 5.66  18992.88 20306.85 12653  695 663.3 823.33 

 
Table A15.  Fermentation reactor sCOD and DOC data. 

sCOD (mg/l) DOC (mg/L) Date 
R1 R2 R3 R1 R2 R3 

3/24/01 1286.68 1171.11 1248.15 382.30 371.4 347.2 
3/27/01 1242.581 1015.484 1122.581 462.9333 370.9667 423.4667 
3/30/01 1314.839 1077.419 1273.548 444.2667 403.6333 411.3 
4/2/01 1661.44 1290.24 1551.36 548.8 425.55 505.15 
4/5/01 1875.296 1269.14 1509.077 560.90 413.6 450 
4/12/01 1270.48 1142.479 1116.033 . . . 
4/14/01 1192.31 828.2051 1200 332.1667 298.55 354.05 
4/23/01 1270.48 1142.479 1116.033 . .  
4/25/01 1192.31 828.2051 1200 332.1667 298.55 354.05 
4/28/01 597.4359 630.7692 564.1026 332.1667 298.55 354.05 
5/4/01 1286.68 1171.11 1248.15 382.30 371.4 347.2 
5/7/01 1242.581 1015.484 1122.581 462.9333 370.9667 423.4667 
5/10/01 1314.839 1077.419 1273.548 444.2667 403.6333 411.3 
5/13/01 1661.44 1290.24 1551.36 548.8 425.55 505.15 
5/16/01 1875.296 1269.14 1509.077 560.90 413.6 450 
5/22/01 4067.362 3637.53 3573.376 1036.333 1039.333 1039.333 
6/2/01 4067.362 3637.53 3573.376 1118.5 1025.5 744.3333 
6/18/01 2247.343 2291.143 2066.989 786.2 809.0667 732.05 
6/22/01 2597.178 2629.046 2257.261 . . . 
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Table A16.  Fermentation reactor data at 28C. 

Date Water 
added (L) 

Waste 
solids (L) 

Solids 
added (L)

Volume 
water 
added 

back (L) 

Reactor TSS 
(mg/L) 

sCOD 
(mg/L) 

Decant 
TSS 

(mg/L) 

Volume of 
solids added to 

reactor (L) 

Feed 
solids TSS 

(mg/L) 

8/4/01 0.75 0.65 2.00 3.40 6597.78 720.00 . 2.60 4033.33 

8/7/01 0.75 0.65 2.00 3.40 8333.33 869.43 . 2.60 4033.33 

8/10/01 0.65 0.65 2.00 3.30 5380.00 558.00 . 2.70 4033.33 

8/14/01 0.82 0.65 2.00 3.47 4400.00 732.28 . 2.53 4033.33 

8/15/01 0.81 0.65 2.00 3.46 5490.00 1062.75 . 2.54 4033.33 

8/21/01 0.74 0.65 2.00 3.39 4846.67 1011.05 . 2.61 4033.33 

8/23/01 0.75 0.65 2.00 3.40 10030.00 2552.39 . 2.60 4033.33 

8/26/01 0.92 0.65 2.00 3.57 9600.00 1445.47 . 2.43 4033.33 

9/1/01 0.87 0.65 2.00 3.52 9393.33 3192.62 . 2.49 4033.33 

9/6/01 0.75 0.65 2.00 3.40 9033.33 2017.65 . 2.60 4033.33 

9/11/01 0.75 0.65 2.00 3.40 9720.00 2464.73 . 2.60 4033.33 

10/1/01 0.82 0.60 2.00 3.42 3780.00 119.05 359.11 2.58 4033.33 

10/3/01 0.00 0.60 2.00 2.60 1170.00 400.00 317.56 3.40 4033.33 

10/4/01 0.86 0.66 2.00 3.52 5166.70 422.45 282.17 2.49 4033.33 

10/5/01 0.65 0.66 2.00 3.31 5166.70 422.45 282.17 2.69 4033.33 

10/6/01 0.75 0.65 2.00 3.40 8473.33 804.00 350.67 2.60 4033.33 

10/9/01 0.82 0.65 2.00 3.47 10800.00 1047.50 260.00 2.53 4033.33 

10/11/01 0.74 0.65 2.00 3.39 15566.67 879.39 239.71 2.61 4033.33 

10/13/01 0.76 0.70 2.00 3.46 5293.33 970.51 278.67 2.54 4033.33 

10/18/01 0.81 0.66 2.00 3.47 7966.67 1186.83 296.00 2.53 4033.33 
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Table A16 continued. 

Date Water 
added (L) 

Waste 
solids (L) 

Solids 
added (L)

Volume 
water 
added 

back (L) 

Reactor TSS 
(mg/L) 

sCOD 
(mg/L) 

Decant 
TSS 

(mg/L) 

Volume of 
olids added to 
reactor (L) 

Feed 
solids TSS 

(mg/L) 

10/21/01 0.84 0.66 2.00 3.50 6411.11 1108.84 310.67 2.50 4033.33 

10/28/01 0.82 0.65 2.00 3.47 6555.56 1108.84 310.67 2.53 3626.67 

11/6/01 0.87 0.65 2.00 3.52 5877.78 548.32 186.67 2.49 3626.67 

11/10/01 0.75 0.65 2.00 3.40 5411.11 703.85 280.00 2.60 3626.67 

11/12/01 0.65 0.65 2.00 3.30 5733.33 899.42 284.00 2.70 3626.67 

11/15/01 0.83 0.65 2.00 3.48 5733.33 775.50 284.00 2.52 3626.67 

11/17/01 0.87 0.70 2.00 3.57 5733.33 775.50 284.00 2.43 3626.67 

11/20/01 0.73 0.65 2.00 3.38 5733.33 775.50 284.00 2.62 14353.33

11/27/01 0.75 0.65 2.00 3.40 9511.11 1206.94 354.00 2.60 14353.33

11/29/01 0.71 0.67 2.00 3.38 9511.11 2317.94 516.67 2.62 14353.33

12/1/01 0.94 0.66 2.00 3.60 15277.78 3233.59 706.67 2.40 14353.33

12/4/01 0.08 0.66 2.00 2.74 15277.78 3451.18 706.67 3.26 14353.33

12/18/01 0.87 0.70 2.00 3.57 15277.78 3451.18 706.67 2.43 9920.00 

12/19/01 0.92 0.70 2.00 3.62 15277.78 3451.18 706.67 2.38 9920.00 

12/21/01 0.89 0.66 2.00 3.55 15277.78 3451.18 706.67 2.45 9920.00 

12/27/01 0.89 0.65 2.00 3.54 15277.78 3451.18 706.67 2.46 9920.00 

1/1/02 0.90 0.67 2.00 3.57 15500.00 2918.03 416.67 2.43 9920.00 

1/3/02 0.88 0.65 2.00 3.53 15900.00 2957.38 436.67 2.47 9920.00 

1/8/02 0.89 0.65 2.00 3.54 14611.11 2816.26 386.67 2.46 9920.00 
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Table A16 continued. 

Date Water 
added (L) 

Waste 
solids (L) 

Solids 
added (L)

Volume 
water 
added 

back (L) 

Reactor TSS 
(mg/L) 

sCOD 
(mg/L) 

Decant 
TSS 

(mg/L) 

Volume of 
olids added to 
reactor (L) 

Feed 
solids TSS 

(mg/L) 

1/11/02 0.88 0.66 2.00 3.54 17255.56 3023.54 310.00 2.46 9920.00 

1/15/02 0.89 0.66 2.00 3.55 14711.11 2785.82 580.00 2.45 9920.00 

1/24/02 0.69 0.66 2.00 3.35 13466.67 1950.00 311.67 2.65 15911.11

1/28/02 0.83 0.66 2.00 3.49 16744.44 2841.18 311.67 2.52 15911.11

2/2/02 0.82 0.66 2.00 3.48 26216.67 3455.20 . 2.52 15911.11

2/5/02 0.83 0.66 2.00 3.49 27416.67 2853.82 . 2.51 15911.11

2/9/02 1.00 0.85 2.00 3.85 27566.67 4297.87 409.33 2.15 15911.11

2/14/02 0.57 0.65 2.00 3.22 27566.67 4297.87 . 2.78 15911.11

2/15/02 0.86 0.80 2.00 3.66 23855.56 3961.90 . 2.34 15911.11

2/21/02 0.72 0.70 2.00 3.42 21733.33 3091.53 373.33 2.58 15911.11
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Table A17.  Mean + standard deviation water quality values for the waste stream 
generated by an industrial-scale recirculating aquaculture production facility (Blue Ridge 
Aquaculture, Martinsville, VA) The daily waste stream volume was estimate to be 
approximately 1,677 m3.  Composite samples generated over a 24-hr period on two 
separate sampling events. 

Parameter Daily average (mg/L) nMass/day 
(kg/day) 

Temperature 
(oC) 27.1 + 0.5 ----- 

PH 7.0 + 0.1 ----- 

TAN 2.9 + 0.1 4.9 

NO2-N 1.4 + 0.1 2.4 

NO3-N 62.0 + 3.0 104.0 

SCOD 90.4 + 22.0 151.5 

TSS 502.7 + 23.3 927.68 

VSS 406.7 + 21.6 802.1 

Ca2+ 17.6 + 0.9 29.6 

Cl- 278.1 + 19.2 466.3 

K+ 39.0 + 0.1 65.4 

Mg2+ 9.4 + 1.5 15.8 

Na+ 344.0 + 1.1 576.9 

PO4
--P 8.2 + 0.8 13.8 

SO4
- 191.0 + 4.8 320.2 
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