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ABSTRACT 

Fish production in pond culture systems is often limited by the dissolved oxygen 

(DO) concentration. Algal biomass and productivity, which greatly impact the DO 

concentration, are difficult to control in traditional pond systems. The Partitioned 

Aquaculture System (PAS) was designed to increase fish production by managing algal 

productivity and DO through control of algal cell retention time, water depth, and mixing. 

The objectives of this study were 1) to determine impact of culture conditions on algal 

productivity, 2) develop a model of algal productivity and diel DO levels , and 3) to 

predict the maximum fish production attainable with the PAS. 

For this study, algal cell retention time was controlled through continuous 

discharge of the culture. Algal productivity was calculated from algal biomass (measured 

with 0.45 µm filters) , retention time and water depth. Oxygen production and respiration 

rates were measured using in-pond incubations. 

Algal species composition was dependent on the inorganic carbon content of the 

culture water. The algal culture was comprised primarily of blue-green algae 

(Cyanophyta) at 0.7 mmol/1/d inorganic carbon addition rate, and green algae 

(Chlorophyta) at 1.1 and 1.8 mmol/1/d addition rates. 

Algal productivity was 1.2 times greater for the 1.1 and 1.8 rates than for the 0.7 

mmol/1/d inorganic carbon addition rate; 1.2 times greater for the 0.34 m than the 0.66 

m water depth; 1.5 times greater for the 0.125 m/s than for the 0.0313 and 0.0625 m/s 

water velocity; and 1.3 times greater for the 1.2 day than the 2.5 day retention time. 

C[EMSON -UNIVERSITY lfBRARY 
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Maximum oxygen production rates of 0.11 and 0.12 mg Oifmg TSS/hr were 

achieved for blue-green and green algal cultures, respectively. Maximum DO 

concentrations of 25 - 30 mg/1 were routinely observed. 

The algal productivity and DO model constructed for the PAS incorporates an 

inhibitory light model for light-limited algal growth and the Monod model for carbon- and 

nitrogen-limited growth. Steady state and dynamic simulations of the DO profile as a 

function of the design and environmental conditions closely matched the observed values. 

Maximum fish production of 10,000 kg/ha is predicted for light-limited cultures ~n the 

PAS operated at 0.0313 m/s water velocity, 20 hour retention time and 0.6 m water depth. 
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CHAPTER I 

INTRODUCTION 

Conventional catfish culture in the United States is characterized by extensive 

pond systems in which minimal control of algal biomass or algal productivity is attempted 

or achieved. Algal growth in these systems occurs primarily as result of nutrient inputs 

from fish metabolic wastes and decay of uneaten fish food. Fish production is often 

dependent on the minimum dissolved oxygen (DO) concentration in the pond. The 

minimum DO which typically occurs in the early morning is caused primarily by the 

combined respiration of fish and algae. Also, sudden degeneration of a mature, dense 

algal bloom in a pond can result in severe DO depletions and fish mortality. Factors that 

affect the DO concentration in a pond include photosynthetic oxygen production, 

phytoplankton respiration and decay, fish respiration, fish waste production, and surface 

reaeration. Management of these factors could increase the oxygen available for fish 

respiration and therefore increase the fish production. 

In ponds, the average algal cell retention time may be on the order of several days 

(Brune et al., 1994), since the only removal of algal biomass occurs through cell decay, 

settling of algae to the sediments, and grazing by zooplankton. As the cell retention time 

increases, the average algal growth rate decreases and the rate of oxygen production 

decreases. Therefore, the amount of oxygen consumed by algal respiration and decay 

may equal the amount of oxygen produced by photosynthesis in pond culture systems. 

Management of the algal growth rate and biomass could greatly improve the oxygen 
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dynamics and increase the fish capacity of the pond. To achieve a positive net oxygen 

production as a result of photosynthesis, the algal growth rate must be increased and the 

standing crop decreased through the control of algal cell retention time. This goal would 

be difficult to achieve in a traditional pond setting. Therefore, the Partitioned 

Aquaculture System (PAS) was designed to enable control of both algal biomass and 

growth rate through control of cell retention time, mixing level and water depth. In this 

system, the fish would be housed in cages in tanks separate from the algae culture tanks 

(Figure 1). Low head circulators would be used to mix the water in the algal culture 

basin and to keep the algae suspended. Oxygenated water from the algal culture basin 

would flow to the fish culture tank to supply dissolved oxygen to the fish and to flush 

dissolved nutrients from the tank. The oxygen-depleted but nutrient-rich water from the 

fish culture tank would be pumped to the algal basin where the nutrients would be 

utilized by the algae for growth. Supplemental inorganic nutrients could be added directly 

to the algal basin to raise the nutrient addition to achieve the desired algal productivity 

level. Algal cell retention time would be controlled through discharging a portion of the 

culture continuously, employing a cell separation technique and returning the water flow 

back to the culture, or by utilizing filter-feeding organisms in the fish culture tank to 

graze on the algal culture. 

This system would have several advantages over conventional pond culture. The 

primary advantage would be the projected increased fish production that could be 

achieved. In addition, if biomass separation or filter feeding organisms were used to 

remove algal biomass, the water flow would be returned to the culture and freshwater 

would be required only to replace water lost through evaporation and seepage and to fill 



......---- Algal Culture Tank 

-

l 
t l 

I 

t 

1• ••• ~ 

[

//-(Y //,/ 
Mixer / 

//A//// .~ 
•••• 

t///f//,1,1 

Mixer ,, 
1///V//~ 
- -

. r~ (@\ l l (@\ (@\ 
Organic ~ ~ ~ 

Feed 
"Fish Culture Tank .__ ___ Inorganic Nutrient Solution ___ _. 

Figure 1. Schematic of Partitioned Aquaculture System 

* 

w 



4 

the pond initially. Finally, the discharge of aquacultural effluents containing nitrogen and 

phosphorus compounds and algal biomass would be avoided if the system were operated 

as a closed system; instead, the nutrients would be utilized by the algal culture. 

The goal of this research was to investigate the potential for increasing fish 

production in a pond culture system by increasing the photosynthetic oxygen production 

through management of phytoplankton growth and productivity. The specific objectives 

were as follows: 

1. To determine the impact of the design variables of retention time, water depth, 
inorganic carbon addition rate and mixing level on algal productivity and 
oxygen production in a field-scale aquacultural system. 

2. To develop a model of algal productivity and diel DO profile as a function of 
the design variables and the environmental variables of solar radiation, 
temperature and wind. 

3. To determine the optimal operating conditions to maximize DO production for 
increased fish yields. 

Experimental Plan 

The experimental plan consisted of the six phases listed below: 

Phase I. 

Phase II. 

Phase III. 

Phase IV. 

Phase V. 

Phase VI. 

Construction of the experimental system; 

determination of physical parameters, such as hydraulic characteristics and 
oxygen transfer coefficient; 

determination of biological parameters such as algal productivity, oxygen 
production and respiration rates for use in predictive model: 

development of predictive model to simulate algal productivity and DO 
profiles as a function of design and environmental variables; 

calibration and verification of model; and 

simulations of maximum PAS productivity. 



CHAPTER II 

THEORETICAL BASIS 

Redfield et al. (1963) determined the C:N:P ratio of marine phytoplankton to be 

106: 16: 1 on a molar basis. Stumm and Morgan (1962) utilized the Redfield ratio to 

develop the stoichiometric relationship for photosynthesis and the reverse process of 

respiration (Equation 1); 

This relationship yields the predictive ratios of 3.47 g 0 2 produced per g of carbon 

fixed through photosynthesis, 1.24 g 0 2 produced per g of algal biomass (dry weight) 

produced and 0.358 g C fixed per g of algal biomass produced. However, during cell 

respiration and decay Equation 1 proceeds in the reverse direction and 3.47 g of 0 2 will 

be required per g of algal carbon oxidized. 

The growth of algae in a typical catfish pond occurs as essentially a batch culture 

(Brune, 1994) since the only removal of active algal biomass occurs through settling of 

the algae, grazing by zooplankton and algal decay. Batch cultures experience four distinct 

phases: I) initiation or lag phase; II) exponential growth phase; ill) maximum stationary 

phase; and IV) death phase. Algal biomass increases exponentially during phase II, 

reaches a maximum during phase III and decreases during phase IV. The net algal 

growth rate and net oxygen production rate are therefore greater than zero during phase 

II, equal to zero during phase ill and less than zero during phase IV as oxygen is 
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consumed by the decay of algal cells. As the algal cells decay, nutrients will be released 

back in to the culture medium and phase I will be re-initiated. Thus, algal growth and 

oxygen production in pond culture systems cycle between the four phases if not managed 

in some way. 

In addition, settling of algal biomass and grazing of phytoplankton biomass by 

zooplankton may cause sudden decreases in algal biomass in aquaculture ponds. Both 

algal settling rates and zooplankton growth and grazing rates have been found to increase 

as algal density increases (Brune, 1994). Therefore, sudden declines in algal biomass 

often occur in batch algal cultures due to decay, settling or grazing. 

The batch growth of algae in fish .ponds negatively affects the DO profile in two 

ways. First, dense algal cultures in the stationary or zero net growth phase consume large 

amounts of oxygen at night due to respiration, causing the DO profile to decline. 

Secondly, the sudden 'crashes ' of algal biomass consume large amounts of oxygen due 

to decay of the algal biomass. 

Continuous culture of algae by comparison is carried out by removing, or wasting, 

a portion of the algal biomass continuously. The mass balance of algal biomass can be 

expressed as follows: 

where 

v dX = QX0 - 0.)( - ( Q-0,.,) x ± r,rv 
dt 

V = algal culture tank volume, l; 

X = algal biomass concentration, mg/1; 

t = time, hr; 

Q, Qw = influent and wastage flow rate respectively, 1/hr; 

(2) 
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(Q-Qw) = main effluent flow, I/hr; 

X 0 , X = algal TSS in influent flow and tank, mg/I; and 

I.r = all rates involving algal biomass occurring within tank, mg/I/hr. 

If biomass wasting occurs solely though the effluent flow, the influent flow rate 

is equal to the wastage flow rate, and the hydraulic retention time (volume/flow rate) and 

cell retention times (volume/wastage flow rate) are equal. Therefore, assuming X0 is zero 

and algal decay and loss rates are neglible, Equation 2 simplifies to 

dX = _Ox+ µX 
dt V 

(3) 

or 

dX X + µX = 
dt 't 

(4) 

where 

µ = algal specific growth rate, hr-1
; and 

t = hydraulic retention time, h. 

At steady-state, the diel-averaged algal biomass concentration is constant. 

Therefore, dX/d~, and Equation 4 simplifies to 

or 

X µX = 
't 

(5) 

µ = 1 (6) 
't 

Equation 6 states that at steady state, the algal growth rate must equal 1/t. 

Therefore, the algal growth rate can be controlled through control of the retention time. 

If the retention time is decreased, the diel-averaged algal growth rate will increase, thus 

increasing the oxygen production rate. Further, the steady state algal biomass level of 

both nutrient and light-limited cultures decreases as the retention time is decreased, so 
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that the DO consumed through algal respiration will decrease as retention time decreases. 

The result is that for pond aquacultural systems, decreasing the algal cell retention time 

through algal culture discharge, algal cell separation or algal harvesting with filter feeding 

fish will cause an increase in the algal growth rate and the net oxygen production rate. 

In addition, as the diel-averaged algal biomass decreases with decreasing retention time, 

biomass stability will improve by reducing the effects of algal settling and grazing rates 

on the biomass. 



Culture Tanks 

CHAPTER III 

EXPERIMENT AL APPARATUS 

The experimental system was constructed at the Clemson Aquaculture Facility on 

the Clemson University campus during the period August 1988 to June 1990. The system 

consists of four sets of fish and algal culture tanks (Figure 1). The tanks were built by 

constructing 15 cm (6 in) wide concrete walls and excavating earth from each of the 

tanks. Agricultural grade bentonite clay was applied to the tank floor to prevent excess 

seepage. The algae tanks are approximately 6 x 15 x 0.8 m (20 x 50 x 2.6 ft). The fish 

culture tanks are approximately 3 x 6 x 0.9 m (10 x 20 x 3.0 ft). Internal plastic walls 

(Permalon Ply-X 210, catalog# 0390262, Reef Industries, Inc., Houston TX) were placed 

in each algae culture tank by attaching the plastic to plastic-coated wire strung between 

10 cm (4 in) Schedule 40 PVC pipe endposts, creating a continuous channel 1.5 m wide 

and 61 m long (5 ft x 200 ft). 

Each tank was fitted with a separate 5 cm (2 in) Schedule 40 water drain line and 

standpipe so that the water level could be adjusted independently for each tank. Also, an 

exterior standpipe was fitted for each tank at the point where the drain line was connected 

to the main drain pipe, so that the water level for each tank could be adjusted from 

outside of the culture tank. Water could be drawn from top of the water column by 

placing an interior standpipe in the tank. 
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Circulators 

A six-blade paddlewheel circulator was mounted in each algae culture tank t0 

move the culture water through the channel (Figure 2). Each paddlewheel blade was 

approximately 142 cm (56 in) wide and 91 cm (36 in) long (Figure 3). The total radial 

distance from center of shaft to edge of circulator blades was 95.9 cm. The blades were 

constructed by atta.ching fiberglass sheeting (0.2 cm Lasco sheet, Piedmont Plastics, 

Greenville SC) to a frame made of hot rolled 3.2 cm x 3.2 cm x 0.32 cm (1 ¼ in x 1 ¼ 

in x 1/e in) angle iron. The circulators were mounted in each tank adjacent to the common 

wall between Tanks 1 and 2 and Tanks 3 and 4, so that one motor could be used to drive 

two circulators (Figure 4). Two adjustable speed, 373 W (½ Hp) electric gear drive 

motors were used (Dayton Electric Manufacturing Co., Chicago IL); Model # 42369 

(minimum rpm of 64) and Model # 42370 (minimum rpm of 12). To reduce the 

rotational speed of the mixers, two 1 :6 gear ratio arrangements were placed in series by 

installing an intermediate shaft, two 10 tooth sprockets and two 60 tooth sprockets in the 

drive between the motor and the circulator. As a safety feature, the key in the small 

sprocket on the intermediate shaft was replaced with a shear pin which would fail in case 

the chain or mixer blades became obstructed. Brass or steel rods 0.32 cm (1/e in) in 

diameter were used as the shear pins. 

Nutrient Supply 

An inorganic nutrient feed solution was stored in two 760 1 (200 gal) tanks and 

fed to each algae tank by means of a 10 channel peristaltic pump system (Masterflex 10 

channel drive, catalog# 7568-00, pump heads (catalog# 7017-52) and 0.64 cm(¼ in) 

ID silicone tubing (catalog# CK 6411-17), Cole-Parmer Instrument Co., Chicago IL). 
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Agricultural grade 20-20-20 N-P-K fertilizer (Nutri-Leaf soluble, Miller Chemical & 

Fertilizer Corporation, Hanover PA) and ammonium-nitrate (34% N) (Nitram Inc., Tampa 

FL) were mixed to supply nitrogen, phosphorus and trace nutrients to the algal cultures 

(Table 1). The basic nutrient feed solution was prepared by mixing 5.0 g 20-20-20 and 

6.4 g NH4-NO3 per liter, to provide a 16: 1 total nitrogen to phosphorus ratio, or a 14: 1 

ratio of plant-available nitrogen (ammonium and nitrate nitrogen) to phosphorus on a 

molar basis. For several experiments the nutrient solution was prepared at 0.5 to 2 times 

the basic concentration. Agricultural feed-grade sodium bicarbonate (FMC Corporation, 

Philadelphia PA) was added to the tanks once per day to supply varying amounts of 

inorganic carbon for the algal cultures. 

Table 1. Guaranteed analysis of the Nutri-Leaf 20-20-20 fertilizer1 

Component Percent 

Total Nitrogen 20.0 

Ammonia Nitrogen 6.2 

Nitrate Nitrogen 6.2 

Urea Nitrogen 7.6 

Available Phosphoric Acid (P2O5) 20.0 

Soluble Potash (K20) 20.0 

Boron (B) 0.02 

Copper (Cu) (chelated) 0.05 

Iron (Fe) (chelated) 0.10 

Manganese (Mn) (chelated) 0.05 

Molybdenum (Mo) 0.0005 

Zinc (Zn) ( chelated) 0.05 

1 Nutri-Leaf soluble. Miller Chemical & Fertilizer Corporation, Hanover PA 
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Water Supply 

Surface water was pumped from Hunnicutt Creek which flows near the aquaculture 

facility with a 1.5 kW (2 Hp) self-priming centrifugal pump (Model # 1P897, Teel 

Industrial Series, Dayton Electric Manufacturing Co., Chicago IL) through 5 cm (2 in) 

PVC line to the culture tanks. Water flow to each algae and fish culture tank was 

controlled with a 5 cm (2 in) brass gate valve and measured with a cumulative positive 

displacement water meter (Model C-700TP, Kent Meters, Inc., Ocala FL). 



Field Procedures 

CHAPTER IV 

PROCEDURES 

Characterization of Physical Parameters 

Water depth. Direct measurement of the average tank depth could not be made 

due to the uneven bottom surface. Average depth was calculated by measuring the 

quantity of water required to fill the tank and dividing by the surface area of the tank. 

Water velocity. Water velocity was measured by timing the passage of a float 

through the channel at circulator tip velocities of 0.1 - 0.4 mis (corresponding to 

rotational speeds of 1 - 4 rpm) at water depths of 18, 28 and 64 cm. The circulator tip 

velocity was calculated as follows: 

where 

v1 = tip velocity, mis; 

r = circulator radius, m; 

f = frequency, rpm. 

2rr.rf 
60 

(7) 

Average wind velocity. Average wind velocity at a 1 m height was measured by 

dividing the miles of wind passed recorded by an anemometer by the lapsed time. Wind 

velocity measurements at most weather stations are made at a height of 10 m and models 

for predicting oxygen transfer as a function of wind utilize wind velocity measurements 
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at a 10 m height. The wind velocity at any height can be calculated from the following 

equation (Sill, 1988): 

V wind, z 

where 

v wind.z = wind velocity at elevation z; 

u. = shear velocity, equal to (shear stress/density of air) 112; 

z = elevation; and 

z
0 

= aerodynamic roughness factor. 

(8) 

Equation 9 can be used to predict wind velocity at one height from measured wind 

velocity at another height: 

V wind, lOm = 

V wind, lm u. ( 1 ) ~ln_ 
K. zo 

After canceling the u./k term, Equation 9 simplifies to 

V wind, lOm 

ln(lO) 
z 

= V o 
wind, lm 1 

ln(_) 
zo 

( 9) 

The roughness parameter, z0 , ranges from 0.003 m, for large expanses of water, 

to 0.8 m, for cities with multiple-story buildings (Cook, 1985). A value of z
0 

equal to 

0.1, corresponding to farmland with frequent boundary hedges, houses and trees, was 

chosen as most representative of the terrain surrounding the PAS system. Therefore, wind 
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speed at the PAS at a height of 10 m was calculated from the measured 1 m wind 

velocity as follows : 

V wind , 10m 

= V ln(ii) = 
wind,lm f 

ln ( o:-I ) 
2 , QQywind , lm (11) 

Oxygen transfer coefficient. The oxygen transfer coefficient in the PAS as a 

function of water velocity due to the rotation of the circulators and ambient wind velocity 

was measured according to the EPA method for evaluating oxygen transfer devices 

(ASCE, 1984). This method is based on depleting the dissolved oxygen (DO) in the test 

tank by addition of a sodium sulfite solution and measuring the subsequent rise in oxygen 

with time due to the aerating device. The model that describes the rate of change of DO 

concentration is as follows (ASCE, 1984 ): 

which upon integration becomes 

C = ( C -C ) e <K,.t> 
S 0 

in which 

C = oxygen concentration at time t, mg/1; 

Cs = equilibrium oxygen concentration, mg/1; 

C0 = oxygen concentration at time t=O, mg/1; 

t = time, min; and 

K1a = reaeration coefficient, min·1
. 

(12) 

(13) 

This method prescribes that the exponential form of the model be fit to the 

experimental data by non-linear least squares analysis. Parameter estimates for K13, Cs, 
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and C
0 

should be obtained from this analysis. To obtain an accurate estimate of C5, the 

method states that the test be continued until the oxygen concentration approaches 98% 

of the saturation value. Due to the large water volume in the PAS, a test period of up 

to 20 hours would be required to achieve this condition. Since the goal was to determine 

the oxygen transfer rate as a function of both circulator rotational speed and wind 

velocity, the test durations were confined to periods with relatively stable wind velocities. 

An arbitrary limit was chosen so that if the wind speed differed by more than 25% of the 

average value, the test was concluded. Therefore, one modification needed for the current 

research was to calculate the value of C
5 

rather than estimate it from the data. The 

saturation value for fresh water at 1 atm pressure was calculated by use of Equation 14 

(Standard Methods, 1989); 

where 

O= (-139 _3441 + 1.s1s101x105 

TEMPK 
6.642308x107 + 

TEMPKz 

(14) 

1.243800xl010 
_ 8.621949x10 11

) (15) 
TEMPK3 TEMPI<:' 

and TEMPK = average water temperature, K. 

Equation 16 can be used to calculate the effect of changing atmospheric pressure 

due to weather conditions and elevation changes on the saturation_ value; 

= (C P) (1-E) (1-XP) 
s P ( 1-E) ( 1-X) 

(16) 

where 

X = 0. 000975 - (1. 426xl0 -5 TEMPC) + ( 6. 436x10-8 TEMPC 2 ) (17) 



(11.8571 _ 3 480. 70 _ 216 , 961 ) 
E = e t EMPR tEMPk' 

and 

Cs.p = saturation DO concentration at pressure P, mg/1; 

TEMPC = average water temperature, °C; and 

P = average air pressure, atm. 

20 

(18) 

Average air pressure values were obtained from the National Weather Service 

station in Greenville, SC and corrected for air temperature and elevation differences 

between Clemson and Greenville by the following equation (Conrad and Pollack, 1950): 

where 

p1, p2 = atmospheric pressure at points 1 and 2, atm; 

h1, h2 = elevation of points 1 and 2, m; 

Tm = mean temperature of air column between points 1 and 2. 

(19) 

Three experimental runs were conducted at each water velocity of 0.0313, 0.0625, 

0.125 and 0.187 mis, corresponding to rotational speeds of 0.5, 1.0, 2.0 and 3.0 rpm. The 

average wind velocity measured at 1 m height occurring over the test period was 

converted to velocity at 10 m height by use of Equation 11. 

Daily System Monitoring 

Daily measurements of the secchi disk visibility were made as per Standard 

Methods (1989) with a 20 cm secchi disk (Aquatic Eco-Systems, Inc., Apoka FL). The 

culture temperature at mid-depth was measured with a glass mercury thermometer. 

Average water flow was measured by dividing the cumulative water ·volume that passed 
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into each tank by the lapsed time between initial and final reading. The nutrient solution 

flow rate was determined and checked several times weekly by collecting the flow into 

a 100 ml graduated cylinder for one minute. 

Dissolved Oxygen Measurements 

Dissolved oxygen concentrations were measured by means of polarographic DO 

probes (Models 5720A and 5739) and DO meters (Model 54A) available from Yellow 

Springs Instrument Company (Yellow Springs OH). The maximum DO value that can 

be displayed with the meters used is 20 mg/1. To measure values greater than 20 mg/1, 

a titration technique was developed to lower the DO concentration to less than 20 mg/1 

in the sample to be measured by addition of a sodium sulfite solution. This technique 

was derived from the method for measurement of the oxygen transfer coefficient (ASCE, 

1984). According to this method, 7.88/1 mg of sodium sulfite are required to react with 

1 mg/1 of oxygen. The procedure developed for this work entails adding a small volume 

( 1 - 3 ml) of sodium sulfite solution of known oxygen equivalence to two samples and 

measuring the final DO value. The original DO concentration of the sample is then 

calculated as the DO value measured plus the oxygen equivalent of the sulfite solution 

added. The procedure is detailed in Appendix A. 

Dissolved oxygen levels in the algae culture tanks were made by one of three 

methods: 1) placing a field DO probe directly in culture tank and measuring DO if DO 

was less than 20 mg/1; 2) taking two samples and measuring DO with sodium sulfite 

technique if DO was greater than 20 mg/I; or 3) utilizing the field DO probe and meter 

with strip chart recorder to provide continuous monitoring of DO concentration. 
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Measurements of net photosynthesis were made by measuring the initial DO in 

two clear glass 300-ml BOD bottles, incubating the bottles horizontally at pre-set depths 

in the algae culture tanks for approximately two hours, and measuring final DO (Standard 

Methods Part 102001.2). The gross photosynthetic rate was calculated by adding the 

respiration rate to the net photosynthetic rate. Respiration was measured by determining 

initial DO in two black plastic-coated BOD bottles, incubating in the algae tanks for 

approximately 12 or 24 hours, and measuring the final DO. Water temperature was 

measured at the beginning and end of the incubation period and the average was used as 

the incubation temperature. Photosynthetic and respiration rates were standardized to 

20°C by use of the following equation (Goldman and Carpenter, 1974): 

R =Re<<20-T)Kt10) 
20 T 

where 

R20, RT= rate at 20°C and at average culture temperature, mg DO11/hr; 

T = average culture temperature, °C; and 

K = 0.7707 (Goldman and Carpenter, 1974). 

Solar Radiation 

(20) 

Incoming solar radiation was measured with a pyranometer (Model 8-48, Eppley 

Lab, Inc., Newport RI) at the Clemson SPAR (Soil-Plant-Atmosphere Relationships) 

greenhouse system at McAdams Hall on the Clemson University campus (described in 

Dunlap, 1988). This system stores 15-minute averages of complete spectrum solar 

radiation values. However, solar radiation data were not available for September 1992, 

when many of the oxygen production measurements were made, so that a model was 
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needed to predict the solar radiation profiles for that period. The total daily solar 

radiation value was predicted first, then fitted to a curve to predict the hourly solar 

radiation profile. 

Two existing models developed to predict evaporation from weather data, the 

Penman and Jenson-Haise equations, plus two regression model developed in this work 

were compared to determine their usefulness as predictors of solar radiation. The data 

set for this analysis consisted of weather data obtained from the Clemson University 

weather station (station# 38-1770) and the Greenville/Spartanburg weather station (station 

# 38-3747) for days with less than 0.05 cm (0.02 in) of precipitation for the period 6/1/92 

- 9/30/92. 

The first model investigated was the Penman equation, which was formulated to 

predict evaporation from weather data. The Penman equation can be written as (Penman, 

1948 as given in Schwab et al., 1981): 

where 

ET = potential evapotranspiration, cal/cm2/d; 

~ = slope of saturation vapor pressure curve at mean air temperature, mbar/°C; 

y = psychrometric constant, mbar/°C; 

~ = net radiant energy available at ground, cal/cm2/d; 

G = energy into the soil, cal/cm2/d; 

wind = wind velocity at 2 m height, km/d; 

e5 = mean saturated vapor pressure, mbar; and 

ea = saturated vapor pressure at dew point temperature, mbar. 

(21) 
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The variable G is generally ignored when applying the Penman equation 

(Rosenburg et al., 1983). When G is omitted, E
0

, evaporation over a free water surface, 

can be substituted for ET. Evaporation and wind data were obtained from the Clemson 

University weather station. es and ea were calculated from psychrometric relationships 

using the Clemson University weather station minimum air temperature as the dew point 

temperature. The ratios involving 6- and y are functions of the mean air temperature and 

were obtained from Schwab et al., 1983 (Table 3.1, pg 62). 

In general, the predicted net radiation values calculated using Equation 21 were 

lower than the measured radiation values (Figure 5). Net radiation, ~. is defined as the 

difference between the total incoming and outgoing radiation fluxes. In contrast, the 

SP AR system measured the net incoming solar radiation, Rs, so R5 is greater than or equal 

to ~- The Penman model does not adequately represent this data set. 
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The second model tested was the Jensen-Haise equation (Rosenburg et al., 1983) 

where 

ET = potential evapotranspiration; 

Rs = daily total solar radiation; and 

T a=average air temperature. 

(22) 

After substitution of evaporation for ET, rearrangement of Equation 22 yields: 

E (23) 

with units of Rs = MJ/m2/d, E = cm/d and Ta =°C. The parameter estimates obtained 

from fitting this model to the data set are given in Table 2. 

Table 2. Parameter estimates for Jensen-Raise model. 

Parameters 

a 

Estimate 

0.0001414 

0.02208 

Standard Error 

0.0003366 

0.008669 

MSE 

35.77 

Comparison of the actual solar radiation values and predicted values from the 

Jensen-Raise model (Figure 6) reveal that the predicted values differ greatly from the 

actual values in many cases. Analysis of the residuals for this model (Appendix B) also 

indicate that the model does not adequately describe solar radiation for the existing data. 
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Consequently, two regression models were developed to improve the predictive 

capability of the model. Data from the Clemson University weather station considered 

for these models were as follows: pan evaporation; average, maximum and minimum dry­

bulb air temperature; daily rise in dry-bulb air temperature; daily wind; and maximum soil 

temperature and daily rise in soil temperature at 10 cm (4 in) depth. Relative humidity 

at the maximum and average air temperatures, maximum wet-bulb air temperature and 

daily rise in wet-bulb air temperature, calculated from psychrometric relationships, were 

also included. Variables considered from weather data obtained from the 

Greenville/Spartanburg weather station were sunshine duration and percent of possible 

sunshine. 

Scatter plots (Appendix C) revealed a positive linear relationship between solar 

radiation and daily rise in dry-bulb air temperature, °C (DAIRT), sunshine duration in 

minutes (SUNMIN) and sunshine duration as percent of possible (PERCENT), and the 
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inverse of relative humidity at the maximum and average dry-bulb air temperatures 

(RHTMAX2 and RHTA VE2). A slight non-linear trend was evident in the plots of solar 

radiation vs the square of DAIRT (SQDAIRT). 

A linear combination of the weather variables in their original form plus squared 

and inverse transformations of the variables were considered. A stepwise regression 

procedure was used to determine that the variables that contributed the most to the overall 

variation in solar radiation were SUNMIN, DAIRT and PERCENT. The intercept term 

did not add to the model. The linear model is given below; 

R
5 

= a.SUNMIN + PDAIRT + Y PERCENT (24) 

with units of ~ = MJ/m2/d, SUNMIN = min, DAIRT = °C, and PERCENT = %. The 

parameter estimates for this model are given in Table 3. 

Table 3. Parameter estimates for linear solar radiation model. 

Parameter Estimate t statistic p MSE 

a. 0.0761 5.50 0.0001 5.27 

p 0.8880 5.39 0.0001 

y -0.4883 -4.22 0.001 

The linear model predictions closely matched the measured solar radiation data 

(Figure 7). Analysis of the residuals (Appendix B) indicated that the model appears to 

be correctly specified but that a variable 9r interaction between variables may be missing. 
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A linear model with hyperbolic component, constructed to model the non-linear 

relationship between solar radiation and the square of the daily rise in air temperature 

(SQDAIRT), was also investigated (Equation 25): 

ySQDAIRT + PSUNMIN + a.PERCENT 
SQDAIRT+X 

The parameter estimates are given in Table 4. 

Table 4. Parameter estimates for hyperbolic model. 

Parameter Estimate Standard error 

y 22.28 4.542 

"A 162.2 74.71 

p 0.07647 0.01373 

a. -0.4865 0.1139 

(25) 

MSE 

5.11 
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The hyperbolic model also closely predicted the measured values (Figure 8). The 

MSE value for this model was slightly lower than for the linear model. The residuals 

analysis (Appendix B) indicated that similarly to the linear model, the hyperbolic model 

appears to be correctly specified but that some variable may be missing. 
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Because the MSE was only slightly lower for the hyperbolic model than the linear 

model, the linear model (Equation 24) was chosen because of its simplicity as the best 

model to describe the solar radiation data and to predict the missing observations. Since 

both models developed showed some pattern in the plot of residuals vs solar radiation, 

future work investigating additional weather variables could improve the model's 

predictive capability further. 
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The predicted total daily solar radiation values for the missing days in September 

when field DO measurements were made are as follows: 

Table 5. Predicted daily solar radiation. 

Dates Predicted solar radiation, MJ/m2/d 

9/2/92 

9/3/92 

9/4/92 

9/9/92 

9/10/92 

9/11/92 

15.56 

13.54 

16.49 

18.58 

16.85 

17.82 

The hourly solar radiation profile was obtained by comparing these predictions 

of total daily solar radiation to the actual daily profiles for the month of September, 1991 

(Figure 9). The maximum or cloud-free profile can be modeled with the following 

equation: 

where 
SR = "( ..- ~ ( x-a.) 2 

SR= solar radiation, J/s·m2 or W/m2
; and 

x = time of day, hrs. 

(26) 

The parameter y represents the maximum solar radiation value during the day, ~ 

is a shaping parameter, and a. represents the time of day when the solar radiation is at the 

maximum. Based on the 1991 data, the characteristic maximum profile for September 

has parameter estimates of y=870, ~=-27.5 and a.=13.625. The area under this curve, 
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which is the total daily solar radiation for clear day conditions, is 2.35xl07 W•s/m2/d or 

23.5 MJ/m2/d, which is obtained by integrating the profile equation. For each of the days 

in September for which a solar radiation profile was needed, the values of y, ~ and a 

were adjusted until the area under the curve was equal to the predicted total daily value 

obtained from the linear regression. The profiles for the desired days in September are 

shown in Figures 10 through 15. This procedure, in effect, models cloud cover as a haze 

which acts to lower the maximum profile uniformly throughout the day, and cannot model 

the profile for an intermittently cloudy day. 
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Figure 10. Predicted solar radiation profile for 9/2/92. 
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Figure 11 . Predicted solar radiation profile for 9/3/92. 
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Figure 12. Predicted solar radiation profile for 9/4/92. 
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Figure 13. Predicted solar radiation profile for 9/9/92. 
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Figure 14. Predicted solar radiation profile for 9/10/92. 
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Figure 15. Predicted solar radiation profile for 9/11/92. 
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Laboratory Procedures 

Algal Cell Identification 

35 

Grab samples of the algal culture were taken twice per month. A 10-ml sample 

was centrifuged and 9 ml of supernatant withdrawn to achieve a 10: 1 concentration of the 

cells (Davis et al., submitted). Cell genus was determined by visual observation of the 

cells using Nikon Alpha-phot YS microscope (Nikon Instrument Co., Garden City NY). 

Cells were counted on a minimum of 5 grids using a Bright-line hemacytometer 

(American Optical, Buffalo NY) and the average value calculated. 

Algal Biomass Determination 

Algal biomass was determined by measuring the total suspended solids (TSS) of 

the algal culture. To account for variability in desiccator humidity or desiccation time, 

two blanks were run with each set of samples. Any weight change by the blanks was 

added to the sample weight to correct for the variability. Initially, algal TSS were 

measured using Gelman GF/C glass fiber filters (Part 2540D, Standard Methods, 1989). 

However, for samples containing predominantly blue-green algae, most of the algal solids 

were not retained on the filter. A comparison of the algal TSS measured with glass fiber 

and 0.45 µm filters indicated that TSS measured with glass fiber filters were up to 50% 

lower than TSS measured with 0.45 µm filters (Figure 16). Although 0.45µm filters 

would retain bacterial cells also, the 1 µm effective pore size of the Gelman glass fiber 

filters clearly did not capture the majority of the algal cells for the blue-green culture. 

Subsequently, TSS was measured by filtering 50 or 100 ml of sample through a 

desiccated, pre-weighed 0.45 µm filter and drying at 105°C (Part 102001.5, Standard 

Methods, 1989). 

CUMSON UNIVERSITY LIBRARY 
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Figure 16. Comparison of algal TSS measured with glass fiber vs 0.45 µm filter. 

Water Quality 

pH was measured after calibration with pH 7.0 and 10.0 standards with a gel-filled 

combination pH electrode (Catalog No. 13-620-104, Fisher Scientific International, 

Springfield NJ) and pH meter. Alkalinity to pH 4.5 endpoint was measured (Part 2320B 

Standard Methods, 1989). 
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Statistical Procedure 

A lack of fit analysis can be performed when replicate values of the response 

variable (y) are obtained for each concomitant (x) position to determine if a certain 

proposed model is appropriate to represent a given data set. The procedure used is as 

follows: 

1. Fit the proposed model to the data set and obtain the total sum of squares error 
(SSE). The associated degrees of freedom (dfssE) are the number of 
observations (n) minus the number of parameters in the model (p ). Calculate 
the mean square error which is SSE/dfssE· 

2. Determine the within sum of squares (SSW) which provides an estimate of the 
observed variation among yii ' s at each xi position. This value is a measure of 
the variation in the observations and is not a function of the proposed model. 
The degrees of freedom (dfssw) are the number of observations (n) minus the 
number of concomitant positions (m). The within mean square error (MSW) 
is calculated as SSW /dfssw· 

3. Determine the lack of fit sum of squares (SSL) which is a measure of the error 
associated with the lack of fit of the model to the data set. SSL is calculated 
as SSE-SSW. The degrees of freedom are dfssE-dfssw=dfssL· The lack of fit 
mean square error (MSL) is calculated as SSL/dfssL· 

4. Calculate the f statistic as fca1c= MSL/MSW. 

5. Compare the calculated f statistic with the tabulated F value, with degrees of 
freedom of df ssL and df ssw, at the preferred level of significance. 



CHAPTER V 

RES UL ts AND DISCUSSION 

Characterization of Physical Parameters 

Water Velocity 

Water velocity was modeled as a linear function of the circulator tip velocity; 

V = (X + Ay w .., t (27) 

where 

v w = water velocity, mis; 

Ve = circulator tip- velocity, mis. 

Least squares analysis indicated that the intercept did not contribute to the model. The 

calculated F statistic of 866.8 (P=.0001) indicates that the model given in Equation 28 

(shown in Figure 17) is appropriate to model water velocity as a function of tip velocity; 
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Figure 17. Water velocity vs circulator tip velocity. 

(28) 
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Oxygen Transfer Coefficient 

Twelve reaeration experiments were conducted at four water velocities. Three 

runs were discarded from the data set due to mechanical or weather interferences. The 

conditions for the nine remaining tests are given in Table 6. 

Table 6. Conditions for determination of oxygen transfer coefficient. 

Run Average Average Water Duration 
Air T, °C Water T, °C T Range, °C Test, min 

2b 9.6 12.5 1 135 

2c 13.5 14.0 0 120 

2d 11.4 13.5 1 180 

2e 12.9 12.5 1 120 

2f 9.3 8.0 0 135 

2h 12.2 12.0 0 240 

2k 26.9 28.6 3 330 

21 26.9 27.4 2 270 

2n 28.5 28.4 3 210 

The exponential model (Equation 13) was fitted to the DO vs time data obtained 

for each run using non-linear least squares analysis to provide estimates of the reaeration 

coefficient, K13• The predicted values closely matched the observations. A plot of the 

predicted and observed values for Run 2k are shown in Figure 18. 
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Figure 18. Actual and predicted DO values for reaeration run 2k. 

The reaeration coefficient at test temperature, KiaT• was standardized to 20°C using 

Equation 29, with a value of 1.024 for 8 (Mccutcheon, 1989); 

The oxygen transfer coefficient K was calculated from K1a as follows : 

where 

K = oxygen transfer coefficient, m/hr; 

K1a = reaeration coefficient, /hr; 

V = test volume, m3
; and 

A = surface area available for gas transfer, m2
• 

The K20 values were found to range from 0.033 - 0.170 m/hr (Table 7). 

(29) 

(30) 
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Table 7. Estimates of reaeration and oxygen transfer coefficient. 

Run vw Vwmd lOm K laT Standard K1a20 K io 

mis mis hr"' Error% hr"' m/hr 

2k 0.0313 2.28 0.0822 2.0 0.0671 0.0369 

21 0.0313 2.36 0.0839 2.1 0.0705 0.0447 

2n 0.0313 1.94 0.0665 2.9 0.0546 0.0330 

2f 0.0813 2.50 0.0720 3.1 0.1028 0.0565 

2h 0.0813 3.76 0.0884 1.5 0.1069 0.0545 

2b 0.1250 2.56 0.1980 2.5 0.2366 0.1400 

2e 0.1250 1.43 0.1572 1.2 0.1878 0.1030 

2c 0.1875 1.81 0.2872 1.6 0.3312 0.1660 

2d 0.1875 2.74 0.2652 0.7 0.3095 0.1700 

vw = water velocity; Vwinc1. i0m = wind velocity at 10 m height. 

A nonlinear model was proposed to model the increase in K with increasing wind 

velocity at each level of water velocity (Equation 31 ); 

where 

K = -~-*_v_..,i_nd + av .., v..,-y 

K = oxygen transfer coefficient, m/hr; 

v wind = wind velocity at 10 m height, mis; 

Yw = water velocity, mis. 

(31) 

The calculated F statistic for this model is less than the tabulated F_05_6_3 of 234, but 

greater than the F_10,6,3 value of 58 (Table 8); therefore, the model does not adequately 

describe the data at the 95% level of significance but does at the 90% level. More data 
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are needed to determine if this model is appropriate to represent the oxygen transfer 

coefficient as a function of wind and water velocity. 

Table 8. Parameter estimates for nonlinear model (Equation 31). 

Parameter Estimate Standard Error F 

a 0.8643 0.1757 103.8 

~ -0.0004322 0.002330 

y 0.2581 0.3418 

A multiple linear regression model (Equation 32) was investigated to model the 

transfer coefficient as a function of wind and water velocity, with parameters described 

above; 

K = a + ~v w + yv wind • (32) 

Least squares analysis indicated that wind velocity did not significantly impact K 

under the narrow range of wind velocities encountered in the reaeration runs (P=.63). 

The intercept did not contribute to the model (P=.55). The F statistic of 411.7 (P=.0001) 

was calculated for the one parameter linear model. Therefore, the transfer coefficient was 

modeled as a function of water velocity (Equation 33) as shown in Figure 19. 

K=0 . 9003*Vw (33) 

where 

· K = transfer coefficient, rn/hr; 

vw = water velocity, mis. 
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Figure 19. Oxygen transfer coefficient vs water velocity for PAS 

The oxygen transfer coefficient as a function of wind velocity at 10 m height was 

formulated by Banks and Herrara (1977) as 

(34) 

where 

K = transfer coefficient, mis; and 

V wind = wind velocity' mis. 

For the north-western region of South Carolina, the average wind speed of 3.1 mis 

results in a predicted oxygen transfer coefficient, K, of 0.027 m/hr. The K values 

measured at the lowest water velocity in the PAS were 0.033-0.045 m/hr. Boyd (1991) 

noted that wind velocity has a greater impact on surface reaeration in aquaculture ponds 

as pond size and fetch increases. Therefore, consideration of the impact of wind velocity 

on surface oxygen transfer may be necessary only for large aquaculture ponds or in areas 

of high average wind velocities. 



Characterization of Algal Biomass 

Relationship between SDV and Algal TSS 
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The relationship between the algal culture secchi disk visibility (SDV) and total 

suspended solids (TSS) measured with 0.45 µm filter was investigated to determine a 

predictive model of algal TSS from SDV data. Boyd (1979) suggested a hyperbolic 

model to express the relationship between algal solids measured with glass fiber filter and 

SDV (Equation 35); 

where 

y = algal solids, mg/1; 

X = SDV; 

~ = 6.03; and 

't = 0.932. 

(35) 

When compared to the pooled data from the 1991 and 1992 seasons which 

included algae from the divisions Chlorophyta (green), Cyanophyta (blue-green) and 

Chrysophyta (diatoms), this relationship clearly underestimates the algal solids particularly 

at SDV values less than 0.3 m (Figure 20). The glass fiber filter technique used to 

develop Equation 35 may not have collected all of the algal cells that were present for 

the corresponding SDV value. 
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Figure 20. SDV vs algal TSS with hyperbolic model prediction. 

When the hyperbolic model proposed by Boyd is fitted to the data using non-linear 

least squares analysis, the following parameter estimates of ~ and 't are obtained: 

~ = 8.278; and 

t = 1.272. 

Since replicate TSS samples were taken at each SDV position, a lack of fit 

analysis could be performed to test the hypothesis that the hyperbolic model was 

appropriate to represent the data set. The calculated F statistic obtained from the lack of 

fit analysis (Table 9) was greater than the tabulated F_05,38,175 value of 1.407; therefore, the 

hyperbolic model was not appropriate to represent this data set. 
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Table 9. ANOV A for hyperbolic model lack of fit analysis. 

Source df Sum of Squares Mean Square F 

SS Error 213 19,277.5 

SS Within 175 13,116.6 74.95 2.163 

SS Lack of Fit 38 6,160.9 162.1 

As an alternative to the hyperbolic model, an exponential model was investigated; 

where 

y = algal TSS, mg/1; and 

x = SDV, m. 

The parameter estimates obtained from non-linear least squares analysis are 

l'.X = 11.659; 

~ = 297.33; and 

A= 8.2212. 

(36) 

The calculated F value obtained from the lack of fit analysis for the exponential 

model was less than the tabulated F_05,37_175 value of 1.414 (Table 10). In addition, the 

model predictions of algal TSS as a function of SDV closely match the observations 

(Figure 21). Therefore, algal TSS can be modeled as a function of SDV using the 

exponential model given below; 

TSS = 11. 659 + 297. 33e-s .2212•sDv • (37) 



Table 10. ANOV A for exponential model lack of fit analysis. 

Source 

SS Error 

SS Within 

SS Lack of Fit 

df 

212 

175 

37 

Sum of Squares 

16,675.4 

13,116.5 

3,558.8 

Mean Square 

74.95 

96.18 

F 

1.283 
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Figure 21. SDV vs algal TSS with exponential model prediction. 

Algal Species Composition 

47 

Changes in the species composition and form of the algae due to inorganic carbon 

addition and water velocity were observed. The predominate genus present when no 

external inorganic carbon was added to the cultures during the 1991 runs was 

Merismopedia , a member of the division Cyanophyta or blue-green algae. Merismopedia 
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was commonly present at densities of 107 cells/ml. In tanks which were operated at 

0.0313 mis water velocity, sheets of 2:, 50 cells were commonly observed, whereas 

aggregates of < 5 cells were noted for water velocity of 0.0625 mis. Species composition 

was not observed to change during the 1991 season as hydraulic detention time varied 

from 1.2 to 2.5 days. The color of the cultures cycled from bright green, to olive green 

to tan. In the 1992 runs when inorganic carbon was added at rates of 1.1 to 1.8 mmol/1/d, 

the predominate genera present in Tanks 1 and 2 were Dictyospherium and Scenedesmus, 

which are both members of the division Chlorophyta, or green algae. In Tanks 3 and 4 

during the 1992 runs, where inorganic carbon was again added at rates of 1.1 to 1.8 

mmol/1/d, the predominant genus present consistently was Scenedesmus. The color of the 

cultures did not vary as greatly during the carbon addition runs; the color ranged from 

bright green to olive green to milky green. 

The addition of 1.1 to 1.8 mmol/1/d of inorganic carbon to the culture systems 

appeared to select for green algae species over blue-green algae. The role of inorganic 

carbon on the selection of algal type has been investigated (King, 1970). His studies 

indicate that algal growth responds to the free carbon dioxide concentration and that blue­

green algae are able to photosynthesize at lower free carbon dioxide concentrations than 

most green algae. Therefore, blue-green algae have a competitive advantage at low free 

carbon dioxide concentrations while green algae will predominate at high free carbon 

dioxide levels (King, 1970). Since blue-green algae have been associated with off-flavor 

of catfish, culture techniques which discourage the predominance of blue-green algae are 

preferable for aquaculture systems. 
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Further, when inorganic carbon was added to the cultures in the 1992 runs, both 

the water depth and circulator rotational speed appeared to affect the species composition. 

In Tanks 1 and 2, which were operated at 0.34 m depth and 1 rpm for Run 9 and then 

at 0.66 m depth and at 2.0 rpm for Run 14 (Table 11), the predominant genera present 

were Dictyospherium, at densities of 105-106 cells/ml, and Scenedesmus, at densities of 

104-105 cells/ml. In Tanks 3 and 4, which were operated at 0.66 m depth and 1 rpm for 

Run 10 and at 0.66 m depth and 0.5 rpm for 14, the predominant species was 

Scenedesmus, at densities of 105-106 cells/ml. Since depth and rotational speed affect the 

degree of light penetration, Dictyospherium may have a competitive advantage at high 

light levels. 
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Characterization of Algal Productivity 

The culture conditions of inorganic carbon addition, water depth, water velocity 

and retention time were varied to determine the effect on algal productivity (Table 11 ). 

For each set of operating conditions, an acclimation period of up to five days was used 

to allow the cultures to come to a relatively constant biomass after the operational 

parameters were set. The run was terminated if a mechanical failure occurred that caused 

a disruption of the culture for an extended period or if unfavorable weather conditions 

persisted. 

Table 11. Culture conditions for algal productivity runs. 

Year Run Tanks rpm Tau, Depth, Steady State Inorg. Inorg. 
hr m dates C, mg/I N, mg/1 

1991 3 3,4 1 60 0.66 6/11-7/8 10 6 

1991 4 3,4 30 0.66 7/14-7/26 10 6 

1991 5 1,2 0.5 56 0.64 7/17-7/26 10 12 

1991 6 3,4 1 27 0.66 8/16-9/19 10 6 

1991 7 1,2 0.5 53 0.64 8/19-9/2 10 12 

1991 8 1,2 0.5 30 0.64 9/5-9/22 10 7 

1992 9 1,2 1 40 0.34 7/6-7/20 29 5 

1992 9a 1,2 1 40 0.34 7/9-7/15 28 5 

1992 10 3,4 1 40 0.66 7/6-7/20 20 5 

1992 10a 3,4 1 40 0.66 7/9-7/15 29 5 

1992 10b 3,4 1 41 0.66 7/20-8/5 23 5 

1992 10c 3,4 1 72 0.66 8/10-8/18 27 8 

1992 14 1,2 2 38 0.66 8/29-9/25 19 5 

1992 15 3,4 0.5 44 0.66 8/29-9/25 20 5 

Runs which did not achieve steady state conditions due to mechanical or system failures were not included. 
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The algal culture density and color, an indicator of the relative health of the 

culture, cycled throughout the course of the runs. Occasions where the culture 'crashed' 

or suddenly changed color for no apparent reason were noted. 

Algal biomass concentrations, expressed as total suspended solids (TSS), were 

predicted from SDV values (Equation 37). Algal productivity, expressed as daily average 

carbon fixation rate (ACFIX), was calculated from the biomass value and retention time 

using Equation 38 (Pipes and Koutsoyannis, 1961). The value of 2.79 is the ratio of g 

of algal TSS produced per g of carbon fixed through photosynthesis based on the algal 

cell composition discussed in Chapter II; 

where 

ACF IX = ( TSS) ( d) 
2 . 79't 

ACFIX = average algal carbon fixation rate, g C/m2/d; 

TSS = algal TSS, g/m3
; 

d = water depth, m; and 

't = hydraulic retention time, d. 

Effect of Inorganic Carbon Addition 

(38) 

The effect of inorganic carbon addition on the algal productivity in the PAS was 

investigated by comparing the algal TSS levels for the 1991 runs, when no carbon was 

added to the cultures, to the 1992 runs, when sodium bicarbonate was added to each tank 

once per day. The mean pH and alkalinity values for the influent water to the PAS used 

in the 1991 and 1992 experiments are shown in Table 12. 
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Table 12. PAS influent water chemistry. 

Parameter Mean S.D. Sample N 

pH 7.2 0.15 27 

Alkalinity, mg/I CaCO3 36 3.7 27 

Alkalinity, meq/1 0.71 0.074 27 

The total inorganic carbon concentration in the influent water to the PAS was 

calculated from the influent pH and alkalinity (Appendix 4). The mean carbon 

concentration for the PAS influent water was 0.83 ± 0.11 mmol/1. With the average 

retention time of 1.2 days used in the zero carbon addition runs, the mass of carbon added 

to each tank by the influent water averaged 0. 71 mmol C/1/day. For the carbon addition 

comparison, carbon was added at the rate of 0, 0.6 and 1.2 mmol/1/day. Therefore, the 

total inorganic carbon addition rate due to the influent water and the sodium bicarbonate 

was 0.71, 1.14 and 1.77 mmol/1/d (Table 13). 

Table 13. Conditions for the carbon addition experiment. 

Run Average retention C added 
time, days mmol/1/d 

4, 6 1.2 0.71 

10, 10a, 10b 1.7 1.14 

10, 10a 1.6 1.77 

Water velocity= 0.0625 mis: water depth = 0.66 m; influent N = 5.5 mg/I. 

The mean algal TSS concentration at the 1.14 and 1.77 mmol/1/d carbon addition 

rates did not differ from each other, but did differ from the mean TSS value at the 0.71 
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addition rate (Table 14). However, the ACFIX rates, which are calculated based on the 

depth and retention time, were not different for the three carbon addition levels (P>.05). 

Table 14. Effect of carbon addition on algal productivity. 

C added n ACFIX1 S.D. TSS 1 S.D. 
mmol/1/d g C/m2/d mg/I 

0.71 52 5.386a 1.986 27.128 10.68 

1.14 36 6.2698 1.825 44.79b 13.18 

1.77 12 6.3808 1.402 44.79b 9.94 

1 Means not sharing a common letter are significantly different using Tukey-Kramer method (P<.05). 

When the data were grouped into two carbon addition levels (Table 15), the mean 

ACFIX and algal TSS were found to differ (P=.016 and P<.001, respectively). The mean 

ACFIX and TSS values at the combined higher carbon addition rate were 1.17 and 1.65 

times the value at the lower addition level. Therefore, increasing the inorganic carbon 

addition rate from 0.71 to 1.14 mmol/1/d increased the TSS and ACFIX values, but 

increasing the rate to 1.77 mmol/1/d did not increase algal productivity further, indicating 

that the cultures were not carbon-limited at inorganic carbon addition rates greater than 

1.14 mmol/1/d for the culture conditions and ambient solar radiation levels. 

Table 15. Effect of two carbon addition rates on algal productivity. 

C addition, n ACFIX1 S.D.2 TSS 1 S.D.2 

mmol/1/d g C/m2/d mg/I 

0.71 52 5.3868 1.9868 27.128 10.688 

1.14, 1.77 48 6.297b 1.716a 44.79b 12.35a 

1 Means not sharing a common letter are significantly different using t-test (P<.05). 
2 Values not sharing common letter are significantly different using Folded F statistic for testing equality of 
variances (P<.05). 
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Effect of Water Depth 

Algal biomass and average carbon fixation rates were compared at water depths 

of 0.34 and 0.66 m (Table 16). The data for the 0.45 m run were omitted due to the 

presence of a Euglena-like culture, which formed a layer on the water surface thereby 

preventing light penetration through the water column. 

Table 16. 

Run 

9 

10 

Conditions for water depth comparison. 

Tanks Water 
depth, m 

1,2 0.32-0.37 

3,4 0.65-0.67 

Retention 
time, days 

1.5-1.9 

1.6-1.7 

C addition = 1-2 mmoVVd; water velocity= 0.062 mis; influent N = 4.6 mg/1; 

Algal carbon fixation rate was affected by culture depth (Table 17). The ACFIX 

and TSS values differed for the 0.34 and 0.66 m depths (P=.0008 and P<.0001). The 

mean ACFIX and TSS for the 0.34 m depth were 1.23 and 2.39 times, respectively, the 

mean values for the 0.66 m depth. If the total light absorbed was independent of culture 

depth, then it would be expected that the carbon fixation rate calculated on a surface area 

basis for a culture grown at a 1 meter depth would be the same as the rate for a culture 

grown at a 0.5 m depth, and the algal biomass per unit volume would double when the 

culture depth was halved. However, this result reveals that the carbon fixation rate was 

increased by decreasing culture depth, most likely due to increased exposure to solar 

radiation at the shallow depth. 
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Table 17. Effect of water depth on algal productivity. 

Run Water n ACFIX1 S.D.2 TSS 1 S.D.2 

depth, m g C/m2/d mg/1 

9 0.34 26 7.721 8 1.2648 105.38 16.758 

lO 0.66 26 6.287b 1.5988 44.QOb 11.368 

1 Means not sharing a common letter are significantly different using t-test (P< .05). 
2 Values not sharing a common letter are significantly different using Folded F statistic for testing equality of 
variances (P<.05). 

Effect of Mixing Level 

Algal biomass was measured at water velocities of 0.0313, 0.0625 and 0.125 mis, 

corresponding to circulator rotational speeds of 0.5, 1.0 and 2.0 rpm (Table 18). 

Table 18. Conditions for mixing comparison. 

Run Water velocity, mis Water depth, m 

15 0.0313 0.65-0.68 

10 0.0625 0.65-0.67 

14 0.125 0.64-0.68 

Retention time= 1.7 days; C addition= 1-2 mmoVl/d; influent N = 5 mg/I. 

The mean carbon fixation rate and algal TSS for cultures grown at 0.0313 and 

0.0625 mis water velocity did not differ from each other, but did differ from the rate for 

cultures grown at 0.125 mis (Table 19). 
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Table 19. Effect of level of mixing on algal productivity. 

Run Water n ACFIX1 S.D. TSS 1 S.D. 
velocity, mis g C/m.2/d mg/1 

15 0.0313 44 6.6958 2.499 52.lOa 19.54 

10 0.0625 48 6.2978 1.716 44.798 12.35 

14 0.125 44 9.889b 2.794 65.91b 18.49 

1 Means not sharing a common letter are significantly different using Tukey-Kramer method (P<.05). 

When the data were grouped into two levels based on level of mixing, LOW for 

0.0313 and 0.0625 mis water velocity and HIGH for 0.125 mis, the mean ACFIX and 

TSS values for the two mixing levels were found to differ (P=.0001). The carbon fixation 

rate for the HIGH level was 1.52 times the fixation rate for the LOW level (Table 20). 

Table 20. Effect of LOW and HIGH level of mixing on algal productivity. 

Runs Water N ACFIX1 S.D.2 TSS1 S.D.2 

velocity g C/m2/d mg/1 

15, 10 LOW 92 6.4878 2.1248 48.298 16.51 a 

14 HIGH 44 9.889b 2.794b 65.91 b 18.49a 

1 Means not sharing a common letter are significantly different using t-test (for equal variances) or 
Satterthwaite' s t approximation (for unequal variances) (P<.05). · 
2 Values not sharing a common letter are significantly different using Folded F statistic for testing equality of 
variances (P<.05). 

Increasing the mixing velocity may increase algal productivity by increasing the 

exposure of the algal cultures to sunlight, by decreasing diffusional barriers around the 

algal cells by decreasing the liquid film layer, or by increasing the rate of oxygen transfer 

from the bulk fluid to the atmosphere. Bosca et al. ( 1991) found that algal cultures mixed 

at approximately 0.25 mis were more productive than non-mixed cultures. Carbon 
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fixation rates were more than two times greater for the mixed cultures at low light levels 

occurring near dawn and dusk. The culture depth for the study was 50 cm. Persoone et 

al. ( 1980) reported an increase in algal density due to mixing of culture with an air lift 

mixer. The algal densities at the two highest mixing regimes (14 and 10.5 1/min) were 

nearly identical and approximately 1.2 times greater than the density at the lower mixing 

level (7 .1 1/min) after 17 days and approximately 1.3 times greater than the density for 

the static (no mixing) condition after 9 days (Persoone et al., 1980). Increased algal 

productivity with increased circulator mixing speed was also noted by Richmond et al. 

(1980). Algal growth rates were greater at a mixer speed of 30 rpm than at 15 rpm. The 

corresponding water velocities were not given for Persoone et al. (1980) or Richmond et 

al. (1980). 

However, Weissman et al. (1988) reported no difference in algal productivity for 

Chiarella cultures at water velocities of 1, 3, 10, 13 and 30 emfs. The ponds were 

operated at nearly constant pO2 and pH of 7.3, and water depth of 20 cm. Shelef et al. 

( 1968) summarized research conducted on the effect of mixing on the light intensity 

gradient as a function of depth in algal cultures. They concluded that since the response 

of algal cells to light is practically instantaneous, (reaction times on the order of 10·9 to 

10·3 seconds for photochemical reactions), then the effect of conventional mixing on the 

light intensity gradient would be negligible. However, the models that they constructed 

incorporating this conclusion were used to predict algal productivity in extremely shallow 

cultures ( <2 cm). Therefore, algal productivity may be affected by the level of mixing 

due to the impact of mixing on the light intensity gradient in 30 - 60 cm deep cultures. 



58 

Effect of Cell Retention Time 

Algal productivity was measured for hydraulic retention times of approximately 

5, 2.5, and 1.2 days. The data for the 5 day retention time were obtained in 1990, when 

the glass fiber filters were used to measure algal TSS, and were therefore not comparable 

to the results obtained at the 2.5 and 1.2 day retention times, when the 0.45 µm filters 

were used. In addition, more frequent system failures occurred in the 1990 run which 

caused less consistent algal growth. Consequently, the data obtained from the 5 day 

retention time were not included in this analysis. The 1.2 and 2.5 day retention time runs 

were operated at constant influent nitrogen concentration (Table 21). 

Table 21. Conditions for the retention time comparison. 

Run Retention Influent Water 
time, days N, mg/1 depth, m 

4. 6 1.2 6.1 0.66 

3 2.5 6.5 0.66 

Water velocity= 0.062 mis; C addition= 0.7 mmoVVd. 

The results of these runs indicate that algal productivity and biomass differed at 

the 1.2 and 2.5 day retention times (Table 22). Pipes and Koutsoyannis (1961 ) 

determined that in laboratory cultures grown at very low light levels, algal productivity 

was constant while algal biomass was a linear function of retention time (Figures 22 and 

23). However, Shelef et al. (1968) found that for shallow culture depths, productivity 

reached a maximum at 24 - 30 hour retention time. Since the data from the 5 day 

retention time run could not be included in the analysis, carbon fixation rate as a function 
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of retention time cannot be fully modeled. Further data is needed to conclusively model 

the productivity of deep cultures as a function of retention time. 

Table 22. Effect of retention time on algal productivity. 

Runs Retention n ACFIX1 S.D.2 TSS1 S.D.2 

time, days g C/m2/d mg/I 

4, 6 1.2 52 5.386a 1.9868 27.128 10.68a 

3 2.5 50 4.124b 0.8422b 43.93b 9.009a 

1 Means not sharing common letter are significantly different using t-test (for equal variances) or Satterthwaite' s 
t approximation (for unequal variances) (P<.05). 
2 Values not sharing common letter are significantly different using Folded F statistic testing equality of 
variances (P<.05). 

I 1, 1 I 1 -1 

~-•re ,..u,m.r o,,i t••• ca,,. 

Figure 22. Algal productivity vs 
retention time for light-limited cultures 
(Pipes and Koutsoyannis, 1961). 

Characterization of Algal Oxygen Production 

. . 
~au11c ,.M.IW't l Ofl \ I .. , ._,,_ 

Figure 23. Algal biomass vs retention 
time for light-limited culture (Pipes and 
Koutsoyannis, 1961). 

Photosynthetic oxygen production rates as a function of solar radiation throughout 

the day were measured periodically as the operational parameters were varied. The model 
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chosen to represent oxygen production as a function of light intensity is given as (Steele 

1962. Lehman 1975, Welch 1980): 

where 

P20 = photosynthetic oxygen production, 20°C, mg O/mg TSS/hr; 

P maxio = maximum photosynthetic oxygen production, 20°C, mg O/mg TSS/hr; 

I = effective light intensity, W/m2
; and 

I0P1 = optimal or saturating effective light intensity, W/m2
• 

(39) 

This equation models increased oxygen production with increased light intensity up to the 

optimum or saturating light intensity, beyond which oxygen production decreases due to 

inhibitory light levels. 

The value of the effective light intensity can be calculated from the complete solar 

spectrum surface intensity according to Beer's Law; 

where 

I = I e<-Kdl 
0 

Ia = complete spectrum surface intensity, W /m2
; 

K = extinction coefficient (/m); and 

d = depth, m. 

(40) 

The extinction coefficient is a function of the wavelength of light, suspended 

solids and algae species in the water column. Parsons (1984) gives the following 

expression for estimating the average extinction coefficient, K; 

K = 1 . 7 /SDV (41) 

where SDV = secchi disk visibility, m. 
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The model can be fitted to the data obtained from individual days using non-linear · 

least squares analysis. For example, the maximum oxygen production rate for Tanks 1 

and 2 on 9/14/91 was approximately 0.1 mg O/mg TSS/hr (Figure 24). The parameter 

estimate for P max20 was determined to be 0.096 mg O/mg TSS/hr (Table 23). 
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Figure 24. Oxygen production for Tanks 1 and 2, 9/14/91. 

Table 23 . Parameter estimates for Tanks 1 and 2, 9/14/91. 

Parameter 

P max2o, mg O/mg TSS/hr 

Iop1• W/m2 

Estimate 

0.09633 

530.6 

, 00 100 

Approximate 
standard error 

0.004444 

85.83 

The oxygen production profiles for Tank 3 and 4 for 9/14/91 (Figures 25 and 26) 

differed greatly even though the culture conditions were the same. The production profile 

for Tank 3 did not exhibit the same trend as Tanks 1, 2 and 4, and the iterative procedure 
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used to determine the parameter estimates for the light model did not converge. The 

maximum oxygen production for Tank 4 is half the value obtained for Tanks 1 and 2. 
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Figure 25. Oxygen production for Tank 3, 9/14/91. 
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Figure 26. Oxygen production for Tank 4, 9/14/91. 
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Since the algal cultures' response to light in the 1991 and 1992 seasons varied 

greatly, the method chosen to characterize all of the data was to model the average and 

maximum oxygen production response (Figures 27 and 28). The solar radiation values 

predicted for the missing 1992 data were not included in this analysis; therefore, no data 

are shown for low light levels (Figure 28). Fitting the inhibitory light model to the data 

using least squares analysis was used to represent the average response. The maximum 

response curve was based on a visual 'best fit' of the maximum production values. 
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Figure 27. Oxygen production for pooled 1991 data. 

The average and maximum oxygen production values were greater for the 1992 

data than for the 1991 data (Tables 24 and 25). This result is consistent with the finding 

that average carbon fixation rates were 1.2 times greater in the PAS for inorganic carbon 

addition rates of 1.1 - 1.7 mmol/1/d than for 0.7 mmol/1/d (see Table 15). 
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Figure 28. Oxygen production for pooled 1992 data. 

Table 24. Parameter estimates for 1991 oxygen production data. 

Parameter Average Approximate Maximum 
response estimate standard error response value 

P max2o, mg O/mg TSS/hr 0.04755 0.004650 0.11 

Iopt• W/m2 500 150 500 

Retention time=l-3 days; water velocity=0.0313-0.0625 mis; depth=0.64 m; C addition=0.7 mmol/l/d. 

Table 25. Parameter estimates for 1992 oxygen production data. 

Parameter Average Approximate Maximum 
response estimate standard error response value 

P max20, mg O/mg TSS/hr 0.07413 0.006842 0.12 

I op1 • W/m2 253.0 56.87 250 

Retention time= l.5-2 d; water velocity=0.0313-0.125 mis; depth=0.31-0.68 m; C addition=0.7-1.8 mmol/l/d. 
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Utilizing the algal cell composition proposed by Redfield et al. (1963) and the 

P max2o estimates for 1991 and 1992, a maximum specific growth rate, ~ ax2o, of 0.0887/hr 

or 2.13/day and 0.0968/hr or 2.32/day was predicted for 1991 and 1992 respectively 

(Table 26). These values lie within the range of values reported of 1.32/day (Goldman, 

1974) to 2.08/day (Lehman, 1975) to 2.4/day (Larsen et al, 1978). 

Table 26. Parameter estimates for 1991 and 1992 algal cultures. 

Parameter 

P max2o, mg Oifmg TSS/hr 

~ax20• /hr 

1991 estimate 

0.11 

0.0887 

Characterization of Algal Respiration Rates 

1992 estimate 

0.12 

0.0968 

Measurements of the 24-hour algal respiration rate corrected to 20°C (AR20c) were 

made as a function of water velocity, water depth, hydraulic retention time and carbon 

addition. The mean respiration rate for cultures grown at water velocities of 0.0313, 

0.0625 and 0.125 mis did not differ (Table 27). The lack of a significant result may be 

due to the small sample size for each of the treatments. In the comparison of algal 

productivity as a function of water velocity, the values at 0.0313 and 0.0625 mis did not 

differ from each other, but did differ from the 0.125 mis values. The mean respiration 

rates and standard deviations for the two lowest water velocities were similar and nearly 

twice as great as the rate and standard deviation for the highest water velocity. More data 

are needed to characterize the respiration rate as a function of water velocity. 



Table 27. Respiration rates for water velocity comparison' . 

Run Water n AR20c:, 2 S.D. 
velocity. mis mg O/mg TSS/hr 

15 0.0313 10 0.002198a 0.001544 

10 0.0625 6 0.002140a 0.001298 

14 0.125 10 0.001303a 0.000624 

1 Water depth=0.66 m; Carbon addition=l.1-1.8 mmoVVd; retention time=l.5-1.8 d. 
2 Means not sharing a common letter are significantly different using Tukey-Krarner method (P<.05). 

The mean algal respiration rates at the 0.34 and 0.66 m water depth were not 

found to differ (Table 28). 

Table 28. Algal respiration rates for water depth comparison' . 

Run Water n Mean AR20c: 2 

depth, m mg O/mg TSS/hr 

9 0.34 6 0.001596a 

10 0.66 6 0.002140a 

1 Water velocity=0.0625 mis; C addition=l.1 - 1.8 mmoVVd; retention time=l.5-1.9 d. 
2 Means not sharing common letter are significantly different using t-test (P<.05). 

S.D.3 

0.001042a 

0.001298a 
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3 Values not sharing common letter are significantly different using Folded F statistic testing equality of 
variances (P<.05). 

Comparison of the respiration rate as a function of retention time revealed that the 

mean rate did not vary at hydraulic retention times of 1.2 and 2.4 days (Table 29). 
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Table 29. Algal respiration rates for retention time comparison1
• 

Run Retention n Mean AR2oc 2 S.D.3 

time, days mg O/mg TSS/hr 

4,6,8 1.2 30 0.0035048 0.004468a 

3,7 2.4 18 0.0023188 0.001202b 

1 C addition=0.7 mmol/1/d; water velocity=0.0625 mis: water depth=0.61-0.68 m. 
2 Means not sharing common letter are significantly different using Satterthwaite's t approximation (for unequal 
variances) (P<.05). 
3 Values not sharing common letter are significantly different using Folded F statistic testing equality of 
variances (P<.05). 

The difference in algal respiration during the day and night was also compared for 

15 paired samples (Table 30). 

Table 30. Algal respiration rates for day/night comparison. 

Period n Mean AR2oc S.D. 
mg 0/ mg TSS/hr 

Day 15 0.002578 0.003282 

Night 15 0.004685 0.003244 

The difference between the mean day and night respiration values was determined 

to be significant (Table 31). 

Table 31. Difference in day/night respiration rate. 

Mean Difference in AR2oc 
mg O/mg TSS/hr 

0.002107 

Standard Error 

0.0004138 

p 

0.002 
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The mean 24-hour respiration rate for the entire pooled 1991 and 1992 data set 

was determined to be 0.00299 mg O/mg TSS/hr (N=82). Jewell (1977) reported an algal 

respiration rate of 0.0071 mg O/mg algal biomass/hr. Cohen (1990) reported an average 

algal respiration rate of 0.88 mg O/mg chlorophyll a/hr, which corresponds to an 

respiration rate of 0.0132 mg O/mg algal biomass/hr assuming chlorophyll a constitutes 

1.5% of algal dry weight (Standard Methods, 1989, pg 10-40). The average 24-hour 

respiration value of 0.0030 mg O/mg TSS/hr determined for the PAS is well below these 

respiration values. 



CHAPTER VI 

DEVELOPMENT OF DYNAMIC MODEL OF ALGAL PRODUCTIVITY 

AND DISSOLVED OXYGEN PROFILE IN THE PAS 

Model Basis 

The basis for the PAS model is a mass balance of algal biomass. The PAS 

configuration for the current research was to waste algal biomass from the system through 

the effluent flow. No other biomass separation or biomass removal techniques were used. 

Therefore, the hydraulic retention time (volume/flow rate) and the cell retention time 

(volume/wastage flow rate) were equal. The mass balance of algal cells in the PAS can 

be represented by the following equation: 

where 

v dX = QX
0 

- QX±I.rv 
aE 

V = algal culture tank volume, l; 

t = time, h; 

X, X 0 = algal TSS concentration in tank and influent flow, mg/1; 

Q = flow rate through tank, 1/hr; and 

I.r = all reaction rates involving algal biomass occurring within tank, mg/1/hr. 

(42) 

The rates of algal biomass formation and cell loss included in the model for the 

current configuration of the PAS are as follows: 
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Algal growth rate. The rate of algal growth, rAR• is represented as 

(43) 

where µ = algal specific growth rate, /hr. 

Algal cell decay rate. The algal cell decay rate is assumed to be neglible due to 

the relatively short retention times used in the PAS. 

Algal settling rate. The settling rate is assumed to be neglible in the water 

velocity range used of 0.0325 - 0.125 mis. Settling rates would need to be considered in 

static water conditions. 

Grazing rate. The predation or grazing rate due to filter feeding organisms is not 

. included in current model since filter feeding fish were not used. Effect of grazing by 

zooplankton was assumed to be negligible. 

At steady-state, the diel-averaged algal biomass concentration is constant and 

dX/dtsO. Assuming that the concentration of algal cells in the influent flow is zero, 

Equation 42 simplifies to 

where 

1 µ = -::r 

µ = algal specific growth rate, /hr; and 

't = hydraulic retention time, h. 

(44) 

Therefore, at steady state, the algal growth rate is detennined by the hydraulic 

retention time. During the start-up of a continuous algal culture, the algal biomass will 
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be less than the steady state biomass concentration and the actual growth rate will be 

greater than the steady state growth rate, resulting in an increase in the biomass 

concentration with time. As steady state conditions are reached, the diel-averaged growth 

rate will approach the required growth rate and the average biomass level will become 

constant. Therefore, the PAS model can be used to simulate both non steady state and 

steady state conditions. For non steady state conditions, the value chosen for the initial 

biomass can be set to any value and the response of the system will be simulated. To 

simulate steady state conditions, the initial biomass value entered in the model must be 

raised or lowered until the calculated growth rate is equal to the growth rate required for 

steady state, based on 1/'t. 

In addition, in outdoor cultures the absence of solar radiation will limit algal 

growth to roughly 12 hours per day; therefore, the average day time algal growth rate will 

equal two times the diel-averaged growth rate. The algal growth rate throughout the day 

will be determined as the minimum of the light-limited, carbon-limited, and nitrogen­

limited growth rates. 

Dynamic Responses 

The dynamic responses are predicted by calculating the mass balance equations 

for each simulated 15-minute time interval. 

Algal Biomass 

Although the diel-averaged algal biomass concentration will reach a steady-state 

level, during the course of the day the biomass concentration will change as solar 



72 

radiation and nutrient levels change. The dynamic response of algal biomass can be 

represented as 

dX 
at 

(45) 

The solution to the dynamic response can be approximated by using small time 

increments as shown below; 

(46) 

or 

(47) 

The change in biomass concentration, ~. equals the biomass concentration at 

time 2 minus the biomass at time 1 (X2 - X1). Equation 47 can be rearranged to predict 

the biomass at time 2; 

Dissolved Oxygen 

The mass balance of dissolved oxygen is given as 

where 

v dDO = QD0
0 

- QDO±I,rv 
at 

D00 = dissolved oxygen concentration in influent flow, mg/1; and 

DO = dissolved oxygen concentration, mg/1; and 

Ir =· all reactions rates involving oxygen occurring within tank, mg/1/hr. 

. (48) 

(49) 
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Rearrangement of Equation 49 yields 

DO -DO 
= D01 + ( 0 1 + r) ~t 

't 
(50) 

The reactions which affect the oxygen concentration are given below. 

Surface oxygen transfer. The rate of oxygen transfer, r0T, across an air-water 

interface can be calculated as 

where 

r0 T = rate of surface oxygen transfer, mg/1/hr or (g/m3/hr) . 

K = oxygen transfer coefficient, m/hr; 

A = surface area of gas transfer, m2
; 

V = culture volume, m3
; 

DQ531 = saturation dissolved oxygen concentration, mg/1; and 

DO = dissolved oxygen concentration, mg/1. 

(51) 

The saturation DO concentration, DOsai• is calculated using Equation 52 (modified from 

Standard Methods, 1989); 

(52) 

where 

Q = (-l 39 _34 + 1.5757•105 _6.6423•107 
+ 1.2438•101 0 

_ 8.6219•1011
) * EF (53) 

TEMPK TEMPI(-l TEMPK3 TEMPK' 

and 

D0531 = saturation DO concentration at elevation, mg/1; . 

TEMPK = temperature, K; and 

EF = elevation correction factor. 
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The elevation correction factor, EF, is included to correct the saturation DO 

concentration for atmospheric pressure changes due to elevation. DOsat been found to 

decrease approximately 7% per 610 m (2000 ft) (McCutcheon, 1989), or roughly 1.15% 

per 100 m. Therefore, EF can be calculated as 

EF 

where EL= elevation, m. 

= 100-(0 . 0llSxEL) 
ioo (54) 

The oxygen transfer coefficient, K, can be determined as a function of water 

velocity and wind. Measurements made in the PAS revealed that wind did not 

significantly affect K in the water velocity range used of 0.0325-0.125 mis. Therefore, 

K is modeled as a function of wind only if water velocity is zero. 

The transfer coefficient as a function of wind velocity was modeled by Banks and 

Herrara (1977) as given below: 

K = 0.0036(8.43V~1~a - 3.67v.,ina + 0.43v!inal (55) 

where 

K = transfer coefficient, m/hr; and 

v wind = wind velocity at 10 m height, mis. 

The transfer coefficient as a function of water velocity for the PAS is given as 

K=0.9003*V., (56) 

where v w = water velocity, mis. 
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Photosynthetic oxygen production. According to the Redfield et al. ( 1963) 

equation for algal cell composition, 1.24 g of oxygen are produced per g of algal biomass 

fixed during photosynthesis. Therefore, the rate of oxygen production, r0 p, is 

(57) 

Algal respiration. _Algal respiration, AR, measured in the PAS averaged 0.002 and 

0.004 mg DO/mg TSS/hr during the day and night, respectively. The rate of oxygen 

consumed due to algal respiration, r AR• is 

(58) 

Fish respiration. Catfish respiration rates were measured by Andrews and Matsuda 

( 1975) as a function of fish weight, feeding conditions and temperature. Assuming that 

fasted conditions occur during the night and fed conditions occur during the day, 

Equations 59 and 60 were formulated using Andrews and Matsuda' s data to predict 

catfish respiration as a function of fish weight and feeding conditions, at 26 ·c. Changes 

in respiration due to temperature were not included in the current model. 

FRD = 1. 7 61 *FISHWT-0 - 2108 

FRN = 1.263*FISHWT-0 • 22 94 

where 

FRD, FRN = fish respiration during day or night, g DO/kg fish/hr; and 

FISHWT = fish weight, g. 

(59) 

(60) 
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The rate of oxygen consumed by fish respiration, rFR• is therefore 

= FR*FISHLOAD * ha 
DEPTH 10, 000m2 

(61) 

where FISHLOAD = fish loading, kg/ha. 

Fish waste oxygen demand. Oxygen consumed by fish wastes was quantified by 

Boyd (1985) as 0.83 g of chemical oxygen demand (COD) produced per g of fish feed. 

The oxygen demand of the fish waste in the pond be calculated as follows: 

FWOD = 0. 83xFEEDRATE 

where 

FWOD = fish waste oxygen demand, g DO/g fish/d; 

FEEDRATE = feeding rate, g feed/g fish/d; and 

0.83 = factor of g COD produced/g feed. 

The feed rate used is based on Lovell (1977) (Table 32). 

Table 32. Catfish feeding rates used in model. 

(62) 

FISHWT,g FEEDRATE, g feed/g fish/d 

0.035 < 27 

27<=FISHWT<=450 

> 450 

0.035-(3 .889x 1 o·5xFISHWT) 

.0175 

The rate of oxygen consumed by fish waste, rwoo, is therefore 

Y WOD ::: 
FWOD*FISHLOAD*l000g* ha * day 

DEPTH kg 10,000m2 24hr 
(63) 



Therefore, the total oxygen balance can be written as 

Nitrogen 

The mass balance of nitrogen in the PAS can be written as follows: 

where 

N0 , N = inorganic nitrogen concentration in influent flow and tank, mg/1; and 

Ir= all reactions involving nitrogen occurring in tank, mg/1/hr. 
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(64) 

(65) 

The rates of nitrogen formation and loss from the culture system included in the model 

are as follows: 

Nitrogen excretion by fish. Boyd (1985) measured the amount of nitrogen 

excreted by catfish as 0.035 g N/kg fish/hr. The rate of nitrogen excreted by fish, rNE, is 

given as 

= 0.035*FISHLOAD* ha 
DEPTH 10,000m2 

(66) 

Nitrogen uptake by algae. Nitrogen uptake by algae is based on the algal cell 

composition (Redfield et al., 1963) of 0.0631 mg N/mg algal biomass. The rate of n 

nitrogen uptake by algal growth, rNu• is given as 

(67) 
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The concentration of nitrogen can be calculated as 

(68) 

Inorganic Carbon 

The mass balance of total inorganic carbon in the PAS can be written as follows : 

(69) 

where 

C
0

, C=inorganic carbon concentration in influent flow and tank, mg/1; and 

I,r = all reactions involving inorganic carbon occurring in the tank, mg/1/hr. 

The reactions rates involving inorganic carbon included in the model are as follows: 

Carbon uptake by algae. Carbon uptake by algae is based on the Redfield et al. 

(1963) ratio of 0.358 g C/g algal biomass. The rate of carbon uptake, rcu, is given as 

Icu = 0 , 358 *TSS (70) 

Other gains and losses of inorganic carbon such as surface transfer of CO2 

between the air/water interface and the production of CO2 due to fish and algal respiration 

were not included in the current PAS model. These rates were assumed to have minor 

impact in the culture system since inorganic carbon was added through influent water 

flow and/or external carbon addition. 

The concentration of carbon can be calculated as 

(71) 
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Dynamic Response of Algal Growth Rates 

Algal growth rates for each time increment are calculated based on light, nitrogen 

and inorganic carbon levels. The growth rate for that time increment is chosen as the 

minimum of the light, nitrogen and carbon limited growth rates. 

Light-limited Growth Rate 

Light-limited growth of algae based on algal photosynthetic oxygen production 

was modeled as a function of light intensity (Steele 1962, Lehman 1975, Welch 1980); 

p = p (I/I ) e(l-(I/I0 pcll 
20 max20 ope 

where 

P20 = photosynthetic oxygen production at 20 C, (mg O/mg TSS/hr); 

P max2o = maximum photosynthetic production at 20 C, (mg O/mg TSS/hr); 

I = effective light intensity, W/m2
; and 

I0P1 = optimal or saturating effective light intensity, W/m2
• 

The value of the effective light intensity can be calculated as follows: 

where 

I = I e<-Kdl 
0 

Io= complete spectrum surface intensity, W/m2
; 

K = extinction coefficient (Im); and 

d = effective water depth, m. 

(72) 

(73) 

The average extinction coefficient can be calculated as follows (Parsons, 1984): 

K = 1. 7 /SDV (74) 

where SDV = secchi disk visibility, m. 
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Equation 72 is used to predict the oxygen production assuming no nutrient 

limitation. The production at the culture temperature is calculated using Equation 75; 

( (T-20) _js) 
p = p e 10 

T 20 

(75) 

where 

PT, P20 = oxygen production at culture temperature and 20°C, mg O/mg TSS/hr; and 

k = 0.7707. 

The ratio of 1.24 mg 0 2 per mg of algal TSS produced during photosynthesis can 

be used to calculate the light limited growth rate at the culture temperature as 

µ L = (76) 

Nitrogen-limited Growth Rate 

The Monod model was chosen to predict the nitrogen-limited algal growth as 

where 

µN = nitrogen limited growth rate, day"1
; 

f.lmaxT = maximum specific growth rate at culture temperature °C, day·1
; 

N = inorganic nitrogen concentration, mg/I; and 

~N = half-saturation constant, mg/I. 

(77) 

A ~N value of 0.070 mg/I N (Lehman et al., 1975) was used to calculate the nitrogen­

limited growth rate, µN20• The f.lmaxio value of 0.0887 /hr determined for the PAS was 
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used. Maximum growth rate at culture temperature, llmaxT• is calculated from the equation 

of Goldman and Carpenter (197 4) 

where 

( ( T-20) ..!_) 
10 µ maxT = µ max20S 

T = temperature, °C; and 

k = 0.7707. 

Carbon-limited Growth Rate 

(78) 

Carbon-limited algal growth rates may best be described as a function of carbon 

dioxide concentration (King 1970, Brune 1983). In a dynamic model of algal growth, 

however, this would require the calculation of free carbon dioxide concentration present 

as a function of alkalinity and pH which would be beyond the scope of the current model. 

Therefore, the carbon-limited algal growth rate was calculated based on total inorganic 

carbon concentration (Goldman 1974). The Monod model was chosen to predict the 

inorganic carbon limited growth rate as shown below 

(79) 

where 

~= carbon-limited growth rate, day·'; 

llmax.r total inorganic carbon concentration, mg/I; 

~c = half-saturation constant, equal to carbon concentration when = 1/2 u max. 

A ~c value of 0.12 mg/IC was used in the growth rate equation (Brune, 1978). 
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Model Summary 

The PAS model is written in a Lotus 123 spreadsheet to calculate the dynamic 

response equations using a 15-rnin time interval for a 2 day period. Hardware and 

software requirements needed to use the program are given in Appendix E. Cells in the 

program are identified in this discussion by column and row number, as in [A5] for 

column A, row 5. Ranges are identified by column and the included rows; for example, 

[A5 .. A232] represents column A, rows 5 through 232. A flowchart of the major 

components of the model is given in Figure 29. The format of the PAS spreadsheet 

model is given in Table 33. 



Model inputs: 
1. Cell inputs: system description, kinetic parameters, fish loading. 
2. Range inputs: solar radiation, temperature profiles. 
3. Initial value inputs: initial algal TSS, initial DO (optional). 

Dynamic output: 
Algalµ, TSS. C, N and -DO values for 
each time increment for 2 day period. 

Calculation of diel-averaged algal µ as 
function of SR,C,N,T (~R.C.N.T) 

Steady state (SS) output: 
Calculation of required algal µ for simulated 
steady state conditions. 

⇒ Compare algal growth rates. 
If SS algal µ = ~R.c.N.T• then SS 
conditions; else, adjust initial algal TSS 

-lJ, 
User decision: SS vs non-SS simulation desired. 

-lJ, -lJ, 
Non-steady state simulation chosen. Steady state simulation chosen. 

-lJ, 
Plot DO, algal TSS, µ, C and N profiles. Adjust initial algal TSS accordingly. 

Figure 29. Major components of PAS algal productivity and DO profile model. 
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Table 33. Format of the PAS spreadsheet model. 

DI A I B I C I D I E I F 

I PAS program 

2 I 
3 < Oxygen Transfer Information > 

4 'ELEV' Elevation, m = 186 

5 'EF' Elevation factor = 0.98 

6 'WINDD' Wind (day), mis= 0 

7 'WINDN' Wind (night), mis= 0 

8 'RADIUS' Mixer blade radius, m = 0.959 

9 'RPMD' Mixer rpm (day),0.5-2 rpm 0.5 

10 'RPMN' Mixer rpm (night),0.5-2 rpm 0.5 

II 'WVD' Water velocity (day), m/s= 0.0313 

12 'WVN' Water velocity (night),mls= 0.0313 

13 I 
14 <Calculated Oxygen Transfer Coefficient > 

15 < due to wind or mixer @20C > 

16 'K20WD' K20 (wind, day), m/hr = 0 

17 'K20WN' K20 (wind, night),m/hr = 0 

18 'K20D' K20 (mixer, day), m/hr = 0.0281 

19 'K20N' K20 (mixer, night), m/hr= 0.0281 

20 I 

I G I H I I I J 

< Description of Algal Culture System > 

'TAU' Detention time, hrs= 

' DEPTH' Water depth, m = 

'AREA' Tank area, m2 = 

'FLOW' Water flow, 1pm = 

' VOL' Tank volume, I= 

'DOI' Influent DO, mg/I= 

I I 
< Algal Respiration Rates > 

'ARD' Resp (day), mgO2/mgTSS/hr = 

'ARN' Resp (night), mgO2hngTSS/hr= 

I I 
< Algal Growth Parameters > 

'UMAX' Max growth rate, /hr, 20C = 

'KSN' Ks value for N, mg/I= 

'KSC' Ks value for C, mg/I = 

'PMAX' Max photo rate mgDOlmgTSS/hr= 

'IOPT' Optimum light level, W/m2 = 

'ALGAE' Species :l=green 0=blue-green 

'EFFDEPTH' Effective depth = 

I K I L 

36 

0.6 

100 

27.78 

60000 

7.3 

0.002 

0.004 

0.0887 

0.05 

0.12 

0.12 

250 

1 

0.56 

I 

00 
+>-



Table 33. Format of the PAS spreadsheet model (continued). 

I II N I 0 I e I Q I R I 
I < Fish l..oad;no > I 
2 •FJSHLOAD' Fish, kg/ha = 0 

3 'FISHWT' Fish weight, g = 450 

4 ' FEED RA TE' Feed rate,g feed/g fish/d= 0.0175 

5 I I 
6 < Oxygen Demand due to Fish > 

7 'rFRD' Rate fish respiration (day), mg/I/hr @26C = 

8 'rFR.N' Rate fish respiration (night), mg/I/hr @26C = 

9 'rWOD' Rate fish waste oxygen demand, mg/I/hr= 

JO I I 
11 < Nutrient Load from Fish and Fenilizer > 

12 'NFISH' N excreted by fish gN/kgfish/hr = 

13 'rNE' Rate N excretion by fish, mg/I/hr= 

14 'NADDEO' N addition rate, mg/min = 

15 'NIN' Total influent N, mg/I = 

16 'ALGALN' N content, mgN/mgTSS= 

17 'CADDED' NaHCO3 added, kg/day= 

18 'CW ATER' C in supply water, mg/I= 

19 'CIN' Total influent C, mg/I = 

20 'ALGA LC' C content, mgC/mgTSS = 

?1 I I 

s I I I J.l I V I w 

< nailv l"\n,opn RolonrP > 

Algal respiration, gO2/d= 

Fish oxygen demand, gO2/d= 

Surface reaeration, gO2/d= 

Algal DO production, gO2/d= 

DO in effluent, gO2/d= 

0.00 DO in influent, gO2/d= 

0.00 Net DO production, gO2/d= 

0.00 I 
< Daily Swnmary > 

'DOMIN' DO minimwn, mg/I= 

0.035 'DOMAX' DO maximum, mg/I= 

0.000 'DOA VE' DO average, mg/I= 

140.0 'TSSMIN' TSS minimum, mg/I= 

5.04 'TSSMAX' TSS maximwn, mg/I= 

0.0631 'TSSA VE' TSS average, mg/I= 

3.3 'CAX' C fix rate, gC/m2/d= 

10.01 I 
21.8 'SSGR' Steady state algal growth rate, /hr= 

0.358 'DGR' Diel-averaged algal growth rate, /hr = 

,1.,1;.,,. ;n;,;.1 olool T<:<;:? = 

I X I y 

248 

0 

-1760 

2820 

1222 

292 

3402 

19.11 

40.78 

30.55 

47.65 

65.79 

57.69 

8.27 

0.0278 

0.0278 

NI"\ AT STEAnV <;:TATJ:: 

I 

00 
V\ 



Table 33. Format of PAS spreadsheet model (continued). 

DI A I B I C I D I E I F I G 

24 < Oxygen Transfer > 

25 

26 

27 Day/ Actual Water Water K 

28 Night DO Temp Temp @T Cs 

29 Hour Code mg/I C K m/hr mg/I 

30 

31 6.00 0 26.0 299.2 0.032 7.95 

32 6.25 0 26.0 299.2 0.032 7.95 

33 6.50 0 26.0 299.2 0.032 7.95 

34 6.75 0 26.0 299.2 0.032 7.95 

35 7.00 0 26.0 299.2 0.032 7.95 

36 7.25 0 26.0 299.2 0.032 7.95 

37 7.50 0 26.0 299.2 0.032 7.95 

38 7.75 0 26.0 299.2 0.032 7.95 

39 8.00 1 26.0 299.2 0.032 7.95 

40 8.25 1 26.0 299.2 0.032 7.95 

41 8.50 I 26.0 299.2 0.032 7.95 

42 8.75 1 26.0 299.2 0.032 7.95 

43 9.00 1 26.0 299.2 0.032 7.95 

I H I I I J I 
<Solar Radiation> 

Reaer Surface Effective 

@T Light Light 

mg/I/hr W/m2 W/m2 

-0.62 0.7 0.1 

-0.60 0.9 0.1 

-0.59 4.2 0.5 

-0.57 16.2 1.9 

-0.56 37.4 4.4 

-0.55 69.8 8.3 

-0.54 104.4 12.5 

-0.53 141.5 17.0 

-0.54 201.3 24.3 

-0.54 247.7 29.9 

-0.56 304.2 36.6 

-0.58 357.5 42.7 

-0.60 414.2 49.1 

K I L I 
< Light Limited Growth > 

DO prod DO prod 

@20C @T 

mgDO/m mgDO/m 

TSS/hr TSS/hr 

0.000 0.000 

0.000 0.000 

0.000 0.000 

0.001 0.001 

0.002 0.004 

0.006 0.009 

0.010 0.017 

0.Ql5 0.025 

0.021 0.033 

0.029 0.046 

0.035 0.055 

0.041 0.065 

0.047 0.Q75 

M 

Light 

Limited 

u@T 

/hr 

0.000 

0.000 

0.000 

0.001 

0.003 

0.007 

0.013 

0.020 

0.027 

0.037 

0.044 

0.053 

0.060 

I 

00 
0\ 



Table 33. Format of PAS model spreadsheet format (continued). 

DI N I 0 I p I Q I R I s I 
24 <Carbon Limited Growth> <Nitrogen Limited Growth> 

25 

26 Total Carbon Rate of Nitrogen 

27 Inorganic Limited Carbon u max Limited 

28 Carbon u@T Uptake @T J\:trogen u@T 

29 mg/I /hr mg/I/hr /hr mg/I /hr 

30 

31 7.27 0.139 0.000 0.141 1.68 0.137 

32 7.37 0.139 0.002 0.141 1.70 0.137 

33 7.47 0.139 0.003 0.141 1.73 0.137 

34 7.56 0.139 0.013 0.141 1.75 0.137 

35 7.66 0.139 0.050 0.141 1.77 0.137 

36 7.75 0.139 0.115 0.141 1.79 0.137 

37 7.81 0.139 0.212 0.141 1.81 0.137 

38 7.86 0.139 0.313 0.141 1.82 0.137 

39 7.88 0.139 0.418 0.141 1.83 0.137 

40 7.87 0.139 0.579 0.141 1.84 0.137 

41 7.82 0.139 0.699 0.141 1.83 0.137 

42 7.74 0.139 0.836 0.141 1.82 0.137 

43 7.63 0.139 0.960 0.141 1.81 0.137 

T I u I V I w I 
<Minimum Growth Rate and DO Profile> 

Rate of 

Nitrogen Minimum Predicted Algal 

Uptake u DO TSS 

mg/I/hr /hr mg/I mg/I 

0.000 0.000 19.11 46.00 

0.000 0.000 18.83 45.68 

0.000 0.000 18.56 45.36 

0.002 0.001 18.29 45.05 

0.009 0.003 18.04 44.75 

0.020 0.007 17.83 44.47 

0.037 0.013 17.68 44.24 

0.055 0.020 17.61 44.08 

0.074 0.027 17.64 44.00 

0.102 0.037 17.78 43 .98 

0.123 0.044 18.05 44.08 

0.147 0.053 18.42 44.26 

0.169 0.060 18.90 44.54 

X I y 

Predicted C fix 

SDV rate 

m g C/m2/d 

0.263 0 

0.264 0.031 

0.265 0.040 

0.266 0.188 

0.267 0.725 

0.268 1.660 

0.269 3.060 

0.270 4.515 

0.270 6.027 

0.270 8.348 

0.270 10.07 

0.269 12.05 

0.268 13.83 

I z 

DO 

prod 

mg/I/hr 

0.000 

0.008 

0.010 

0.045 

0.174 

0.399 

0.735 

1.085 

1.448 

2.006 

2.420 

2.897 

3.324 

I 

00 
-.....1 
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The procedure for using the model is summarized below. A complete listing of 

the program statements is given in Appendix 6. 

Input Values 

Appropriate values must be entered in the unprotected cells or ranges listed below. 

All other cells in the program are protected so that values cannot be inadvertently entered 

into an incorrect cell, thus potentially erasing an equation. 

Cell inputs. Enter the values for the physical system parameters. kinetic 

parameters and fish loading into the input cells. The cell values, which are highlighted 

on the computer screen if a color monitor is used, are shown in italics in Table 31. 

Range inputs. Input values of surface solar radiation [131 . .1232] must be entered 

for each 15-min time increment. Input values of water temperature may be entered in 

range [D3 l..D232] if available or an initial value can be entered into the first cell and 

copied to fill the range. The program originally is set with constant water temperature 

of 26°C and the solar radiation profile measured for 7 /2/91 (see Figure · 66). Actual 

dissolved oxygen concentrations, if available, can be entered in cells in range 

[C31..C232], corresponding to the time the measurement was made. 

Initial values. An initial value of algal TSS [W31] must be given. For the initial 

predicted DO concentration [V31], an actual value can entered if comparison to data is 

desired. The value of the minimum predicted dissolved oxygen concentration may also 

be used by entering $DOMIN. Press the F9 key to recalculate the worksheet. This 

results in a symmetrical DO profile for the simulated 2 day period. 
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Algal Growth Rate Comparison 

The algal growth rate required for steady state conditions is calculated in cell 

[Y19] . The predicted diel-averaged algal growth rate is shown in [Y20] . These two 

values, which must be equal for steady state conditions to be simulated, are compared in 

cell [Y21]. If the diel-averaged rate is greater than the steady state rate, then the initial 

TSS value should be increased. Conversely, if the actual rate is less than the steady state 

rate, the initial TSS value should be decreased. If the two rates are equal, no adjustment 

of the initial algal TSS value is needed to simulate steady state algal growth. The 

comparison of the rates in [Y21] will output a note to the user to instruct whether an 

adjustment of the initial algal TSS value is needed. 

If a non-steady state simulation is desired, the initial algal TSS value can be set 

to any value desired and the response of the system will be predicted. 

Model Results 

The results of the model calculations are shown in corresponding cells. Any range 

can be plotted vs time to illustrate the calculated profile. The program was originally set 

to graph DO concentration with time. 

Iterative calculations. The model calculations for each time interval include: 

1. algal growth rate at culture temperature as function of solar radiation, inorganic 
carbon and nitrogen concentrations; 

2. minimum of light-, carbon- and nitrogen-limited algal growth rates; 

3. DO, algal biomass, inorganic carbon and nitrogen concentrations; and 

4. algal respiration, surface reaeration, and · oxygen production rates. 
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Daily calculations. The model calculates the daily summaries for the following 

parameters based on the calculated daily profiles: 

1. minimum, maximum and average DO concentration; 

2. minimum, maximum and average algal TSS concentration; 

3. total oxygen produced or lost through algal respiration, fish oxygen demand 
(respiration plus waste oxygen demand), surface reaeration, algal oxygen 
production, and the influent and effluent flow; and 

4. average carbon fixation rate. 



CHAPTER VII 

MODEL CALIBRATION 

The main factor not accounted for in the PAS model was the effect of the degree 

of mixing on light penetration. In the operation of the PAS, algal productivity was found 

to be 1.5 times greater at the highest water velocity (0.125 mis) than at the lower water 

velocities (0.0313 and 0.0625 mis). The effective light level for a static water column 

is modeled to decrease exponentially with depth (see Equation 40). Welch (1980) stated 

that for well-mixed ponds an effective depth equal to one half the actual water depth 

could be used to calculate the average light gradient. However, increased mixing may 

decrease the effective depth. An effective depth factor could be used to adjust the degree 

of light penetration. Therefore, the model calibration phase involved adjusting the 

effective depth factor until the predicted DO profile and algal biomass value approached 

the actual values. 

Twenty randomly-selected days from the 1991 runs, when external inorganic 

carbon was not added to the system and blue-green algae were predominant, and the 1992 

runs, when external carbon was added and green algae were predominant were used for 

the calibration. The actual values for the physical system parameters, nutrient addition 

rates, solar radiation, and water temperature were used as input values for the model 

simulations. The first measured DO value was used for the initial DO concentration in 

the simulation. Actual algal respiration values were used if available, or the average 

values for the year. Table 34 gives the values for the kinetic parameters used. 
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Table 34. Kinetic parameters used in model calibration simulations . 

Parameter 
. 

1991 1992 

P max• mg DO/mg TSS/hr 0.11 0.12 

!opt' W/m2 500 250 

~c, mg/1 C 0.12 0.12 

~N• mg/1 N 0.05 0.05 

~ax• 
hr-I 0.0887 0.0887 

Algal N, mg N/mg TSS 0.0631 0.0631 

Algal C, mg C/mg TSS 0.358 0.358 

ARD, mg DO/mg TSS/hr 0.002 0.002 

ARN, mg DO/mg TSS/hr 0.004 0.004 

Parameters described in Chapter VI. 

The conditions for the calibration runs included the range of water velocities. 

carbon addition rates, and retention times tested for the PAS (Table 35). Because 

sufficient DO profiles were not available for the 0.34 m water depth, all calibration 

simulations used were for the 0.66 m depth. 

Table 35. Conditions for calibration runs. 

Year Algal type Water # runs Water Influent C, Retention 
velocity, mis depth, m mg/1 time, hr 

1991 blue-green 0.0313 4 0.66 10 30-60 

1991 blue-green 0.0625 4 0.66 10 30-60 

1992 green 0.0313 4 0.66 20 45 

1992 green 0.0625 4 0.66 20-30 40 

1992 green 0.1250 4 0.66 20 40 
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The results of these calibration runs (Figures 30 through 49) indicate that the 

model DO predictions closely match the actual values, in particular those shown in 

Figures 33 through 36. The appearance of a "jagged" edge in the predicted DO profile 

(for example, Figure 34) occurs in those simulations where nutrient-limited conditions 

were predicted. The predicted algal growth rate remains near the maximum rate until the 

nutrient concentration falls to near the half-saturation constant value in these simulations. 

The algal growth rate then cycles between zero and near maximum growth for every 15 

min interval until the light level decreases at the end of the day and becomes the growth 

limiting factor. Although the on and off cycling is an artifact in the model due to the 

discreet time interval used, the resulting plateaus in the DO profile closely predict the 

actual DO profiles (Figures 34 and 36). The predicted limiting nutrient in these 

simulations was inorganic carbon. Inorganic carbon for these cultures was supplied solely 

through the influent water. 

The smooth profile predicted in Figure 33 indicates light-limited growth 

conditions. The solar radiation value at each time increment is an input value in the 

program; therefore the solar radiation level cannot be predicted to drop to zero due to a 

mass balance within the model. The simulations for which light limited conditions are 

predicted are those in September, when maximum total daily solar radiation ranges 18-20 

MJ/m2
, and nutrient limitation is predicted for the July runs, when the maximum total 

radiation ranges 26-28 MJ/m2
• 
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Figure 30. DO profile for Tank 1, 7 /22/91. Water velocity=0.0313 mis, retention 
time= 54 hr, effective depth factor=0.60. 
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Figure 31. DO profile for Tank 2, 7 /22/91. Water velocity=0.0313 mis, retention 
time=57 hr, effective depth factor=0.62 . 
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Figure 32. DO profile for Tanlc 1, 9/14/91. Water velocity=0.0313 mis, retention 
time= 28 hr, effective depth factor=0.34. 
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Figure 33. DO profile for Tank 2, 9/14/91. Water velocity=0.0313 mis, retention 
time=24 hr, effective depth factor=0.5. 
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Figure 34. DO profile for Tank 4, 7 /2/91 . Water velocity=0.0625 mis, retention 
time=47 hr, effective depth factor=0.60. 
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Figure 35. DO profile for Tank 3, 7/22/91. Water velocity=0.0625 mis, retention 
time=31 hr, effective depth factor=0.50. 
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Figure 36. DO profile for Tanlc 4, 7/22/91. Water velocity=0.0625 mis, retention 
time=29 hr, effective depth factor=0.48. 
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Figure 37. DO profile for Tank 4, 9/14/91. Water velocity=0.0625 mis. retention 
time=32 hr, effective depth factor=0.49 . 
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Figure 38. DO profile for Tank 3, 9/9/92. Water velocity=0.0313 mis, retention 
tirne=38 hr, effective depth=0.55. 
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Figure 39. DO profile for Tank 4. 9/9/92. Water velocity=0.0313 mis, retention 
tirne=36 hr, effective depth factor=0.57. 
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Figure 40. DO profile for Tanlc 3, 9/11/92. Water velocity=0.0313 mis, retention 
time=36 hr, effective depth factor=0.58. 
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Figure 41. DO profile for Tank 4, 9/11/92. Water velocity=0.0313 mis, retention 
time=39 hr, effective depth factor=0.54. 
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Figure 42. DO profile for Tanlc 3, 8/11/92. Water velocity=0.0625 mis, retention 
time=40 hr, effective depth factor=0.65. 
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Figure 43. DO profile for Taruc 4. 8/11/92. Water velocity=0.0625 mis, retention 
time=50 hr, effective depth factor=0 .58. 
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Figure 44. DO profile for Tanlc 3, 7/29/92. Water velocity=0.0625 mis, retention 
time=26 hr, effective depth factor=0.61. 
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Figure 45 . DO profile for Tank 4, 7/29/92. Water velocity=0.0625 mis, retention 
time=27 hr, effective depth factor=0.61. 
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Figure 46. DO profile for Tank l. 9/9/92. Water velocity=0.125 mis, retention 
time=33 hr, effective depth factor=0.44. 
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Figure 47 . DO profile for Tank 2. 9/9/92. Water velocity=0.125 mis, retention 
time=38 hr, effective depth factor=0.47 . 
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Figure 48. DO profile for Taruc 1, 9/11/92. Water velocity=0.125 mis, retention 
time=36 hr, effective depth factor=0.41. 
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Figure 49. DO profile for Taruc 2, 9/11/92. Water velocity=0.125 mis, retention 
time=38 hr, effective depth factor=0.46. 
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The predicted vs observed algal biomass values are shown in Figure 50. 
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Figure 50. Measured algal TSS values vs PAS model predictions for runs 
examined in calibration phase. 

The average effective depth values obtained from the calibration simulations 

ranged from 0.46 - 0.61 (Table 34). 

Table 36. Average effective depth values for calibration runs. 

Year Water Average Range 
Velocity, mis effective depth 

1991 0.0313 0.52 0.34-0.62 

1991 0.0625 0.52 0.48-0.60 

1992 0.0313 0.56 0.54-0.58 

1992 0.0625 0.61 0.58-0.65 

1992 0.125 0.46 0.44-0.47 
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Plots of the effective depth factors determined from the calibration simulations are 

given in Figures 51 and 52. If the predominant species is blue-green algae, the effective 

depth factor was predicted to be 0.52 for water velocity range of 0.0313 - 0.0625 mis. 

No data was taken at water velocities greater than 0.0625 mis with predominantly blue­

green algae cultures. If the predominant species is green algae, the effective depth factor 

was modeled as ( 1.60 W ATVEL+0.51) for water velocity range of 0.0313-0.0625 mis, 

or (-2.56 WATVEL + 0.77) for water velocity range of 0.0625-0.125 mis. 
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Figure 51. Effective depth values and prediction for 1991 calibration simulations. 
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CHAPTER vm 

MODEL VERIFICATION 

The model verification phase involved simulating the DO profiles from 11 runs 

which were not used in the calibration phase. As with the calibration runs, the actual 

values for the physical system parameters, solar radiation and water temperature were 

used as well as the initial DO concentration. The values of the kinetic parameters used 

for the calibration simulations (Table 34) were used. The effective depth values used 

were calculated using the relationship developed in the calibration phase. 

The actual and predicted DO profiles are given in Figures 53 through 65 . The 

predictions for Tanks 3 and 4, 7/5/91 (Figures 53 and 54) approximate the actual DO 

values. The maximum DO value was underestimated for Tank 3 and the minimum DO 

is overestimated for Tank 4. 

The profiles for Tanks 3 and 4, 6/27 /91 (Figures 55 and 56) indicate that the 

model is able to predict the algal response under varying solar radiation levels. The total 

daily solar radiation nearly doubled from 11 MJ/m2 on 6/27 to 21 MJ/m2 on 6/28. The 

predicted DO profile for Tank 3 (Figure 55) closely matched the actual values. The algal 

biomass in· Tank 4 decreased from 47 to 27 mg/1 TSS between 6/25 and 6/26. The 

culture in Tank 4 may not have reached steady state by 6/28, which may be the cause of 

the difference between the actual and predicted profiles for the second day. 

For culture depth of 0.3 m, the model substantially underestimates the maximum 

DO achieved, and in general the predicted profile does not fit the shape of the actual 
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profile well (Figures 57 and 58). The model predicts that nitrogen limited growth occurs 

during daylight hours. thus limiting the oxygen production. One attempt to improve the 

prediction was to lower the algal nitrogen ratio from 0.0631 to 0.040 mg Nlmg TSS. 

These plots (Figures 59 and 60) indicate that lowering the nitrogen ratio improves both 

the maximum DO prediction and the general shape of the DO profile. This evidence 

indicates that either the actual nitrogen ratio of the freshwater algae present is less than 

0.0631 mg N/mg TSS or that the algae were able to adjust their nitrogen use in response 

to decreased nitrogen availability without substantially inhibiting photosynthesis. 

Although the DO profiles for Tanks 1,2,3 and 4 on 9/4/92 (Figures 61 - 64) were 

not complete, the model predictions seem to closely match the actual values. Figure 65 

shows a full DO profile at the 0.125 mis water velocity that is closely predicted by the 

model. 

These simulations indicate that by modeling the change in effective depth factor 

resulting from water velocity, the PAS model adequately predicts the increased algal 

productivity associated with increased water velocity. The model closely simulates the 

actual DO profile and algal biomass level for both light and carbon limited cultures at 0.6 

m deep cultures. However, the model underestimates the algal productivity and DO 

profile for the shallow water depth (0.32 m). Although greater algal productivity was 

achieved at the shallower depth, most catfish ponds are designed at depths greater than 

0.32 min order to minimize large water temperature variations. Further data needs to be 

taken on a wide range of water depths to determine the relationship between water depth 

and the effective depth factor. 
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Figure 53. DO profile for Tank 3, 7/5/91. Water velocity=0.0625 mis, retention 
time=47 hr, water depth=0.66 m. 
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Figure 54. DO profile for Tank 4, 7 /5/91. Water velocity=0.0625 mis, retention 
time=47 hr, water depth=0.65 m. 
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Figure 55. DO profile for Tanlc 3, 6/27/91. Water velocity=0.0625 mis, retention 
time=61 hr, water depth=0.66 m. 
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Figure 56. DO profile for Tanlc 4, 6/27 /9 l. Water velocity=0.0625 mis, retention 
time=59 hr, water depth=0.65 m. 
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Figure 57. DO profile for Tank 1, 7/4/92. Water velocity=0.0625 mis, retention 
time=35 hr, water depth=0.32 m. 

50 ----------------------------, 

0 

0 

30 0 
0 

' 0 

~ 

8 
20 

0 

,o 

0 ,__ __ ....__ __ ........ __ ___. ___ ...._ __ __._ __ _.... ___ ,__ _ ____, 

10 20 30 50 60 70 BO 

o Act.ua I _ Pred i ct. e d 

111 

Figure 58. DO profile for Tank 1, 7/7/92. Water velocity=0.0625 mis, retention 
time=34 hr. water depth=0.32 m. 
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Figure 59. DO profile for Tank 1, 7/4/92. N ratio=0.04 mg N/mg TSS. 
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Figure 60. DO profile for Tank 1. 7n/92. N ratio=0.04 mg N/mg TSS. 
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Figure 61. DO profile for Tank 1, 9/4/92. Water velocity=0.125 mis, retention 
time=32 hr, water depth=0.64 m. 
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Figure 62. DO profile for Tank 2, 9/4/92. Water velocity=0.125 mis, retention 
time=36 hr, water depth=0.68 m. 
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Figure 63. DO profile for Tank 3, 9/4/92. Water velocity=0.0313 mis, retention 
time=40 hr, water depth=0.65 m. 
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Figure 64. DO profile for Tank 4, 9/4/92. Water velocity=0.0313 mis, retention 
time=38 hr, water depth=0.68 m. 
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Figure 65. DO profile for Tanlc 2, 9/10/92. Water velocity=0.125 mis, retention 
time 38 hr, water depth=0.68 m. 
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CHAPTER IX 

MODEL SIMULATIONS 

Simulations of the Partitioned Aquaculture System were made to predict the 

operating conditions which would optimize algal productivity and dissolved oxygen 

profiles to increase the fish carrying capacity. All simulations were made using a 0.6 m 

water depth, water temperature of 26°C, and standard solar radiation profile (Figure 66). 
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Figure 66. Surface solar radiation profile for 7 /2/91. 

Algal productivity was first simulated for light limited cultures as a function of 

retention time at three water velocities and a static condition (0 mis velocity). The static 

water condition was simulated by setting the effective depth factor to 1, thereby 
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eliminating the effect of increased algal productivity with increased water velocity. 

Modelling the static condition in this manner does not include settling of the algal 

biomass which would most likely occur, so therefore is only an approximate prediction. 

Predicted algal productivity was greater for the 0.125 mis water velocity than for the 

lower velocities at all retention times (Figure 67). This is a result of the decreased 

effective depth predicted for cultures mixed at the highest water velocity. Maximum 

productivity is predicted for a retention time of 20 - 24 hours for all mixed cultures. The 

simulations do not conform to the laboratory results for light limited cultures grown at 

low light levels in which productivity was constant as a function of retention time (Pipes 

and Koutsoyannis 1961 ). The static water condition simulation has a nearly flat slope, 

while all others show a distinct maximum near the 20 hour retention time. The shapes 

of the productivity curves match the results obtained by Shelef et al. (1968) for shallow 

light-limited cultures. The model predicts increased algal productivity at the highest water 

velocity, indicating that the cultures may not have been light saturated at the lower water 

velocities. Similarly, for the algal biomass vs retention time plot (Figure 68), the static 

(0 mis) case conforms most closely to Pipes prediction of a linear increase in biomass 

with increasing retention time. 

In the second set of simulations, algal producti:vity as a function of retention time 

for nitrogen limited cultures indicates that maximum productivity is predicted for the 

retention time period of 20 to 24 hours (Figure 69). The nitrogen-limited simulations, 

which were made using a constant influent nitrogen concentration of 5 mg/1, are actually 

a combination of light and nitrogen limitation because a natural diurnal light profile was 

used which limited growth for 12 - 20 hours depending on the retention time. This 
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combination of limitations is responsible for the non-uniform appearance of the algal 

biomass vs retention time curves (Figure 70). 

Simulations of the maximum fish production that could be achieved at each 

retention time with light-limited algal cultures were produced by increasing the fish 

loading until the minimum DO value reached 3.0 mg/1 (Figure 71). Maximum fish 

production was predicted to occur at water velocity of 0.0313 mis and retention time of 

20-24 hours. Although greater algal productivity and therefore greater oxygen production 

rates were predicted for the 0.125 mis water velocity, greater losses of oxygen due to 

surface transfer were also predicted for the high mixing velocity. A maximum fish 

production of 10,000 kg/ha was predicted for the optimum conditions in the PAS of 20 -

24 hour retention time and 0.0313 mis water velocity for the 0.6 m water depth. 
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Figure 67. Predicted algal productivity for light-limited cultures. 
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Summary 

CHAPTER X 

SUMMARY AND CONCLUSIONS 

This research was undertaken to investigate the potential of using managed algal 

cultures to increase fish production in pond aquacultural systems by increasing the net 

oxygen production. Algal growth in conventional pond aquaculture systems exhibits 

characteristics typical of batch culture. This results in high respiration rates occurring at 

night when the cultures are in their stationary growth phase. and sudden declines in active 

algal biomass as the cultures reach the death phase. The impact on the dissolved oxygen 

(DO) diel response in a pond system is that the low DO values occurring at night during 

the stationary phase limit the total fish biomass that can be sustained in the pond. In 

addition, during the die-off phase, a sudden decline in DO concentration results as oxygen 

is consumed by the oxidation of the decaying algal biomass. 

Management of the algal cell retention time can be used to control the algal 

growth rate. Decreasing the retention time increases the algal growth rate and therefore 

the oxygen production rate, and decreases the standing algal biomass in the pond which 

decreases the amount of oxygen consumed by algal respiration. Control of the algal cell 

retention time would be difficult in a conventional pond system; therefore, the Partitioned 

Aquaculture System was developed which utilizes separate algal culture and fish culture 

tanks. Algal cell retention time can be controlled through discharging or harvesting a 

portion of the culture continuously, by employing a cell separation technique and 
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returning the water flow back to the culture, or by utilizing filter-feeding organisms to 

graze the algal biomass. For this research work, algal cell retention time was controlled 

through discharging a portion of the culture continuously. 

Algal biomass, measured as dry weight using 0.45 µm membrane filter technique, 

was modeled as a function of secchi disk visibility. The commonly-used filtering 

technique used by past researchers was found to be inadequate to measure the algal 

biomass because small algal cells were not retained on the filter. 

Algal species composition was dependent on the inorganic carbon content of the 

culture water. The inorganic carbon concentration of the influent water averaged 0.8 

mmol/1; therefore, the mass of inorganic carbon added averaged 0.7 mmol/1/d for the 

water flow rates used. Under these conditions, the genus Merismopedia, a member of the 

division Cyanophyta or blue-green algae, was observed to dominate. When inorganic 

carbon concentrations were increased to 1.1 - 1.8 mmol/1/d, the predominant algal genera 

were Scenedesmus and Dictyospherium, which are members of the division Chlorophyta 

or green algae. Since blue-green algae have been associated with off-flavor of catfish, 

inorganic carbon addition could be used to discourage the growth of blue-green algae in 

catfish culture system. 

Inorganic carbon addition also increased algal productivitY: The average carbon 

fixation rate (ACFIX) was 1.2 times greater for the high carbon addition rates (1.1 - 1.8 

rnmol/1/d) than the low rate (0.7 rnmol/1/d). Mean algal biomass (TSS) and ACFIX were 

44.8 mg/1 TSS and 6.3 g Clmifd for the high carbon addition rates, respectively. 
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Algal productivity was 1.2 times greater at 0.34 m water depth than at 0.66 m 

depth. Mean TSS and ACFIX rates were 105 mg/1 and 7.7 gC/m2/d for the 0.34 m depth 

and 44 mg/1 and 6.3 g C/m2/d at the 0.66 m water depth. 

Algal productivity was 1.5 times greater for the high water velocity (0.125 mis) 

than the low water velocities (0.0313 and 0.0625 mis). Mean algal TSS and ACFIX at 

the high velocity were 66 mg/1 and 9.9 g C/m2/d, and 48 mg/1 and 6.5 g C/m2/d at the low 

water velocity. 

Algal TSS and ACFIX were greater at the 1.2 day retention time than the 2.5 day 

retention time, for cultures receiving inorganic carbon from the influent water flow only. 

Mean TSS and ACFIX were 44 mg/1 and 4.1 g C/m2/d for the 1.2 day retention time and 

27 mg/1 and 5.4 g C/m2/d for the 2.5 day retention time. These results suggest carbon­

limited conditions during these low inorganic carbon trials, especially in light of the fact 

that in laboratory studies of light-limited cultures. algal productivity was not found to vary 

with retention time. 

Maximum photosynthetic oxygen production rates at 20°C were found to be 0.11 

mg O/mg TSS/hr for the predominantly blue-green algal cultures and 0.12 mg O/mg 

TSS/hr for the predominantly green algal cultures. These values correspond to an 

maximum growth rate of 0.0887 - 0.0968/hr. The saturating or optimum light level was 

found to be twice as great for the blue-green algal cultures. 

Algal respiration rates were not found to differ significantly as a function of 

culture conditions. The mean 24-hour respiration rate was found to be 0.00299 mg O/mg 

TSS/hr. The difference between the 12-hour day and night respiration rates was found 
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to be significant. Therefore, algal respiration rates for the PAS were modeled as 0.002 

(day) and 0.004 (night) mg O/mg TSS/hr. 

A dynamic model of algal biomass and productivity in the PAS was constructed 

to simulate the steady state and non-steady state growth of algae over a 2-day period. 

Calibration of the model to actual data was achieved by introducing an effective depth 

factor into the light extinction equation. An effective depth factor equation was 

formulated to predict the increased exposure of the algal cells to solar radiation at 

increased mixing levels. 

The PAS model closely predicted the DO profiles and algal biomass density for 

cultures grown under light and nutrient limited conditions, water velocities of 0.0313 -

0.125 mis, under naturally-occurring solar radiation profiles and water depth of 0.66 m. 

Predicted DO and algal TSS concentrations for the 0.34 m water depth were less than the 

observed values. Algal growth in the 0.34 m runs was predicted to be nitrogen limited; 

however, the measured DO profiles for these runs indicated primarily light limitation. 

Reducing the nitrogen/algal biomass ratio in the model improved the simulations, 

indicating that the nitrogen ratio may vary with culture conditions or that the ratio is less 

than the value predicted by the Redfield et al. (1963) ratio for algal cell composition. 

Simulations of the PAS oxygen concentration were made to predict the operating 

conditions which would optimize algal productivity and dissolved oxygen profiles to 

increase the potential fish carrying capacity. For light-limited cultures (inorganic carbon 

and nitrogen supplied in excess) at 0.6 m water depth, maximum algal productivity was 

.... 
predicted for water velocity of 0.125 mis and retention time of 20 - 24 hours. Algal 

biomass, and therefore algal respiration, was predicted to decrease with decreasing 
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detention time. However, the maximum fish production was predicted for a water 

velocity of 0.0313 mis and retention time of 20 - 24 hours. This is the result of the 

greater loss of oxygen from the culture water due to surface oxygen transfer at increased 

water velocity when the DO concentration is supersaturated. Fish carrying capacity of 

10,000 kg/ha was predicted for the 0.6 m water depth at 0.125 mis water velocity, at 20-

24 hour retention time. 

Conclusions 

The conclusions that can be drawn from this study are as follows: 

1. A model developed to predict total daily solar radiation from weather data was 
superior to the existing weather models investigated for the data set analyzed. 

2. The glass fiber filter technique for algal biomass determination may not retain 
up to 50% of the algal biomass present. The use of 0.45 µm filters will ensure 
better representation of the algal biomass. 

3. At a low (0.8 mrnol/l) concentration of naturally-occurring inorganic carbon 
in the supply water, addition of inorganic carbon shifted the predominant algal 
genera from Cyanophyta (blue-green) to Chlorophyta (green). 

4. Algal productivity was increased (5.4 to 6.3 g C/m.2/d) by increasing inorganic 
carbon addition from 0.7 to 1.1 - 1.8 mrnol/l/d. Productivity increased (6.3 to 
7.7 g C/m2/d) by decreasing water depth from 0.66 to 0.34 m. Algal 
productivity increased (6.5 to 9.9 g C/m2/d) when water velocity was increased 
from 0.0313 - 0.0625 mis to 0.125 mis. Finally, productivity decreased (4.1 
to 5.4 g C/m2/d) when cell retention time was increased from 1.2 to 2.5 days. 

5. Oxygen production rates as a function of effective light could be modeled 

using the inhibitory light model p =P (II I ) e 11-1r1r.") ) • 
20 max20 ope 

6. Based on oxygen production rates, a maximum growth rate at 20°C of 0.0968 
hr·1 was achieved. 
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7. The mean 24-hour algal respiration rate for the pooled 1991 and 1992 data was 
0.003 mg O/mg TSS/hr. Based on the difference between the day and night 
respiration rates, algal respiration was modeled as 0.002 (day) and 0.004 
(night) mg Oifmg TSS/hr. 

8. A model developed in this work can be used to predict the steady state and 
non-steady state diel response of algal productivity and dissolved oxygen 
concentration as a function of the environmental parameters of light and 
temperature (in the range of 15-35°C) and the operational parameters of 
inorganic carbon and nitrogen concentration, water velocity and cell retention 
time within the ranges tested. 

9. At the 0.6 m water depth, projected maximum fish carrying capacity of 10,000 
kg/ha was predicted for a 20 - 24 hour retention time and 0.0313 mis water 
velocity. Maximum algal productivity for 0.6 m depth was predicted for the 
0.125 mis water velocity and 20 - 24 hour retention time. 
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Appendix A 

Titration Technique for DO > 20 mg/1 

Sodium sulfite reacts with oxygen dissolved in water to form sulfate. 

Theoretically, 7.88 mg of sodium sulfite are required to react with 1 mg of oxygen, For 

example, if it is desired to lower the DO of a 300 ml water sample by 10 mg/1, 1 ml of 

a 23.6 g/1 sodium sulfite solution would be needed. Cobalt is needed at a concentration 

of 0.1 to 0.5 mg/I to catalyze this reaction (ASCE, 1984). The procedure used is given 

below: 

1. Prepare a sodium sulfite solution in the range of 12 to 24 g/1, depending on the 
expected DO values to be measured. Technical grade sodium sulfite (Ashland 
Chemical, Inc., Houston TX) was used. One ml of 11.8 g/1 solution or 23.6 
g/1 solution added to a 300 ml sample should lower the DO by 5 mg/1 or 10 
mg/I respectively. 

2. Prepare a 120 mg/1 CoC12·6H20 solution using reagent grade chemical. 

3. Calibrate the sodium sulfite solution. Fill a minimum of three 300 ml BOD 
bottles with influent water and measure the initial DO. Add 1 ml of the cobalt 
chloride solution followed by 1 ml of the sodium sulfite solution. Stopper the 
bottles carefully to avoid trapping air bubbles, invert several times to mix. and 
wait at least 30 seconds for reaction to occur. Measure the final DO in each 
bottle and calculate the change in DO. Average the values to determine the 
oxygen equivalence per ml of sulfite solution. Recalibrate the solution every 
3 to 4 hours. 

4. For samples with DO level greater than 20 mg/1, add 1 ml each of the cobalt 
chloride and sodium sulfite solutions, stopper, invert and wait 30 seconds as 
described in step 3. Insert the DO probe into the bottle and record the DO 
value, if less than 20 mg/I, for each replicate. Average the values and then add 
the oxygen equivalence of the sulfite solution added. If the DO is still greater 
than 20 mg/I, add another ml of sulfite solution, mix and read sample again. 
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Appendix B 

Residuals Analysis for Solar Radiation Models 

Residuals analysis is a technique used to determine the appropriateness of a certain 

model to represent a data set. The studentized residual, et, is calculated as the difference 

between the actual and predicted value, divided by the standard error of the residual. The 

expected value of ei· is zero; therefore, a plot of the studentized residuals vs one of the 

independent variables in the model should appear randomly distributed around zero if the 

model is correctly specified. A plot of e/ vs the dependent variable should also appear 

randomly distributed around zero. A discemable trend in this plot indicates that a 

variable or interaction between variables may be missing from the model. 

Figure B-1 shows a plot of the studentized residuals vs EV AP (evaporation, cm) 

for the Jenson-Raise model. A clear downward trend is evident indicating that this model 

is not adequate to represent the solar radiation data set. 

A plot of et vs DAIRT (maximum and minimum dry-bulb air temperature 

difference, °C) for the linear model reveals that the residuals appear randomly distributed, 

indicating that the model is correctly specified (Figure B-2). However, the plot of ei· vs 

solar radiation (Figure B-3) shows a slight upward trend indicating that some variable 

may be missing from the model. 

Similarly, the residuals obtained from the hyperbolic model show that the e;· 

appear randomly distributed around zero when plotted against the variable SQDAIRT (the 

square of DAIRT), indicating a good fit of the model (Figure B-4). A slight upward trend 
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1s detectable in the plot of < vs solar radiation. which may indicate that a variable is still 

missing from the model (Figure B-5) . 
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Figure B-1. Studentized residuals vs EV AP (evaporation, cm) for Jenson-Raise 
model. 
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Figure B-2. Studentized residuals vs DAIRT (difference in air temperature,°C) for 
linear model. 

2 ... ll( 

• ll( 

JI( • ' ... • • • • Ill ll( • ~ • ::i • • ~ • • 
(I) • • ll( .. 
QJ 

• -,f • I.. • ... -. u • • QJ • • N - . , ... • • ., 
C 
QJ • • 
u 
::i • ... • ff) -2 ... 

• 
. 3 - • 

,o ,, 20 25 30 35 

So lar r-ao1at 1on ~ M.J/ m2/ a 
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temperature) for hyperbolic model. 
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Appendix C 

Scatter Plots Used in Solar Radiation Model Development 

Plots of solar radiation (Rs) vs the variables DAIRT (daily rise in dry-bulb air 

temperature °C), SUNMIN (sunshine duration in minutes), PERCENT (percent of possible 

sunshine), RHTMAX2 (inverse of relative humidity at the maximum air temperature), 

RHTA VE2 (inverse of relative humidity at the average air temperature) and SQDAIRT 

(square of DAIRT) are given below. Linear relationships are evident in the plots of Rs 

vs DAIRT, SUNMIN, PERCENT, RHTMAX2 and RHTA VE2 (Figures C-1 through C-5). 

A slight non-linear trend was evident in the plot of Rs vs SQDAIRT (Figure C-6). 

35 

30 >--

"' E .... 25 >--
l 
c' 
:'. 
:ii 20 >--
-u 
"' L 

L 

~ 15 >-

c5l 

,o >--

• 

• 
• 

• 
• 

• 
• 

JI( 

JI( 

~ 

• ll( 

• 

• 

,a 

OA: RT . C 

Figure C-1. Solar radiation vs DAIRT. 

,. ,. • ,. 
JI( JI( 

JI( JI( \ JI( JI( I • • • • ~ JI( 

• • JI( 

JI( 

• 
• 

,. 

12 16 



35 

30 .... .. .... 
.. ll( • ~---"' E .. .... 25 .... .,. .... j ll( 

• ll( .... 
c' 

" - " 0 .. -.., 
20 lit 

~ • 
u .. 
<) ll( 
I.. • 
I.. 

" ~ ,5 

0 .. .. lit {J) 

• 
• ,o 

, ._ ____ ..._ ____ ..._ ____ ..._ ____ ..._ ____ ..._ ___ __, 
200 300 ,oo 500 

SUNMIN, m i n 

Figure C-2. Solar radiation vs SUNMIN. 

600 700 800 

35 ,-------------------------------, 

"' E 

~ 
C 
0 

<) 

u 
<) 
I.. 

30 >--

25 >--

20 ~ 

" ,o .... 

20 

• 

" 
• )I( 

" 
,o 

PERCENT 

• 

Figure C-3 . Solar radiation vs PERCENT. 

ll( 

60 

ll( •••• . ~-,,,. 
•• 

ll( 
ll( ... 

• ll( .. < 
ll( - ll( 

• 

I( 

" 

90 ,oo 

135 



136 

35 

30 ,. •• • • • • . ... • (\J ~ .. E ll( • .,,. 
~ 25 ~ • 

• I • • • • c:' ••• JIE 
':? JIE 
..., 

20 • ~ • 
-0 • • 
<O • I.. • 
~ ,5 ,.. • 
0 • • .. V1 

• • ,o ,.. 

• 

0 . 01 0 015 0 . 02 0 . 025 0 03 

AHTMAX2 

Figure C-4. Solar radiation vs RHTMAX2. 
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Appendix D 

Carbonate Equilibria Equations 
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The concentration of total inorganic carbon and the equilibrium concentration of 

species present in a closed aqueous carbonate system can be calculated using pH and 

alkalinity data using the following equations (Stumm and Morgan, 1981). 

(D-1) 

(D-2) 

(D-3) 

C = [ALK] - [OH-] -t- [H+] 
T a 1 -t-2a 2 

(D-4) 

(D-5) 

(D-6) 

(D-7) 



where 

K 1, K2 = first and second acidity constants for carbonic acid; 

[H+] = hydrogen ion concentration, mol/1; 

[ALK] = alkalinity, mol equivalence/1; 

[Off] = hydroxyl ion concentration, mol/1; 

CT = total carbon concentration. mol/1; 

[H2CO3 ·1 = total dissolved CO2 and carbonic acid concentration, mol/1; 

[HCO3· ] = bicarbonate concentration. mol/1; and 

[CO/] = carbonate concentration, mol/1. 
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The values of K1 and K2 are 10·6·
3 and 10·10

·
25

, respectively, at 25 C and 1 atm 

pressure. [Off] can be calculated from the following equation. 

(D-8) 

where ~ = _ion product of water, equal to 10·14 at 25°C. 



Appendix E 

Computer Hardware and Software Requirements 

Model written in Lotus 123 Release 3 for DOS. 

DOS Version 5.00. 

IBM PC compatible 486 computer with 3 MB extended memory. 

16 color monitor recommended. 
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Cell Inputs 

Appendix F 

Model Statements 
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The following input values are entered in cells in Rows 1 - 25 in Columns A - Y 
of the model. 

Oxygen Transfer Information 

1. ELEV Elevation, m. [F4] 
2. WINDD Wind velocity (day). mis; needed only if rpm=0. [F6] 
3. WINDN Wind velocity (night), mis; needed only if rpm=0. [F7] 
4. RADIUS Circulator blade radius, m. [F8] 
5. RPMD Circulator rotational speed (day), rpm. [F9] 
6. RPMN Circulator rotational speed (night), rpm. [FlO] 

Description of Algal Culture System 

1. TAU Detention time, hrs. [L2] 
2. DEPTH Water depth, m. [L3] 
3. AREA Tank area, m2 

.. [L4] 
4. DOI DO concentration in influent, mg/1. [L5] 

Algal Respiration Rates 

1. ARD Respiration (day), mg DO/mg TSS/hr. [LIO] 
2. ARN Respiration (night), mg DO/mg TSS/hr. [Ll 1] 

Algal Growth Parameters 

1. UMAX Maximum gowth rate @20°C, /hr. [L14] 
2. KSN Ks value for N, mg/1. [L15] 
3. KSC Ks value for C, mg/1. [L16] 
4. PMAX Maximum photosynthetic rate. mg DO/mg TSS/hr. [L17] 
5. IOPT Optimum light level, W/m2

. [L18] 
6. ALGAE Algal species code; l=green algae, 0=bluegreen algae. [L19] 



Fish Loading 

1. FISHLOAD Fish loading. kg/ha. [R2] 
2. FISHWT Fish weight, g. [R3] 

Nutrient Inputs 

l. NFISH Nitrogen excreted from fish, g N/kg fish/hr. [S 12] 
2. NADDEO N addition rate, mg/min. [S14] 
3. ALGALN N content in algal cells, mgN/mgTSS. [S16] 
4. CADDED NaHCO3 added per tank. kg/day. [S17] 
5. CWATER Inorganic carbon concentration in supply water, mg/1. [S18] 
6. ALGALC C content in algal cells, mgC/mgTSS. [S20] 

The following calculations are performed in the model input section. 

Oxygen Transfer Information 

l. EF Elevation factor. [F4] 
EF={ 100-(0.0115*EL) }/100 

2. WVD Water velocity (day), mis. [Fll] 
WVD=RPMD*2*pi*RADIUS/60*0.6224 

3. WVN Water velocity (night), mis. [F12] 
WVN=RPMN*2*pi *RADIUS/60*0.6224 

Calculated Oxygen Transfer, K @ 20°C 

l. K20WD K20 due to wind (day), mlhr. [F16] 
IF RPMD=0, 
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THEN K20WD=0.0036(8.43*WINDD0
·
5-3.67*WINDD+0.43*WINDD2 

ELSE K20WD=0 
2. K20WN K20 due to wind (night), mlhr. [F17] 

IF RPMN=0, 
THEN K20N=0.0036(8.43*WINDN°·5-3.67*WINDN+0.43*WINDN2

, 

ELSE K20WN=0 
3. K20D K20 due to water velocity (day), mlhr. [F18] 

K20D=WVD*0.9003 
4. K20N K20 due to water velocity (night), mlhr. [Fl 9] 

K20N=WVN*0.9003 

Description of Algal Culture System 

1. FLOW Required water flow rate for set TAU, 1pm. [LS] 
FLOW=VOU(60*TAU) 



2. VOL Tanlc volume, 1. [L6] 
VOL= 1000* AREA *DEPTH 

Calculation of Effective Depth 

1. EFFDEPTH Effective depth. [L20] 
IF ALGAE=0, THEN EFFDEPTH=0.52 

ELSE IF 0.0313<WVD<=0.0625, 

Fish Loading 

THEN EFFDEPTH=l.60*WVD+0.51 
ELSE EFFDEPTH=-2.56*WVD+O. 77 

1. FEEDRATE Feed rate, g feed/g fish/d. [R4] 
If FISHWT<27, THEN FEEDRATE=0.035, 

ELSE IF FISHWT>450, 
THEN FEEDRATE=0.0175, 
ELSE FEED RA TE=0.035-3.889x 10"5*FISHWT 

Oxygen Demand due to Fish 

1. rFRD Rate of fish respiration (day),mg/1/hr @26°C. [S7] 
RFRD=( 1.761 *FISHWT"( -0.2108) )*FISHLOAD/( 1 0,OOO*DEPTH) 

2. FRN Rate of fish respiration (night), mg/1/hr @26@ 0 C. [S8] 
RFRN=(l .263*FISHWT"(-0.2294 ))*FISHLOAD/( 1 0,OOO*DEPTH) 

3. rWOD Rate of fish waste oxygen demand, mg/1/hr. [S9] 
RWOD=0.83*FEEDRA TE* 1000*FISHLOAD/(10,000*24*DEPTH) 

Nutrient Load 

1. rNE Rate of nitrogen excretion by fish, mg/1/hr. [S 13] 
rNE=NFISH*FISHLOAD/( 1 0,OOO*DEPTH) 

2. NIN Total nitrogen in influent flow. mg/1. [S15] 
NIN=[(rNE*VOU60)+NADDED]/FLOW 

3. CIN Total carbon in influent flow, mg/1. [S19] 
CIN=CWATER+(CADDED*106*12/84)/(1440*FLOW) 

Daily Oxygen Balance 

1. ARESP, Algal respiration, g O2/d. [X2] 
AVG(AA103 .. AA199)*VOL*24/1000 

2. FOD, Fish oxygen demand, g O/d. [X3] 
[RWOD+(RFRD+RFRN)/2]*VOL*24/1000 

3. Surface reaeration, g O/d. [X4] 
AVG(H103 .. Hl99)*VOL*24/1000 
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4. DOPROD, Algal DO production. g O/d. [X5] 
AVG(Yl03 .. Yl99)*VOL*24/1000 

5. DOE. DO in effluent. g O/d. (X6] 
(AVEDO*VOL*24)/(1000*TAU) 

6. DOINF, DO in influent, g O/d. [X7] 
(DOI*VOL *24)/(l0OO*TAU) 

7. Net DO production, g O/d. [X8] 
(DOPROD+DOINF-ARESP-FOD+REAER-DOE) 

Daily Summary 

1. DOMIN. DO minimum. mg/1. [X 11] 
MIN(Vl03 .. V199) 

2. DOMAX. DO maximum, mg/1. (X12] 
MAX(Vl03 .. V199) 

3. DOA VE, DO average, mg/1. [X13] 
AVE(Vl03 .. Vl99) 

4. TSSMIN, Minimum TSS, mg/1. [X14] 
MIN(Wl03 .. W199) 

5. TSSMAX, Maximum TSS, mg/1. [X15] 
MAX(W103 .. W199) 

6. TSSAVE, Average TSS, mg/1. [X16] 
AVE(W103 .. Wl99) 

7. CFIX, Carbon fixation rate, g C/m2/d. [X17] 
(TSSA VE*DEPTH*24)/(2.79*TAU) 

8. SSGR, Steady state growth rate, /hr. [Y19] 
(1/TAU) 

9. DOR, Diel-averaged growth rate, /hr. [Y20] 
(AVG(U92 .. U187) 

10. Adjust initial algal TSS? [Y21] 
IF SSGR=DGR 

Range Inputs 

THEN ' NO, AT STEADY STATE' 
ELSE IF SSGR>DGR 

THEN 'YES, DECREASE' 
· ELSE 'YES, INCREASE' 

1. Water temp, 0 C. [D31..D199) 
2. Actual DO, mg/1 if available. [C31..C199] 
3. Surface solar radiation, W/m2 (full spectrum values). [131..1199] 
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Range Calculations 

1. Range [A] HOUR 
2. Range [B] Day/night code 

@IF( ($A31>=8#AND#$A31 <20)#OR#($A31>=32#AND#$A31 <44 )#OR# 
($A31>=56#AND#$A31 <68), 1,0) 

3. Range [C] Actual DO. mg/I. 
4. Range [D] Water temperature, ·c. 
5. Range [E] Water temperature, K 

($D31 +273.15) 
6. Range [F] Oxygen transfer coefficient, m/hr. 

@IF($B31= 1,($K20WD+$K20D)*(l .024"($D31-20)), 
($K20WN +$K20N) * ( 1.024"( $D31-20))) 

7. Range [G] Calculated Cs, saturation oxygen concentration, mg/1. 
@EXP( -139 .344+( 157 570/$E31 )-( 66423080/$E31 "2)+ 
(12438000000/$E3 l "3)-(862194900000/$E31 "4))*$EF 

8. Range [H] rOT Rate of oxygen transfer, mg/I/hr. 
($G3 l-$V3 l )*$F3 l/$DEPTH 

9. Range [I] Surface solar radiation, W/m2 
10. Range [J] Effective light, W/m2 

@IF($l31>0,$131 *@EXP(-( l.7/$X31)*$EFFDEPTH*$DEPTH),0) 
11. Range [K] DO produced @20°C, mg DO/mgTSS/hr. 

($PMAX/$lOPT)*($J30*@EXP(l-($J30/$1OPT))) 
12. Range [L] DO produced @T,°C. 

(@EXP(($D31-20)*0.7707/10))*$K31 
13. Range [M] Light-limited growth rate @ T, /hr. 

(L31/l.24) 
14. Range [N] Total inorganic carbon, mg/I. 

($CIN/$TAU)*l2 for [N31] 
@IF((N3 l+(A32-A31)*(($CIN-N31)/$TAU-P31))>0, 
(N31 +(A32-A31)*(($CIN-N31 )/$TAU-P31 )),0) 

15. Range [O] Carbon-limited growth rate @T, /hr. 
($Q31 *$N31 )/($KSC+$N3 l) 

16. Range [P] rCU Rate of carbon uptake, mg/I/hr. 
($U31 *$W31 *$ALGALC) 

17. Range [Q] ~ax.T• /hr. 
$UMAX*@EXP((D31-20)*0.7707/10) 

18. Range [R] Nitrogen, mg/1. 
($NIN/$TAU)*12 for [R31] 
@IF((R31 +(A32-A31)*(($NIN-R31)/$TAU-T31))>0, 
(R31 +(A32-A31 )*(($NIN-R3 l)/$TAU-T3 l)),0) 

19. Range [S] Nitrogen-limited growth rate @T, /hr. 
(Q31 *R3 l/($KSN+R3 l )) 

20. Range [T] rNU Rate of nitrogen uptake, mg/I/hr. 
($U31 *$W31 *$ALGALN) 
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2 L Range [U] Minimum µ, /hr. 
MIN ($M3 l ,$O3 1,$S31 ) 

22. Range [V] Predicted DO, mg/1. 
$DOMIN for [V31] 
@IF($B31=1, 
(V3l+(A32-A31)*(($DOI-V31)/$TAU+H31+Y31-AA31-$RFRD-$RWOD)), 
(V31+(A32-A31)*(($DOI-V31)/$TAU+H31+Y31-AA31-$RFRN-$RWOD))) 

23 . Range [W] Algal TSS, mg/1. 
Initial value for [W3 l] 
(W31 +(A32-A31 )*(W31 *(U3 l-( l/$T AU)))) 

24. Range [X] Predicted SDV, m. 
@IF(W31<11.66, l.5 ,@IF(W31>=309,0.0001 , 
@LN((W3 l-l 1.659)/297.33)/-8.2212)) 

25. Range [Y] Carbon fixation rate, gC/m2/d. 
($W31 *$U31 *1.24) 

26. Range [Z] DO produced, mg/1/hr. 
(W31 *$U3 l *24*$DEPTH/2.79) 

27. Range [AA] Algal respiration, mg/1/hr. 
@IF($B3 l = 1,$ARD*W3 l ,$ARN*W31) 



Appendix G 

Product References 

American Optical 
Buffalo NY 14215 

AREA (Aquaculture Research/Environmental Associates, Inc) 
PO Box 1303, Homestead FL 33090 
305-248-4205 

Ashland Chemical, Inc. 
Houston TX 
1-800-437-3378 

Aquatic Eco-Systems, Inc. 
P.O. Box 1446, Apopka, FL 32704-1446 

Cole-Parmer Instrument Company 
7425 North Oak Park Avenue, Chicago IL 60648 
1-800-323-4340 

Dayton Electric Manufacturing Co. 
5959 West Howard Street 
Chicago, IL 60648 

Engineered Systems & Designs 
119A Sandy Drive, Newark DE 19713 
302-456-0446 

Fisher Scientific International 
50 Fadem Road, Springfield NJ 07081 
201-467-6400 

FMC Corporation 
Alkali Chemical Division 
Philadelphia, PA 19103 

Grainger, a Division of W .W. Grainger. Inc. 
730 Congaree Road, Greenville SC 29607 
803-288-0110 

• 
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Kent Meters, Inc. 
P.O. Box 1852, Ocala FL 32678-1852 
904-732-4670 

Miller Chemical & Fertilizer Corporation 
Hanover, PA 17331 

Nitram, Inc. 
Tampa FL 33601 
1-800-237-6956 

Omega Engineering, Inc. 
P.O. Box 2669, Stamford CT 06906 
1-800-622-2378 

Piedmont Plastics 
1200 Woodruff Road, Greenville SC 29607 
803-288-7201 

Reef Industries 
P.O. Box 750245, Houston TX 77275-0245 
1-800-231-2417 

Solar Components Corporation 
Manchester, NH 03103 
1-800-258-3072 

Yellow Springs Instrument Company 
Yellow Springs, OH 45387 
513-767-7241 
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