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Abstract

Goldfish (Carassius auratus) were reared in two recirculating systems initially under the
same settings and UV conditions for period of 100 days. Halfway through the
experiment, the supply of the UV irradiation in one the setting was discontinued. Several
water quality parameters were monitored in both settings at the two different times. The
results indicate that UV systems enhanced the growth of the fish, significantly increased
the relative growth rate, the production, the survival and the yield of the fish population.
Specifically, the ratio of the relative growth rates for the UV to the non-UV treated
goldfish was 23:1., production 26:1., survival,1.8:1 and yield 2:1.The condition factors
for both populations were not significantly different at 0.9:1 ratio. These findings indicate
that there were positive correlation between UV irradiation and most goldfish production
parameters.

Introduction

As aquaculture becomes an important facet of world fish production, improved principles
and techniques involved in this practice will enhance the contribution of aquaculture to
the fisheries industry. The major goal of a successful aquaculture is to maximize
production and therefore profit.

Water in different fish production systems is at risk of contamination from waterborne
pathogenic organisms. These pathogens have undesirable effects on the main goal of a
successful aquaculture, which is to maximize production (profit) in the system.
Ultraviolet (UV) irradiation systems have been applied both as water and air clarifier and
sterilizers for the past 50 years. Their applications have included; the disinfecting of
recycled distilled water in pharmaceutical and cosmetic industries, kidney dialysis water,
frozen juice concentrate makeup water, beverage bottle and container rinse water, cottage
cheese wash water, in fish hatchery water supply, control of algae in open fish ponds,
control of bacteria in ornamental fish production and aquarium systems and in the control
of tuberculosis Kizer, (1990) as well as other airborne viruses, mold spores and
microorganisms.

The objectives of this study were i) To estimate gold fish production parameters in
experimental recirculating system without UV irradiation ii) To estimate gold fish
production parameters in experimental recirculating system with UV irradiation and iii)
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To compare the primary water quality parameters in the two systems above (DO, pH, and
Temperature).

Materials and Methods

Two populations of the same age class of the ornamental gold fish Carassius auratus
were reared in similar conditions and settings for 100 days. They were reared in 50 gallon
(190 L) water maid tanks of 38x20x18’’ and a constant water level of 6 ins (15 cm.).
Fifty (50) gold fish  (3.40 ± 0.54 g) per tank were stocked.

The culture water was filtered and circulated by use of Maryland Magnum 350 pump
(convertible carnister filter able to pump 350 GPH) and aerated using Maxima® 805 air
pumps. An ultraviolet sterilizing unit (1.5-L capacity, Angstrom 2537® Model AN - 5)
was connected to the filter pumps in both set-ups.  Fish were fed once daily (at 1000 hr)
with flake food (TETRA SM 80®) to satiation.

Dissolved oxygen, pH, and temperature were determined daily from the fish tanks during
the tests. Individual weights and lengths of all the fish grown were recorded at various
times between the experiment and at the termination of the experiment. From the final
weights, the growths and the relative growth rates were calculated using the formula;
Relative growth = Y2- Y1/ Y1 and Relative growth rate = (Y2-Y1)/[Y1 (t2-t1)]; where t1 is
the time at the beginning of an interval and t2 the time at the end, and Y1 and Y2 are the
respective fish sizes in weights (g) at those times (Ricker 1979, Tyler and Gallucci,
1980). The relationship between the two tanks and the mean growth of the associated
gold fish groups were compared.

The condition factors (CF or K) for the two populations were calculated from the
relationship K = W/(L)3 where K is condition factor; also an index of growth rate
Busacker et al. 1990.

Production was computed as the sum of the products of growth rate (G) and mean
biomass (B), evaluated at short intervals of time. P = GB, where P is production, G is
growth rate and B is the mean biomass Warren, 1971.

Results and Discussion

During the experiment, certain water quality parameters were measured to ascertain that
values were within the acceptable levels for the rearing of goldfish. The dissolved oxygen
became higher in the NUV (set-up without ultraviolet irradiation) tank towards the end of
the experiment. This disparity is attributable to the low numbers of fish in the set up at
this time. The low number was as a result of the increased mortality since the UV supply
was uncoupled. The results of all the other variables measured are shown on table 1.
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Table 1. The mean (N = 20) initial and final sizes, biomass, weight gains, survival,
production and yields of goldfish from the two set-ups at different times.

Mo
      N

Mean
biomass B
(g)

Relative
Growth
Rate (G)

Condition
Factor (K)

Production
(GB)

Survival
(%)

Yield (g)

+      + *  +         + +            + +          + +         + +         + +      +

Feb 20    20 2.4      2.4     ND     ND    ND 100     100  ND

Mar 20    20 3.51   3.49 0.06     .06 0.18      0.19 0.21     0.20 100     100  ND

Apri
(1)

20    20 4.39   4.21 .031    026 0.18      0.19 0.14     0.11 100     100  ND

+      - +         - +            - +      - +      - +         - +        -

Apri
(2)

20    20 4.75     4.44 0.03   0.02 0.15  0.15 0.14     0.09 96      82    ND

May 20    20 5.62     4.87 0.023 0.01 0.14  0.16 1.30     .050 96      54 270   132

* Indicates set up with  (+) UV and without (-) NUV ultraviolet irradiation.

Production was calculated as the product of the relative growth rate and the mean
biomass.(Warren 1971). Although the absolute value did not amount to much in either set
up, but the UV set-up was significantly higher than the second set-up NUV (a ratio of
26:1). Production here is defined as the total amount of tissue elaborated by a population
Warren 1971.

Yield was calculated as the mean biomass B multiplied by the number (N) of fish that
survived to the end of the experiment. The fish yield in the UV coupled system was
approximately 270 g as against 132 g in the NUV system. The condition factor (K) was
not significantly affected. This was probably due to the short duration of time for the
entire experiment.

The mode of action of ultraviolet irradiation has been attributed to radiation of high
intensities of ultraviolet light for a given amount of time. When this light is emitted
within a given curve of the ultraviolet spectrum, it will disrupt and mutate the DNA
(deoxyribonucleic acid) of microorganisms. The bactericidal activities of the UV
irradiation accounts for the many positive attributes found in the UV coupled system in
the goldfish production experiments.
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All the measured parameters were relatively similar in the two recirculating systems until
the UV treatments became varied. The use of UV radiation in fish culture is a significant
improvement in the fish culture technology. Reared fish will find adequate comfort with
the UV equipped systems especially in crowded situations as in fish hatcheries. It is
proposed that the UV systems will be useful in overwintering those warm water fish that
are now targeted for culture in cold regions like the tilapias that must be stocked in higher
densities than usual.
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Introduction

Ultraviolet (UV) disinfection is an increasingly popular alternative in wastewater
treatment (Hanzon and Vigilia, 1999) and aquaculture industries.  Damage to the genetic
material of the pathogens as it absorbs UV radiation is considered the main inactivation
mechanism as cell replication being blocked (U.S. EPA, 1986).  The advantages of UV
disinfection are non-toxic, ecologically friendly, effective with a wide range of
organisms, short contact time, and easy to control (Moreland et al., 1998; Hanzon and
Vigilia, 1999).  UV facilities used in wastewater industry are usually flow-through
systems with several banks of lamps in series (Ho et al., 1998).  Inactivation of pathogens
can be described as a first-order reaction with respect to UV dose (mJ/cm-2) usually
defined as UV light intensity (mW/cm-2) times the exposure time (s) (U.S. EPA, 1986).
The effectiveness of UV radiation to inactivate pathogenic microorganisms in wastewater
has been well documented for wastewater treatment purposes (Johnson and Qualls, 1984;
U.S. EPA, 1986; Darby et al., 1993; Emerick et al., 1999).

UV devices have become an integral part of many aquaculture operations providing
disinfected water to hatchery, rearing and depuration operations.  Recirculation is a major
feature of these aquaculture systems, which makes the evaluation of UV disinfection
effectiveness different from that in flow-through wastewater treatment systems.
Recirculating systems have attracted significant attention in the last two decades for
applications in aquaculture.  Lack of suitable water supplies and more stringent control of
wastewater and nutrient discharges from pond and raceway facilities drive the demand
for recirculating systems.  However, little research work has been reported on using UV
devices in recirculating systems.  In the wastewater treatment industry, UV devices are
often used after secondary treatment (Nieuwstad et al., 1991; Ho et al., 1998) where
water is relatively clear (60-82%/cm UV transmittance) (Hanzon and Vigilia, 1999).  UV
energy delivered to the clear water is relatively high, thus providing effective treatment.
This may not be the case for recirculating aquaculture systems where waters carry high
levels of suspended solids, thus resulting in low transmittance (less than 65%/cm UV
transmittance according to measurements).  Moreover, UV dosage is a major parameter
for UV disinfection specification.  Yet, this parameter cannot be simply applied to
recirculating systems.  Adoption of existing UV technology is hindered by a lack of
quantitative design and performance information on UV disinfection for recirculating
systems (Downey et al., 1998).
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The objectives of this study were (1) to evaluate the performance characteristics of UV
disinfection devices in recirculating systems with various conditions of water flow rate,
UV transmittance, and UV lamp output power; (2) to present quantitative information for
the design and operation of UV disinfection devices used in recirculating systems.

Materials and Methods

Experimental apparatus

The UV disinfection study was conducted using a water recirculating system as shown in
Figure 1.  The system consisted of an 1100-liter tank, a recirculating pump, and a single-
lamp ultraviolet (UV) unit (Aqua Ultraviolet, CA, USA).  Prior to each test, the tank was
cleaned and filled with artificial seawater or freshwater (Table 1).  The artificial seawater
was made using Durex All Purpose Salt (Morton International, Chicago, USA) and
dechloride tap water.  Wastewater containing high concentration of microorganisms,
collected from a dairy wastewater lagoon, was used as fecal coliform source.  For each
test, a certain volume of dairy wastewater was put into the tank, and mixed with the
artificial seawater.  An air diffuser was placed in the water tank to maintain dissolved
oxygen concentration at 9.3 ± 0.4 mg/l (measured using a YSI-50 DO meter, Yellow
Spring, Inc., USA).  The diffuser also served as a mixer to keep coliform concentration
homogeneous within the tank.  The mixed water was pumped from the bath through a
one-way valve, and then returned to the bath via two ways: an over flow path and a
disinfection path through the UV unit (Figure 1).  Two ball valves were used in both of
the two paths to adjust water flow rates through the UV device according to the
experimental protocol.  Timing was started once the UV light was turned on.  Water
samples were collected from the tank at different disinfection times (Table 1).  Before
each test, the outside surface of the quartz sleeve of the UV lamp was hand cleaned with
commercial cleaning solution so that the effect of sleeve dirt on the disinfection
efficiency was mostly eliminated.  Most of the treatments had a salinity of 15‰ except
the treatments K (fresh water) and L (26‰ salinity).  These two treatments were
conducted for comparing the impact of salinity on the UV disinfection of fecal coliform.

Sample analysis

Sample analyses were performed in the Water Quality and Waste Analysis Laboratory at
Washington State University, a laboratory certified by the Washington Department of
Ecology for the analysis of related wastewater parameters.  Fecal coliform (FC)
concentration, a parameter commonly used for UV disinfection study, was determined
using the membrane filter procedure specified by the Standard Method (APHA, 1995).
In addition, water samples, collected before the UV lamp was turned on for each trial,
were analyzed for UV254 (UV light at a wave-length of 254 nm) transmittance using a
Spectronic 21-D spectrophotometer (Milton Roy, Brussels, Belgium), turbidity using a
965-A Digital turbidimeter (Orbeco Analytical Systems, Inc., NY, USA), total suspended
solids (TSS) concentration according to the Standard method (APHA, 1995).



3

Figure 1  Schematic of the experimental system.

Results and Discussion

As summarized in Table 1, the UV devices were highly effective for FC disinfection
under all experimental conditions.  In most cases, a 25 UV unit killed about 99% of FC in
the 340-liter wastewater within 31.5 min.  This meant that only about 1% FC could
survive after 7 cycles through a 25 UV unit.  Similarly, about 99% FC of the wastewater
was disinfected after 5 cycles through a 40 UV unit.  The disinfection efficiency of
treatment E was extremely low compared with those of the others due to the low flow
rate.

FC survival ratio (the ratio of FC concentration after UV exposure to initial FC
concentration), a dimensionless parameter, was used as an index parameter in this study
for the comparison of disinfection results among the treatments with different initial FC
concentrations.  In wastewater industry, microorganism survival ratio is often expressed
as a function of UV dosage, i.e., the product of UV irradiance and time (U.S. EPA, 1986).
In recirculating systems, however, the survival ratio depends on not only the dosage of
the flow-through the UV unit of the system, but also the cycle number of the water of the
system for a given period.  The accumulated flow-through dosage based on average cycle
number is not proper either, because the survival ratio also varied with the flow rate.
Thus, in this paper, FC survival ratio was described as a function of time.  This was a
major performance difference between recirculating and flow-through UV disinfections
systems.

Figure 2 gives the experimental results of the treatments with different salinity levels.  No
significant difference (R2 = 0.92, N = 4, P < 0.05) of FC survival ratio was observed
between treatment K (fresh water) and L (26‰ salinity).  Figure 2 also shows the result
of treatment C (15‰ salinity) which was conducted under similar conditions with K and
L except salinity and water volume (Table 1).  Compared with those of K or L, FC
survival ratio of C dropped very quickly due to the volume difference.  In fact, the water
volume of K and L was twice of C.  This meant that the average recirculating period of K
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and L was also twice.  However, for the same number of cycles, treatment C would have
similar disinfection efficiency with K and L.

Figure 2 Fecal coliform survival ratio versus disinfection time for different salinity levels
of treatments K (fresh water), L (26‰) and C (15‰).  Water volume of treatment C (340
liter) was a half of that of K and L (680 liter).

Figure 3  Linear correlation between UV254 transmittance and turbidity of the
experimental wasters.  R2 is determination coefficient of regression, and N is data number
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Table 1  Summary of the tested results.

Treatment A B C D E F G H I J K L

UV unit power (W) 25 25 25 25 25 25 25 40 40 40 25 25

Wastewater volume (litter) 340 340 340 340 340 340 340 340 340 340 680 680

Salinity (‰) 15 15 15 15 15 15 15 15 15 15 0 26

Flow rate (l/s) 1.26 1.26 1.26 2.52 0.63 1.26 2.52 2.52 1.26 1.26 1.26 1.26

Temperature (°C) 13.8 13.7 14.1 14.3 16.6 16.3 9.9 10.9 11.6 11.8 12.8 12.7

pH 8.2 8.2 8.2 8.4 8.4 8.4 7.7 8.1 8.0 8.1 8.1 8.0

DO concentration (mg/l) 9.1 9.9 9.7 9.3 9.1 9.2 10.4 10.5 10.2 10.1 9.4 8.9

TSS (mg/l) 60 74 79 71 51 46 36 36 34 50 36 44

Turbidity (NTU) 13.7 16 32.1 31 14.5 9.4 17.1 15.9 15.7 28.3 29.2 28.8

UV254 transmittance (%/cm) 54.2 52.9 30.1 25.3 57.6 69.2 52.1 38.2 39.4 26.8 35.0 31.0

Fecal coliform concentration (FCU/100ml)

Disinfection time = 0 (s) 32250 61400 67250 24500 26000 12500 14000 27500 27500 39000 67000 37000

    270 19000 39000 63000 12500 13900 7500 10850 16250 15000 19000

    540 8900 27150 33050 8250 10000 3550 3900 4425 5150 8800 34800 29000

    810 4800 8900 18800 5950 5050 1180 1550 1300 2300 3150

    1080 350 855 1500

    1350 2000 4050 6600 850 1750 220 400 90 355 895

    1890 375 700 1150 160 820 60 80

    2160 6620 4460

    2700 4940 1950
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Regression analysis indicated that, for the experimental waters, there was a strong linear
correlation between UV254 transmittance and turbidity level (R2 = 0.86, N = 20, P < 0.01)
(Figure 3).  Among the treatments, turbidity was adjusted by adding a different volume of
wastewater.  TSS data were with high variance, most likely caused by many factors, such
as inhomogeneity of sampling, pipeting, and salinity (APHA, 1995).  Due to the limited
TSS data, no quantitative relationships were established between TSS and UV254

transmittance, or TSS and turbidity.  Other parameters, including pH, temperature, and
dissolved oxygen (DO) concentration, were monitored (Table 1), but not controlled
during the experiment.

Figure 4  Fecal coliform survival ratio versus disinfection time for different UV254

transmittances of treatments A (54.2 %/cm), B (52.9 %/cm), C (30.1 %/cm) and F (69.2
%/cm) in a recirculating experimental system with a 25 W UV unit and a flow rate of
1.26 l/s.

Figure 5  Fecal coliform survival ratio versus disinfection time for different UV254

transmittances of treatments I (39.4 %/cm) and J (26.8 %/cm) in a recirculating
experimental system with a 40 W UV unit and a flow rate of 1.26 l/s.

UV254 transmittance was an important factor determining disinfection efficiency.  As
shown in Figure 4, FC survival ratio dropped quickly for the highest transmittance of
treatment F (69.2 %/cm), and the final ratio at time of 1890 seconds was 0.0048.  With
similar transmittance (54.2 and 52.9 %/cm, respectively), treatments A and B resulted in
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similar disinfection efficiency.  The final ratios of treatments A and B were 0.012 and
0.011, respectively, about twice of treatment F.  The survival ratio of treatment C
dropped slowly (0.017 final ratio) due to the low transmittance (30.1 %/cm).  The
mechanism of the impact of UV transmittance on disinfection efficiency can be easily
understood because a higher transmittance resulted in a higher average UV energy
intensity, or a higher UV dosage for the water through an UV unit.  The same
performance could be observed in a recirculating system with a 40 W UV unit (Figure 5).
For a given wastewater, FC survival ratio declined more quickly using a 40 W unit than
using a 25 W one.

Figure 6  Fecal coliform survival ratio versus disinfection time for different UV254

transmittances and UV powers of treatments D (25.3 %/cm, 25 W), G (52.1 %/cm, 25 W)
and H (38.2 %/cm, 40 W) in a recirculating experimental system with a flow rate of 2.52
l/s.

Figure 7  Fecal coliform survival ratio versus disinfection time for different flow rates of
treatments E (0.63 l/s), A (1.26 l/s), G (2.52 l/s) in a recirculating experimental system
with a 25 W UV unit and similar UV254 transmittances of A (54.2 %/cm), E (57.6 %/cm)
and G (52.1 %/cm).

The impact of transmittance was less pronounced for the 25 W unit when flow rate
increased from 1.26 to 2.52 l/s (Figure 6).  Although the difference of UV transmittance
between treatments D (25.3 %/cm) and G (52.1 %/cm) was significant, the decline of
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survival ratio was similar (final ratios were 0.0066 and 0.0057, respectively).  This was
because the high flow rate might have provided all parts of the flow stream with more
probability to be exposed in high UV intensity condition.  Figure 6 also shows that the
FC survival ratio of treatment H (40 W unit) declined more quickly than that of D and G
(25 W unit).

Water flow rate was another key factor impacting UV disinfection efficiency.
Treatments A (54.2%/cm), E (57.6 %/cm) and G (52.1 %/cm) had similar UV
transmittance levels, but showed different results because of the flow rate difference
(Figure 7).  Treatment A (1.26 l/s flow rate) had a final survival ratio of 0.012.
Treatment E, with the lowest flow rate (0.63 l/s), resulted in a ratio of 0.0315, much
higher than A.  The highest flow rate of treatment G (2.56 l/s) produced the lowest final
ratio (0.0057).  Reasons for the results can be explained below.  Although a low flow rate
increased the UV dosage of the flow-through an UV unit, the disinfecting opportunity of
the water through the UV unit would be reduced because of the reduced number of
cycles.  Moreover, although high UV dosage may kill more bacteria flowing through the
UV unit, the disinfection efficiency per unit of UV intensity would be low.  With the
increase in flow rate, the UV disinfection effciency rose even more for the treatments
using the 40 W unit (H and I in Figure 8) than those using the 25 W unit.  FC survival
ratio of H (2.52 l/s flow rate) at the time of 1350 s was 0.0033 which was only one fourth
that of treatment I (1.26 l/s flow rate).  Therefore, in order to obtain a better disinfection
result, a high flow rate was more desirable for a high power UV unit.

The FC disinfection generally approached an exponential function of UV reacting time in
a recirculating system, as shown in Figures 2, 4, 5, 6, 7 and 8.  These results were
obtained in controlled conditions without continuous FC sources.  In reality, UV devices
are operated in various conditions.

Figure 8  Fecal coliform survival ratio versus disinfection time for different flow rates of
treatment H (2.52 l/s) and I (1.26 l/s) in a recirculating experimental system with a 40 W
UV unit and similar water UV254 transmittances of H (38.2 %/cm) and I (39.4 %/cm).

Conclusions
(1) The UV devices were highly effective for FC disinfection under all experimental

conditions.  Only about 1% FC could survive after 7 cycles through the 25 UV unit
and 5 cycles through the 40 UV one.

0.001

0.01

0.1

1

0 500 1000 1500 2000

Disinfection time (s)

Fe
ca

l c
ol

if
or

m
 s

ur
vi

va
l r

at
io

H

I



9

(2) UV254 transmittance was an important factor affecting the disinfection efficiency of
UV units.  A high UV254 transmittance generally resulted in a high disinfection
efficiency, but the increment of efficiency was not obvious for a low power UV unit
working at a high flow rate (e.g., 25 W UV unit at 2.52 l/s flow rate).

(3) To obtain high disinfection efficiency, maintaining a sufficient flow rate was
necessary for a recirculating UV disinfection system, especially for a high power UV
unit working with low UV transmittance wastewater.
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Introduction

     Dissolved oxygen is one of the most important water quality parameters for
aquaculture and maintaining proper concentration in a high density recirculating
aquaculture system is always important for both fish and nitrifiers. Therefore a variety of
aeration devices are employed or pure oxygen is applied in the culture system. But extra
energy or cost is needed to operate the aeration devices or to supply the pure oxygen.
Their efficiency is varying but all devices have to add up to the production costs. It is
known that cost of oxygen supply is highest in the total expenditure of aquaculture except
for feed cost. The percentage of aeration cost to the total expenditure in rainbow trout
culture, hatchery, and recirculating aquaculture was 13-15%, 23% (Petit 1990), and
8.6%(Timmons and Aho 1998), respectively. Therefore proper devices have to be
selected for the reduction of production cost. In the Intensive Bioproduction Korean
(IBK) recirculating aquaculture system, circulating pump(s) also supplies oxygen into
water while circulating the water. Since a lot of bubbles are formed in the pumping
process, oxygen is easily transferred to the water. The efficiency of oxygen transfer ratio
(OTR) is positively related with contact time between bubbles and water but is negatively
related with bubble size. Water temperature also affects the saturation point of oxygen.
Therefore, OTR and aeration effectiveness (AE) were compared with the combinations of
two different water temperatures (20oC and 30oC) and 4 different baffle depths (0, 50,
100, and 150 cm) at the IBK recirculating aquaculture system to check the effect of
temperatures and baffle depths on OTR and AE. .
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Materials and Method

     Schematic drawing of the pumping station of IBK system is shown in Figure 1. The
pumping station is constructed of concrete and is consists of water supply channel,
pumping site, pumps, U-shaped mixing chamber, baffle, and water discharge channel.
Water from rearing tanks flows into water supply channel and is pumped into the U-
shaped mixing chamber by axial flow vertical pump(s). The U-shaped mixing chamber is
1.5 m long and 2.0 m deep, and is divided into two parts by a baffle plate, and the depth
of water path is manipulated by changing the depths of the baffle, 0 cm (control, without
baffle), 50 cm, 100 cm, and 150 cm. Then water flows through the discharge channel and
is fed into the biological filter chamber.

Oxygen transfer rate (OTR) and aeration effectiveness (AE) were determined at
20oC and 30oC with each of the 4 different baffle depths. Total water volume in the
system was 250 kL and the flow rate by a 3.5 kW mixed flow vertical pump was 370 kL
per hour. Oxygen concentration was monitored by 4-Channel Multi Logger System
(Oxygard, Denmark) and recorded automatically every 30 seconds.

Figure 1. Schematic drawing of the pumping station of IBK system.
(a): Plan view; (b): Side view; (1): Supply channel; (2): Vertical pump;
(3): U-shaped a mixing chamber; (4): Baffle; (5): Discharge channel.

Results and Discussion

  As shown in Table 1, dissolved oxygen (DO) concentration in the water was
considerably increased in the U-shaped mixing chamber. The DO was increased by 2.1 to
2.6 mg/L at 20oC, while that at 30oC by 1.9 to 2.7 mg/L. The OTR and AE at 20oC were
777 to 962 g O2/hr and 43.2% to 58.2%, respectively, while those at 30oC were 703 to
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999 g O2/hr and 48.5% to 57%, respectively. In the experiment at 20oC, OTR at the baffle
depths of 100 cm and 150 cm was significantly higher than that of control while AE of all
baffles were significantly higher than that of the control. In the experiment at 30oC, OTR
at all baffles were significantly higher than the control while AE with baffle depths of
150 cm was significantly higher than that of the control.

  It is hard to compare the AE value of this experiment with others because of the
differences in experimental conditions. However, Soderberg (1982) reported the aeration
efficiencies of some gravity aerators with various distances of waterfall, showing the
efficiency increase with the increase of the distance of waterfall. In this experiment, the
AE was ranged from 43% to 58.1% and was affected by baffle depths. Average OTR and
AE were increased by increasing baffle depth at both temperatures, 20oC and 30oC.

Net oxygen transfer depends upon the temperature, the contact area of air-water
interface, and contact time (Haney 1954; Spotte 1992; Lawson 1995). In this experiment,
there are strong trends that increasing baffle depths increased the contact time of bubbles
with water, leading to enhanced oxygen transfer, that is, the deeper the baffle the higher
the OTR and AE at both temperatures.

Table 1. Effects of baffle depths in the pumping station in the IBK recirculating
aquaculture system on oxygen transfer rate (OTR) and aeration efficiency (AE)
at two different temperatures

0 (control) 50 100 150
Baffle Depth (cm)

20oC
Inlet 4.3 4.6 4.7 4.8

Av. DO (mg/L)
Outlet 6.4 6.8 7.0 7.4

Increased DO (mg/L) 2.1 2.2 2.3 2.6
AE (%) 43.2±1.98c 51.5±2.70b 52.5±1.60b 58.1±2.74a

OTR (g O2/hr) 777±35.4c 814±18.5bc 851±35.4ab 962±63.2a
Added DO by baffle (g O2/hr) 0 37 74 185

30oC
Inlet 3.6 2.9 2.8 2.8

Av. DO (mg/L)
Outlet 5.5 5.1 5.2 5.5

Increased DO (mg/L) 1.9 2.2 2.4 2.7
AE (%) 48.5±0.67b 47.9±1.85b 50.9±5.95b 57.0±2.20a

OTR (g O2/hr) 703±42.7c 814±55.5b 888±92.3b 999±30.2a
Added DO by baffle (g O2/hr) 0 111 185 296

The oxygen concentration increase at 20oC from inlet to outlet of the U-shaped
mixing chamber was 2.1 mg/L without baffle, and 2.6 mg/L with 150 cm baffle. There
are strong trends that the oxygen transfer rate increased to a large extent with increasing
baffle depth.

The amount of oxygen transferred by the cascading water in the pumping station of
the IBK recirculating aquaculture system is considerable from the first. Providing U-
shaped water-bubble mixing chamber can further enhance the efficiency. In this
experiment at 20oC, an amount of 777 g oxygen per hour was increased without baffle
plate, and with 150 cm deep baffle, 962 g of oxygen per hour was increased. Therefore
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the amount of added increase by providing 150 cm baffle was 185 g oxygen per hour or
4,440 g per day.

    During the time of high temperature in the summer season the water temperature in the
IBK system increases to 30oC or higher for an extended length of time and much more
oxygen is consumed by the fish and oxygen concentration decreases after passing through
fish rearing tanks. The concentration of oxygen in the inlet water of the pumping station
at 30oC, as shown in Table 1, ranged somewhere between 2.8 and 3.6, which were much
lower than those at 20oC. In the experiment at 30oC, an amount of 703 g oxygen per hour
was increased without baffle plate, and with 150 cm deep baffle, 999 g of oxygen per
hour was increased. Therefore the amount of added increase by providing 150 cm baffle
was 296 g oxygen per hour or 7,104 g per day. When we calculate these figures in terms
of the local price of pure oxygen, 325 won per kg, the added amount of oxygen per day,
7,368 g at 30oC, is wroth for 2,308 won and this amount leads to a monthly saving of
69,264 won, equivalent to US$63. With further improvement of the device we expect
saving of the cost to a considerable extent.

The oxygen concentration in inlet water, effluent from fish tanks, at 20oC remained
higher than that at 30oC. This is due to the higher oxygen saturation concentration and
lower oxygen consumption by the fish at lower temperature. Nevertheless, oxygen
transfer rate and AE at 20oC water were not much different from those at 30�  because of
higher DO of inlet water. Oxygen transfer rate and AE were increased with the increase
of baffle depth. Therefore, the deeper baffle depth significantly enhances not only the
oxygen concentration but also the OTR and AE in the IBK system without additional
power consumption.

Conclusion

The effects of baffle depths, 0, 50, 100, and 150 cm, in the U-shaped mixing
chamber at the pumping station of the Intensive Bioproduction Korean (IBK)
recirculating aquaculture system on oxygen transfer rate (OTR) and aeration
effectiveness (AE) were tested.

The OTR and AE were increased with increasing baffle depth both at 20oC and 30oC
without extra energy. The oxygen transfer efficiency through the U-shaped mixing
chamber with deeper baffle plate up to 150 cm was much more effective than shallower
baffles to enhance dissolved oxygen in the IBK system.

Total amount of oxygen transferred with the baffle depth of 150 cm was 999 g/hr
with an increase of 296 g O2/hr compared to control at 30� . This leads to added amount
of 213 kg O2 per month, and we expect further improvement in future.
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Oxygen Management at a Commercial Recirculating
Aquaculture Farm producing Atlantic Salmon 

(Salmo salar) Smolts

Introduction

The effective management of dissolved oxygen (DO) levels is the most critical factor in the
operation of commercial recirculating aquaculture systems.  The fish, nitrifying bacteria in
the biofilter, and heterotrophic bacteria that feed on the uneaten food and organic wastes all
need oxygen.  Close control of the DO level is critical because failure of the aeration or
oxygenation system can lead to a total loss of the crop within minutes.  

Atlantic salmon (Salmo salar) smolt production facilities are intensive aquaculture systems
in which direct oxygenation must be used together with aeration to meet the oxygen demand
of the fish and bacteria.  However, it is crucial that oxygen gas be used efficiently because
it is expensive.  The commercial profitability of these systems can be improved directly
through decreased oxygen expenses or indirectly through better system performance.  

This paper will discuss oxygen management at a commercial freshwater recirculating
aquaculture farm annually producing 400,000 Atlantic salmon smolts in New Brunswick,
Canada.  About 68,000 kg of pure oxygen is consumed per production cycle at this facility.
The oxygen is stored in bulk on site and injected into the water by bubble diffusers and low
head oxygenator (LHO) units.  The level of DO in each tank is controlled by manual
adjustment of the flow of injected oxygen.  The objectives of this study were to determine
the oxygen utilization efficiency of the system and to test the effectiveness of an automatic
on/off DO control system.  
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Figure 1: Layout sketch of the recirculating aquaculture system, with arrows showing      
                 direction of water flow.  

System Description

A schematic of the recirculating system on which this study was done is provided in Figure
1.  Before entering the settledeck, which serves as a water reservoir and sedimentation tank,
the make-up water from an artesian well is ozonated and heated.  Water from the settledeck
is pumped to three fluidised sand-bed nitrification biofilters.  After each nitrification
biofilter, the water is degased by bubbling atmospheric air into the water and oxygenated
by an LHO unit.  The water then flows to the tank field where twenty 33 m3 double drain
tanks hold the fish.  Within each tank is a bubble diffuser for adding pure oxygen into the
water and an airlift pump for creating current.  Most of the water exits the tanks from the
middle of the water column and flows directly back to the settledeck.  The remainder exits
from the bottom and is treated by a swirl separator and microscreen drumfilter to remove
solids before flowing back to the settledeck.  Effluent water exits the recirculating system
through an overflow pipe located in the settledeck and a discharge pipe located at the bottom
of the swirl separator.  The recirculating system operates at a 95 to 96% recirculation rate,
meaning that 5% to 4%, respectively, of the system flow is exchanged during each turnover.

Methods

The amount of DO added by the make-up water, LHO units, degasers, bubble diffusers, and
settledeck, and the amount consumed by the effluent, nitrification biofilters, settledeck and
fish, was obtained by performing oxygen and water mass balances at five system biomasses
of 4076, 7889, 8180, 10093, and 12743 kg.  The mass of DO added or consumed by each
unit was obtained by multiplying the measured water flow rate by the difference between
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Figure 2: DO added to the recirculating system.  
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Figure 3: DO consumed by the recirculating aquaculture system.  

the outlet and inlet DO concentrations.  The DO consumed by the fish (oxygen consumption
rate) was calculated by measuring the rate of DO decrease in the fish tank while water and
oxygen flow through the bubble diffusers were turned off.  

The effectiveness of an automatic on/off DO control system to control fish tank DO at 100%
was tested on 4 different tanks.  DO levels before and during DO control were logged once
a minute for 24 hours and compared.  

Results and Discussion

Figure 2 shows kg DO/day added to the recirculating system by the make-up water, LHO
units, degasers and bubble diffusers at the five system biomasses.  Most DO was added by
the bubble diffusers and LHO units, which had average absorption efficiencies of 72% and

75%, respectively.  LHO unit absorption efficiency decreased linearly with increasing gas-
to-liquid ratio.  

Figure 3 shows kg DO/day consumed within the recirculating system by the effluent water,
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Figure 4: DO levels over 24 hours in a fish tank when oxygen addition rate is kept           
                  constant.  

nitrification biofilters, settledeck and fish at the five system biomasses.  Most DO was
consumed by the fish and nitrification biofilters.  Fish DO consumption did not vary with
system biomass and averaged 0.5 kg DO/kg feed (72% of the total) during daylight hours.
Nitrification biofilter DO consumption averaged 0.12 kg DO/kg feed (17% of the total).
However, not all of the DO consumed by the nitrification biofilters was for nitrification
because an average of 6.86 kg DO were consumed/kg total ammonia-nitrogen removed in
the nitrification biofilters.  This is more than expected for nitrification alone.  

Figure 4 shows the wide fluctuations in DO observed in fish tanks over 24 hours when
oxygen flow rate through the bubble diffuser is constant.  Without control or adjustment of
oxygen flow through the bubble diffuser, it is continually supplying enough oxygen to meet
peak DO demand throughout the day but DO concentrations rise greatly at night when fish

DO demand is least.  The automatic DO control system eliminated the wide fluctuations in
fish tank DO and proved to be effective at controlling it at 100%.  

Conclusions

In total, an average of 26% of the pure oxygen that flowed through the LHO units and
bubble diffusers at each system biomass was lost due to absorption inefficiencies.  On
average, 11% of the total DO consumed at each system biomass was due to processes or
components other than the fish and nitrification biofilters.  Fish DO consumption during
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daylight hours averaged 0.5 kg DO/kg feed (72% of the total).  The total DO consumption
for the recirculating system at each system biomass averaged 0.73 kg DO/kg feed.  The
automatic on/off DO control system was effective at controlling the fish tank DO at 100%
saturation.  Control of DO concentration at levels not exceeding 100% saturation is key in
the proper management of oxygen in recirculating systems.  Loss of oxygen to the
atmosphere can be significant at higher concentrations.  
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Introduction

Ozone is applied to recirculating aquaculture systems (RAS) for many purposes,
including color and organic carbon removal.  Although the interaction of ozone with
organics in RAS is complex, it is suggested that ozonation decreases organic carbon
concentrations by:  1) direct oxidation of organic compounds 2) coagulation of
particulates into larger ones more easily removed by mechanical filtration, and 3)
breaking down large, “refractory,” organic molecules into more biodegradable ones.

Several authors have confirmed that ozone does decrease the amount of organic
carbon in recirculating systems.  Brazil et al, (1996) compared the water quality in
systems receiving ozone to controls.  While they found no significant differences in
dissolved organic carbon (DOC), the ratio of DOC to cumulative feed in the treated units
was significantly different from the control.  Summerfelt et al (1997) found that
ozonation reduced DOC levels by approximately 17%, although the reductions for two
different ozone dosage rates were ‘similar.’  This report presents the progress of an
experiment to quantify the decrement in organic carbon as a function of the ozone dose.

Methods

Two identical recirculating aquaculture systems were used in this experiment.
Ozone was added to only one system at a time.  The systems are described elsewhere
(system #1, Ebeling et al, 1997), and consist of a 2 m3 culture tank, 60µm rotating micro-
screen filter, and 57 L (bed volume) bubble-washed bead biofilter.  The water flow rate
was 60-65 L/min.  For the ozonation runs, an Emperor Aquatics “Atomizer” ozone
contactor was installed between the screen filter and the bead filter.  The systems were
stocked with 54-80 kg of hybrid striped bass, weighing 270 – 560 g each.  Each tank was
fed 1.5% - 1% of biomass (800 g feed) daily.

Tanks were drained and cleaned at the start of each test, which ran for 28 days.
Ozone was added at a rate of 0 g/d (control), 8 g/d, 12 g/d and 24 g/d (0, 10, 15 and 30 g
ozone / kg feed).  Water samples were collected each morning before feeding and
analyzed for total organic carbon (TOC) using a Shimadzu TOC-5050A analyzer.



2

At this time, the control (both tanks), 8 g/d (tank 1), and 12 g/d (both tanks)
experimental trials have been completed.  Preliminary experiments were run on both
tanks at the 24 g/d dose.  However, these trials lasted 7-10 days and did not start with
“clean” water.  (Trials were started with a feed burden of 1.2 and 2.1 g/L in tanks 1 and 3,
respectively.)

Results and Discussion

Cumulative feed burden (CFB) is a concept championed by Dr. Dallas Weaver to
compare the water use efficiency among systems with different management schemes for
feeding or water replacement.  It is simply the weight of all of the feed ever put into the

Figure 1. Total organic carbon with accumulating feed burden.  Two runs (tanks 1 and 3) each for
control, 12 g/d and 24 g/d ozone, only tank 1 data available for the 8 g/d run.  24 g/d runs began with
“dirty” (CFB ≠ 0) water.

tank, divided by the system volume.  If system water is flushed and replaced with clean
water, the CFB is multiplied by exp(-V/Vtot), where V is the volume of water replaced,
and Vtot is the total system volume.  Although CFB only truly applies to inert components
of the feed (that do not break down), it can be used to model system water organic
carbon, a large portion of which is resistant to biological decomposition.  CFB starts at
zero when the tanks are filled with clean water and freshly stocked with fish.  It rises
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somewhat every day with feeding, and drops when the bead filters are flushed or water is
otherwise exchanged.  Eventually, the systems reach equilibrium, where the amount of
flushed material balances the amount of feed.  For systems that have been operating for a
long time, CFB is the daily feed rate divided by the daily water exchange.

Figure 1 plots the morning TOC concentrations as a function of CFB.  Initially,
TOC concentrations rise rapidly, then appear to level off after a CFB of 2 g/L.  The fact
that TOC remains constant even with increasing CFB indicates that organic carbon is
being removed by some mechanism other than flushing.  Therefore, rather than analyzing
the data as TOC/CFB (similar to Brazil et al, 1996), all the data collected after the CFB
reaches 2 g/L are considered to be “in equilibrium,” and analyzed by a two-factor
ANOVA (general linear model, SAS Institute, Cary, NC).  Table 1 lists the resulting
average equilibrium TOC concentrations.

The ANOVA reveals that TOC is significantly (p < 0.001) affected by tank and
ozone dose, but interaction between tank and dose is not significant.  For the control, 12
and 24 g/d treatments, the average equilibrium TOC concentration in tank 3 (16.95 mg/L)
is about 4 mg/L lower than in tank 1 (20.89 mg/L).  (The 8 g/d replicate for tank 3 has not
yet been completed; therefore, 8 g/d data are not included in the mean comparisons.)
This can be seen most clearly for the control and 12 g/d runs in Figure 1, where the tank 3
curves are consistently lower than the corresponding tank 1 curves.

In both tanks, the equilibrium TOC concentration with 12 and 24 g/d ozone is
significantly lower than the control, although the two dosage rates do not differ
significantly from each other.  For the 8 g/d trial in tank 1, the TOC was significantly
lower than both the no ozone and the 12 g/d ozone dose, though not the 24 g/d rate.

Table 1. Equilibrium TOC concentration with ozone dose.
Treatment control 8 g/d ozone 12 g/d ozone 24 g/d ozone

TOC (mg/L) 27.17a 12.61b 16.61c 15.04b,c

Tank 1 only n 13 5 15 3

TOC (mg/L) 23.50a N/A 14.36b 13.19b

Tank 3 only n 9 N/A 14 6

Both tanks TOC (mg/L) 25.67a N/A 15.52b 13.81b

n – number of samples
N/A – Data not available
a, b, c – data in the same row not sharing a letter are significantly different at the 0.05 level.

The results show that ozonation decreases organic carbon equilibrium
concentrations, but among the ozone doses investigated here, increasing ozone dose does
not seem to change the final TOC.  In fact, the lowest average TOC concentrations were
observed with the smallest (nonzero) ozone dose, 8 g/d in tank 1.  This result is
surprising, because during the 8 g/d run, the system water had a slight but noticeable
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yellow color, while the water in the higher ozone treatments was crystal clear.  The color
(absorbance) was not quantified in this experiment.

Clearly, more research is needed to determine to what extent equilibrium TOC in
a recirculating system depends on the rate of ozone addition.

Conclusions

• TOC concentrations in recirculating systems rise and then level off with water use
(increasing CFB).  Equilibrium is reached (in our systems) at about CFB = 2 g/L.

• In these experimental systems, ozonation lowers the equilibrium TOC from an
average of about 26 mg/L to approximately 15 mg/L.

• The difference in equilibrium TOC between two identical recirculating systems is
approximately 4 mg/L.  This intrinsic variability among systems is not negligible
compared to the effect of ozone.

• A difference in equilibrium TOC among the different ozone doses could not be
detected.
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