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PRELIMINARY FIELD TRIALS

Factors Affecting Algal Growth

Experiments were initiated (1) to find a concentration of swine waste suitable for algal
growth, and (2) to test algal growth as a function of culture depth, retention time, and tem-
perature.

During July, 1975, 50 pigs weighing a total of 3,200 kg were brought into the animal
quarters. The manure was removed by hourly flushings with 140 liters of fresh water. The
culture depths in four sets of the six sets of two basins were maintained at 7.5, 10, 15, and
20 cm, respectively. The temperature in these basins was controlled at 35 ± 1 C. An addi-
tional set of basins was operated at a depth of 7.5 cm and ambient temperature. All cultures
were operated at the same retention time. The initial retention time was 2 days which was
increased to 8 days in increments of 1 and 2 days. The cultures were harvested each morning
at 08:00 h. The amount withdrawn was replaced with fresh swine waste as described earlier.
Determinations of total Kjeldahl nitrogen, ammonium and nitrate nitrogen, and concentrations
of total dry matter as well as algal counts were made daily. Samples for these determinations
were taken from the cultures just before harvest time.

Table 18 summarizes climatological data for the periods during which experiments were
conducted.

Table 18. Climatological data for the 1975, July through September period. (After Bates
and Calhoun, 1976).

Air temperature'

	

Period of	 Daily maximum	 Daily minimum 

	

experiment	 Avg.	 Range	 Avg.	 Range

Intensity of
solar radiation

Avg.	 Range

kcal/m2 day ...

July 15 - Aug 5
Aug 6 - Aug 14
Aug 15 - Aug 24
Aug 26 - Sept 4
Sept 15 - Sept 30

	

27.2	 18.9-34.5	 11.1	 7.2-13.9

	

26.7	 22.2-30.6	 8.9	 7.8-13.3

	

21.7	 17.8-27.8	 11.1	 4.4-14.5

	

21.7	 17.2-30.6	 10.0	 7.2-13.3

	

27.2	 20.6-31.1	 9.4	 5.0-17.2

4,240
4,530
2,860
3,080
3,670

960-5,880
2,880-5,640

960-4,920
600-4,920

2,640-4,080

/2.5 cm above ground, grass surface.

Table 19 shows the characteristics of the liquid portion of the swine waste with which
experiments were conducted during the period from July through September, 1975. About 80
percent of the total Kjeldahl nitrogen consisted of ammonium nitrogen and less than one per-
cent was nitrate nitrogen. The remaining 20 percent consisted of organic nitrogen in both dis-
solved form and tied up in particulate matter. The ratio of COD to BOD was approximately
2 to 1.

The concentrations of ammonium nitrogen to which the algae and bacteria were exposed
in the culture media were less than the concentrations shown in Table 19 for the liquid phase
of the swine manure. The actual concentrations were determined by combinations of factors
such as retention time, conversion to biomass, and removal by volatilization and precipitation.
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For example, when the basins were operated at the retention time of 2 days during the period
July 15 through August 5 and the cultures were supplied with fresh waste containing 465 mg
of ammonium nitrogen per liter (Table 19), the ammonium nitrogen concentration in the
basins varied between 308 and 362 mg/I. The complete analysis of the ammonium nitrogen
concentrations in the culture media immediately before harvest time and after nutrient replen-
ishment is given in a later section (see Table 27 in section on the "Nitrogen Balance of the Cul-
tures", p. 76).

Table 19. Characteristics of the liquid portion of swine waste in which Ch/ore//a vulgaris 211/8K was grown.
Period: July-September, 1975. TS = total solids; TKN = total Kjeldahl nitrogen; COD = chemical
oxygen demand; BOD = 5-day biological oxygen demand determined at 20 C.

Period of	 Retention
time	 TS	 TKN	 NH4-N	 NO3-N	 COD BODexperiment 

1975	 days	 	  mg/I 	

July 15 - Aug 5	 2	 1,100 ± 60	 567 ± 41	 465 ± 19	 3.4 ± 0.8	 4,500	 2,300
Aug 6 - Aug 14	 3	 508 ± 22	 414 ± 15	 2.5 ± 1.0	 4,800 2,200
Aug 15 - Aug 24	 4	 450 ± 62	 242 ± 18	 188 ± 9	 1.3 ± 0.2	 1,300	 600
Aug 26 - Sept 4	 6	 360 ± 38	 237 ± 16	 198 ± 13	 2.0 ± 0.4	 1,600	 900
Sept 15 - Sept 30	 8	 180 ± 57	 132 ± 5	 106 ± 4	 0.7 ± 0.1	 700	 340

The experiments started with swine waste which contained 400 to 500 mg/I ammonium
nitrogen. The basins were operated at retention times of 2 and 3 days. No difficulties were
encountered in establishing Ch/ore//a vu/garis 211/8K. During the first few days after inocula-
tion of the basins no waste was added or removed. The number of algal cells increased from
1 x 106/ml to 50 x 106/ml. The increase in the number of cells was accompanied by marked
changes in the appearance of the cultures. At cell densities of 1 x 10 6/ml, the cultures had a
light brown color and resembled activated sewage because of the predominance of bacterial
floc. The typical odor of swine manure was present. At cell densities of 50 x 10 6/ml, the cul-
tures had a deep green color, the bacterial floc was fine and well dispersed, and the typical
odor of swine waste was no longer present.

As soon as the daily routine of harvesting and nutrient replenishment of the cultures
began, the density of the algal populations decreased rapidly from 50 x 10 6 cells/ml to less
than 1 x 106 cells/ml except in the heated basins with a culture depth of 7.5 cm, where the
density of algal cells stabilized at 2.5 x 106/ml in the presence of a dense bacterial floc. These
shallow and heated cultures with a cell density of 2.5 x 10 6/m1 had a faint green color, but
their odor was that of swine manure.

It was concluded that swine waste containing more than 400 mg/1 of ammonium nitrogen
provided sufficient carbon and nitrogen for large numbers of bacteria to develop which then
shaded the algal cells from the available light and thus caused their decline in numbers. Fur-
thermore, the retention times of 2 and 3 days were probably too short with respect to the
generation time of the algae to allow replacement of the harvested cells.

To provide conditions more suitable for algal growth it became therefore necessary to
dilute the swine manure further. Several options were available for this purpose, namely
(1) to maintain the same number of pigs, but increase the flush rate, (2) to retain the flush
rate, but decrease the number of pigs, or (3) to retain the same number of pigs as well as the
flush rate, but increase the retention time.
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Under the adopted mode of batch harvesting and feeding once each day, the retention
time translates into a dilution factor. For example, a retention time of 2 days means that 50
percent of the volume in a given basin is harvested each day, leaving the remaining 50 percent
as the dilution water for the fresh swine waste which is added to replace the harvested volume.
A retention time of 4 days means that only 25 percent of the culture volume is harvested each
day, leaving 75 percent as dilution water for the fresh swine waste.

Increasing the retention time to affect the dilution of the swine waste decreases the daily
harvest volume (Table 10). The method of harvesting consisted of draining part of the cultures
once each day and measuring the decrease in culture depth corresponding to the harvest
volume (Table 10). An increase in retention time meant that smaller and smaller differences in
depth had to be measured. It was estimated that the culture depth could be measured within
± 0.2 cm, which was equivalent to ± 4 liters of harvest volume. Thus, increasing the retention
time also increased the error involved in measuring the daily harvest volume.

For reasons of decreased harvest volumes and increased errors in measuring the harvest
volumes, it was judged to be impractical to operate the basins at retention times longer than
8 days.

By harvesting every other day, or every third or fourth day, instead of once each day, the
retention time could have been increased beyond 8 days. But this method of harvesting would
have introduced a new variable with an unknown effect on algal growth. Furthermore, long
retention times have the disadvantage of decreasing the harvest volume and therefore the yield
of algae per unit surface area, which can only be compensated for by increasing the available
basin area. Long retention times also increase the chances for the growth of undesired species
of algae and predatory organisms to occur because more time is available for these to establish
themselves.

Increasing the flush rate beyond 140 I/h to affect the dilution of the swine waste was
considered an unnecessary waste of water because the additional volume of substrate could not
be used in the available basins. It was therefore decided to reduce the number of pigs in the
pens from 50 to 20 while maintaining an hourly flush rate of 140 liters. This produced a
liquid swine waste with an ammonium nitrogen concentration varying from 100 to 250 mg/I
depending on the size of the pigs (Table 11).

The decrease in the concentration of the influent waste as measured by the ammonium
nitrogen concentration combined with increases in the retention times from 2 and 3 days to 4,
6, and 8 days, produced marked changes in the cultures. Instead of having the appearance of
activated sewage, all cultures had a deep green color.

Figures 24 and 25 contrast the appearance of the swine waste medium under conditions
favorable to bacterial growth (Figure 24) and favorable to algal growth (Figure 25).

Effect of Algal Growth on pH and DO of Swine Waste

Marked changes in the pH and dissolved oxygen (DO) concentration of the culture
medium occurred as a result of algal growth. Table 20 shows values of DO and pH for the
heated, 10 cm deep culture at retention times ranging from 2 days to 6 days and ammonium
nitrogen concentration in the influent waste ranging from 465 mg/I to 188 mg/I.
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Figure 24. Appearance of swine waste medium under conditions favorable to bacterial growth.

Figure 25. Appearance of swine waste medium under conditions favorable to algal growth.
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Table 20. Dissolved oxygen (DO) concentrations and pH of an algal-bacterial
culture grown in swine waste as a function of retention time and
ammonium nitrogen concentration. The culture was 10 cm deep
and maintained at 35 C. The measurements shown are averages for
the last 3 days of each experimental period only. The morning
measurements were made between 06:00 and 08:00 h, the afternoon
measurements between 16:00 and 17:00 h.

Day of
measurement

Retention
time

Influent
NH4-N

DO pH
AM PM AM PM

1975 days mg/I .. mg/I . .

August 3 2 465 1.0 1.0 7.6 7.6
4 1.0 1.0 7.6 7.6
5 1.0 1.0 7.6 7.6

August 12 3 414 1.0 1.0 7.6 7.8
13 1.0 1.0 7.8 7.6
14 1.0 1.0 7.6 7.6

August 22 4 188 3.7 9.3 8.1 8.5
23 1.0 7.2 7.8 8.6
24 4.0 13.0 8.0 8.7

September 2 6 198 1.3 3.6 8.1 8.8
3 1.4 3.2 8.2 8.3
4 1.9 3.6 7.8 8.9

The dissolved oxygen concentrations in the culture media remained at 1 mg/I and the pH
at 7.6 to 7.8 when bacterial growth predominated while both DO and pH fluctuated in diurnal
cycles when algal growth was favored (Table 20).

The effect of algal growth and bacterial growth on the pH and DO of the swine waste
media is shown in greater detail in Figure 26. The pH and DO values for the predominantly
bacterial culture were obtained during August 5 and 6 and those for the predominantly algal
culture during August 24 and 25 (Table 20). The solar radiation intensity was 5,760 kcal/m2
day during August 5 and 5,520 kcal/m 2 day during August 24.

When algal growth was favored, the DO content of the culture increased soon after sun-
rise and peaked sometime between 13:00 and 16:00 h. At times the DO concentrations rose
above 20 mg/I and the pH rose as high as 9 in the 20 cm deep cultures and as high as 10 in the
shallow, 7.5 cm deep cultures. Respiratory activity of the algae and bacteria during the night
increased the bicarbonate concentration and reduced the pH to about 8 by early morning.
During the same time, the dissolved oxygen content decreased to concentrations between 1
and 4 mg/I. Periods of prolonged cloudiness decreased peak values of pH and DO, the pH
values varying between 7.8 and 8.5, and the DO values between 3 and 5 mg/I.
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Figure 26. The dissolved oxygen concentration and pH of liquid swine waste as a function of
time for algal and bacterial cultures during a 24 h period. The data shown were
obtained from cultures operated at a depth of 10 cm and a temperature of 35 C.
Algal growth predominated when the influent swine waste contained 188 mg/I
ammonium nitrogen and the retention time was at least 4 days. Bacterial growth
predominated when the influent swine waste contained 465 mg/I ammonium nitro-
gen and the retention time was less than 4 days.

Algal Cell Counts

Table 21 summarizes the mean . hemocytometer counts of Chlorella vulgaris 211/8K
obtained for each experimental period as a function of retention time, ammonium nitrogen
concentration, culture depth, and temperature. The mean cell counts were obtained by aver-
aging the daily counts for the last 5 to 8 days in each experimental period. The high initial
counts of 50 x 106 to 80 x 106 cells/ml observed during the first 1 to 3 days due to the built-
up inoculum were not included in the calculations. The means were compared by analysis of
variance to determine significant differences (Snedecor and Cochran, 1967). The mean cell
counts in Table 21 which are followed by different letters were different from each other at
the 95 percent level of probability.

During the experimental periods July 15 through August 5 and August 6 through August
14, when the influent swine waste contained 400 to 500 mg/I of ammonium nitrogen and the
basins were operated at retention times of 2 and 3 days, the population densities of Chlorella
decreased rapidly from about 50 x 106 cells/ml to less than 1 x 106 cells/ml in all but the
heated, 7.5 cm deep cultures where the cell density became constant at about 2.5 x 106
cells/ml. The heated, 7.5 cm cultures were light brown in color because of the predominance
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of bacteria with a barely noticeable green color due to the algal cells with a population density
of 2.5 x 106 cells/ml. The odor of the cultures was that of swine manure.

Table 21. Mean hemocytometer counts of Ch/ore//a vulgaris 211/8K as a function of
retention time, ammonium nitrogen concentration, culture depth, and tem-
perature during the indicated periods of experimentation. Mean cell counts
followed by different letters are significantly different from each other at the
95 percent level of probability.

	

Period of	 Retention	 Influent	 Culture	 Hemocytometer

	

experiment	 time	 N H4-N	 depth	 counts

1975	 days	 mg/I	 cm	 cells/ml x 10-6

July 15 - Aug 5	 2	 465	 7.51	 < 1
7.5	 2.5 ± 0.5 a

10	 <1
15	 <1
20	 < 1

Aug 6 - Aug 14	 3	 414	 7.51	 < 1
7.5	 2.6 ± 0.6 a

10	 <1
15	 <1
20	 <1

Aug 15 - Aug 24	 4	 188	 7.5'	 22.0 ± 3.3 b
7.5	 35.1 ± 3.7 c,f

10	 36.1 ± 4.7 c,f
15	 27.9 ± 8.9 b,c,f
20	 18.8 ± 3.8 b

Aug 26 - Sept 4	 6	 198	 7.51	 55.1 ± 7.2 d
7.5	 55.3 ± 9.6 d

10	 60.5 ± 7.7 d
15	 41.6 ± 6.0 d,e,f
20	 31.6 ± 3.8 e,f

Sept 15 - Sept 30	 8	 106	 7.51	 56.0 ± 5.4 d

'Ambient temperature, all others at 35 C.

During both periods of experimentation lasting from July 15 through August 5 and from
August 6 through 14, the climatic conditions were comparable. The means of the daily maxi-
mum air temperatures were 26.7 and 27.2 C and the means of the daily minimum air tempera-
tures were 8.9 and 11.1 C. The solar radiation intensities averaged 4,240 and 4,530 kcal/m2
day (Table 18).

When the influent swine waste was diluted to contain 100 to 200 mg/I of ammonium
nitrogen and the basins were operated at retention times of 4, 6, and 8 days, algal growth was
favored over bacterial growth and Ch/ore//a was able to maintain population densities of
20 x 106 to 60 x 106 cells/ml. All cultures had a deep green color and the odor of swine
manure was eliminated.
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The climatic conditions during the experimental periods August 15 through August 24
and August 26 through September 4 were comparable. The average of the daily maximum air
temperatures was 21.7 C during both periods, and the averages of the daily minima were 10.0
and 11.1 C. The solar radiation intensities averaged 2,860 and 3,080 kcal/m 2 day (Table 18).
The average of the daily maximum air temperatures was about 5 C lower and the average of
the solar radiation intensities was about 1,500 kcal/m 2 day less than during the pervious
experimental periods lasting from July 15 through August 24 (Table 18).

The mean cell counts were not significantly different in the 7.5 cm and 10 cm deep cul-
tures which were heated and operated at retention times of 4 days and 6 days (Table 21). But
the mean cell counts in the 20 cm deep cultures were significantly lower than in the 7.5 and
10 cm deep cultures. In contrast, the mean cell counts in the 15 cm deep cultures did not
differ significantly from the mean cell counts of any of the other cultures. It was concluded
that at some depth between 10 cm and 20 cm the availability of light becomes sufficiently
restricted to affect the population density of Ch/ore//a. Hemens and Stander (1969) obtained
similar results when testing the effect of algal activity on the removal of nutrients from sewage
effluents. They claimed that beyond a depth of 10 cm the light intensity dropped below
1,076 lumen/m 2, the minimum light intensity allowing effective nutrient assimilation in a
lagoon. Growing Ch/ore//a vulgaris 211/8K in diluted swine manure under laboratory condi-
tions, Seward (1976) found that a culture depth of 10 cm produced a maximum number of
algal cells.

As the retention time increased from 4 days to 6 days, the mean cell counts increased
significantly in the heated, 7.5 cm, 10 cm, and 20 cm deep cultures (Table 21). No significant
difference was found between the mean cell counts in the 15 cm deep cultures operated at the
4-day and 6-day retention times.

The effect of temperature on the mean cell counts in the 7.5 cm deep cultures was not
consistent and appeared to be influenced by the retention time and the ammonium nitrogen
concentration of the medium.

When the 7.5 cm deep basins were operated at retention times of 2 and 3 days, the
heated cultures were able to maintain cell densities of about 2.5 x 10 6/ml whereas the
unheated cultures had less than 1 x 10 6 cells/ml (Table 21). At the retention time of 4-days
the mean cell count in the heated basins was significantly higher than the mean cell count in
the unheated basins, namely 35.2 x 106 cells/ml as compared to 22.0 x 106 cells/ml (Table
21). But at the 6-day retention time, no significant difference between the means was meas-
ured. Yet the air temperatures and solar radiation intensities were comparable during the per-
iods with the 4-day and the 6-day retention times (Table 18).

The inconsistency in the effect of temperature on the mean cell counts in the 7.5 cm
deep cultures may be due to interaction of temperature with the retention time and/or the
ammonium nitrogen concentration of the waste.

At the 2-day retention time, the algal populations in the 7.5 cm deep cultures were
exposed to much higher concentrations of ammonium nitrogen than at the 3-day retention
time, namely 308 to 362 mg/I as compared to 185 to 270 mg/I, respectively (see Table 27 in
section on "Nitrogen Balance of the Cultures", p. 76). But the mean cell counts were not
significantly different, namely about 2.5 x 106 cells/ml in the heated basins, and less than
1 x 106 cells/ml in the unheated basins (Table 21). 	 Changes in the concentration of
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ammonium nitrogen apparently did not influence the effect of temperature on the mean cell
counts.

At the 4 and 6-day retention times, the algal populations in the 7.5 cm deep cultures were
exposed to similar concentrations of ammonium nitrogen (see Table 27 in section on "Nitro-
gen Balance of the Cultures", p. 76). Yet, the mean cell counts in the unheated and the heated
basins differed significantly from each other at the 4-day retention time but not at the 6-day
retention time. Apparently a factor other than ammonium nitrogen concentration influenced
the effect of temperature on the mean cell counts in the 7.5 cm cultures.

The inconsistency in the effect of temperature on the mean cell counts in the 7.5 cm
deep cultures were probably related to the effect of retention time on culture temperature. At
the retention time of 2 days, one-half of the culture volume was harvested once each day while
at the retention time of 6 days only one-sixth was removed. The algal populations in the cul-
tures experienced sudden changes in temperature of varying degrees as fresh waste was added
to replace the harvested volumes. The largest change in temperature occurred in the basins
operated at the retention time of 2 days. The least change in temperature occurred at the
retention time of 6 days.

During July and August, the temperature of the fresh waste from the underground
nutrient holding tank was about 19 C. The unheated cultures were in equilibrium with the air
temperature. The average of the daily minimum air temperature was about 10 C (Table 18).
Because harvesting and nutrient replenishment took place at 08:00 h, there may have been a
difference in temperature of 8 to 10 C between the unheated cultures and the fresh nutrient
waste. Given a depth of 7.5 cm, each unheated basin contained 150 liters of culture volume.
At the retention time of 2 days, 75 liters with an average temperature of 11.1 C (Table 18)
were removed and immediately replaced with 75 liters of fresh waste at 19 C. The culture
temperature, therefore, changed suddenly from 11.1 C to 15 C. At the 6-day retention time,
the temperature changed from 10 C (Table 18) to 11.5 C, a much smaller change than was
experienced at the 2-day retention time. It is likely, therefore, that retention time had an
effect on the response to heating the cultures. The temperature shock could be avoided by
adding the fresh waste at a constant rate rather than as a batch once a day.

At the 8-day retention time, the mean cell density of 56.1 x 106/ml in the unheated,
7.5 cm deep culture did not differ significantly from the mean cell density of 55.1 x 106
cell/m1 in the unheated, 7.5 cm deep culture operated at the 6-day retention time (Table 21),
although the average of the daily maximum air temperature was 5.5 C higher and the daily
average of the solar radiation intensity was higher by about 600 kcal/m 2 day than during the
6-day retention period.

In spite of the high dilution of the waste at the 8-day retention time, the culture was
probably not deficient in nitrogen (see Table 27 in section on "Nitrogen Balance of the Cul-
tures", p. 76) but may have been deficient in essential minerals.

Dry Matter Concentrations

Table 22 lists the mean concentrations of dry matter as a function of retention time,
ammonium nitrogen concentration, culture depth, and temperature during the indicated
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periods of experimentation. Means were compared by analysis of variance to determine
significant differences (Snedecor and Cochran, 1967). Means followed by different letters are
significantly different from each other at the 95 percent level of probability.

Table 22. Mean concentrations of total dry matter as a function of retention time, ammonium
nitrogen concentration, culture depth, and temperature during the indicated periods
of experimentation. Means followed by different letters are significantly different
from each other at the 95 percent level of probability. The total dry matter con-
tained algae as well as bacteria. The relative contribution of each to the total bio-
mass was not known. The concentrations of harvested dry matter are compared to
the concentrations of dry matter in the influent waste adjusted according to reten-
tion time. The percentage of dry matter carried over from the influent waste to the
harvested dry matter was not known.

Period of
experiment

Retention
time

Influent
NH4-N

Culture
depth

Mean concentrations of dry matter
Influent
waste	 Harvested

1975 days mg/I cm 	 	 g/I 	

July 15 - Aug	 5 2 465 7.51 0.55 ± 0.03 1.28 ± 0.07 a
7.5 1.38 ± 0.16 a

10 1.43 ± 0.05 a,b
15 1.26 ± 0.07 a,c
20 1.39 ± 0.11 a

Aug	 6 - Aug 14 3 414 7.51 0.35 ± 0.02 1.19 ± 0.07 a,c,d
7.5 1.35 ± 0.09 a

10 1.29 ± 0.08 a
15 1.34 ± 0.05 a
20 1.29 ± 0.07 a

Aug 15 - Aug 24 4 188 7.51 0.11 ± 0.01 0.54 ± 0.04 e
7.5 0.45 ± 0.06 e

10 0.61 ± 0.08 e,f
15 0.49 ± 0.05 e
20 0.56 ± 0.06 e,f,g

Aug 26 - Sept	 4 6 198 7.51 0.06 ± 0.005 0.76 ± 0.05 f
7.5 0.54 ± 0.03 e

10 0.66 ± 0.04 f,g
15 0.66 ± 0.05 f,g
20 0.74 ± 0.03 f

Sept 15 - Sept 30 8 106 7.51 0.02 ± 0.001 0.45 ± 0.05 e

'Ambient temperature, all others at 35 C.

The concentrations of dry matter were determined by the Millipore filter technique and
therefore include both algae and bacteria. The relative contribution of each to the total bio-
mass was not known. The means are averages of 30 to 58 determinations made during the last
5 to 8 days in each experimental period. Each day three measurements were obtained for each
of 2 basins per culture depth. These were averaged to obtain the means shown in Table 22.
The standard errors of the means include the constant errors associated with sampling, drying,
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and weighing, as well as the variability in the concentration of dry matter as a function of the
climatic conditions during the experimental periods.

The dry matter recovered from the cultures may not all have been synthesized de novo by
algae and bacteria. The influent waste contained dry matter, mostly in the form of bacteria
and fibers. The concentrations of dry matter in the influent waste are also shown in Table 22.

If it is assumed that all of the dry matter in the influent waste remained unchanged and
contributed to the harvested dry matter, then the net synthesis of biomass was less than indi-
cated in Table 22. By inspection of the data in Table 22 it can be seen that the dry matter in
the influent waste may have contributed about 40 percent to the dry matter actually harvested
at the 2-day retention time, about 30 percent at the 3-day retention time, and about 20 per-
cent at the 4-day retention time. At the 6 and 8-day retention times, the concentrations of
dry matter in the influent waste were comparable to or less than the standard deviation of the
mean concentrations of dry matter actually harvested. It is probable that all of the dry matter
harvested at the 6 and 8-day retention times was synthesized de novo.

A method to distinguish between the biomass carried over from the influent waste and
the biomass produced de novo in the basins was not available and was not developed during
the course of this experiment. It is assumed for the purposes of this report that all of the dry
matter harvested at the 2, 3, and 4-day retention times was synthesized de novo.

Table 22 shows that the concentrations of dry matter at harvest time ranged from a low
of 1.19 ± 0.07 g/I to a high of 1.43 ± 0.05 g/I at retention times of 2 and 3 days. These con-
centrations were not significantly different from each other at the 95 percent level of probabil-
ity except for the concentration in the heated, 10 cm deep culture at the 2-day retention time.
The latter was significantly higher than the dry matter concentration in the 15 cm deep culture
as well as the dry matter concentration in the unheated, 7.5 cm deep culture at the 3-day
retention time, namely 1.43 ± 0.05 g/I as compared to 1.26 ± 0.07 g/I and 1.19 ± 0.07 g/l,
respectively.

At the 4-day retention time, the mean concentrations of dry matter ranged from
0.45 ± 0.06 g/I to 0.61 ± 0.08 g/I. These concentrations did not differ significantly from each
other but were significantly lower than the dry matter concentrations obtained at the 2 and 3
day retention time.

At the 6-day retention time, the mean concentrations of dry matter ranged from
0.54 ± 0.03 g/I to 0.76 ± 0.05 g/I. Analysis of variance showed no significant difference
between the means except for the mean concentration of dry matter in the heated, 7.5 cm
deep culture. At 0.54 ± 0.03 g/I it was significantly lower than the other means at the 6-day
retention time, but not different from the dry matter concentrations obtained at the 4-day
retention time.

The mean concentration of dry matter of 0.45 ± 0.05 g/I obtained in the unheated, 7.5
cm deep culture operated at the 8-day retention time was not significantly different from any
of the mean concentrations of dry matter measured during the 4-day retention period, nor was
it different from the concentration found in the heated, 7.5 cm deep culture operated at the
6-day retention time.

Temperature had no effect on the mean concentrations of dry matter in the 7.5 cm deep
cultures except at the 6-day retention time, where the mean of 0.76 ± 0.05 g/I in the unheated
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culture was significantly higher than the mean of 0.54 ± 0.03 g/I in the heated culture. It is
not known why temperature affected the mean dry matter concentration at the 6-day reten-
tion time and not at the 2, 3, and 4-day retention times.

A comparison of the mean concentrations of dry matter in Table 22 with the mean cell
counts in Table 21 shows that total biomass and algal cell concentrations were not correlated.
This suggests variations in cell size and perhaps specific gravity of the cells, although the cul-
tures were sampled for counting at the same time every day. It also demonstrates that the
hemocytometer count by itself is only a qualitative indicator of the algal growth.

The fact that the mean concentrations of dry matter were largly independent of culture
depth (Table 22) suggests that in outdoor cultures of algae and bacteria an increase or decrease
in the number of algal cells is likely to be paralleled by an opposite change in the number
of bacterial cells so that a tendency towards a standing crop of total biomass exists. The fact
that the same biomass is not always produced for a given retention time and concentration
of nutrients may be related to the variability in the bacterial growth in response to the
great variety of extra-cellular substances produced by the algae. These substances include
growth inhibitors as well as growth stimulators. Although specific antibacterial compounds
have not been reported for Chlorella vulgaris 211/8K, such inhibitory substances as fatty acids,
peroxides of fatty acids, nucleosides, and acrylic acid have been identified for many algal
species (Hellebust, 1974). Substances which could stimulate the growth of bacteria are
released by algae as a function of environmental and physiological factors such as the age of
the algal cells, high light intensities, high dissolved oxygen concentrations, high pH, and low
concentrations of carbon dioxide and minerals. In open-air basins, these factors can be
manipulated to some extent by varying the retention time and the culture depth. Ch/ore/la is
known to release simple sugars, sugar alcohols, amino acids, glycolate, formate, acetate, and
lactate (Hellebust, 1974). Glycolic acid is most commonly liberated in large quantities under
conditions favoring photorespiration, such as high pH and dissolved oxygen concentrations
(Tolbert, 1974). Allen and Garret (1976) cultured Chlorella vulgaris 211-le under laboratory
conditions in the liquid phase of swine manure in order to determine the effect of the alga on
the indigenous population of bacteria which may include potentially pathogenic organisms. It
was found that the presence of Chlorel/a appeared to have little or no effect on the growth of
Alcaligenes spp., Acinetobacter spp., presumptive coliform organisms, and Streptococcus spp.
(Lancefield group D). However, the presence of the alga decreased the viable count of Micro-
coccus spp. and prevented the growth of Flavobacterium spp. and such potentially pathogenic
organisms as Clostridium spp., Escherichi coli, Salmonella spp., and Staphylococcus aureus.

It can be concluded from the comparison of the concentrations of dry matter in Table
22 with the mean cell counts in Table 21 that the hemocytometer count by itself is only a
qualitative indicator of algal growth and that the Millipore filter technique is not adequate for
determination of the contribution by the algae to the total biomass. In order to relate algal
cell counts to algal biomass and to obtain the proportion of algal biomass to the total biomass,
the measurement of additional parameters, such as the mean cell volume and the moisture con-
tent of the algae, is necessary. Measurements of mean cell volume were made during the algal
growth experiments in 1976. The moisture content of Chlorella was determined from axenic
cultures under laboratory conditions as described in the "Methods and Materials" section.
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Yields of Biomass

Table 23 shows the yields of dry matter in g/m 2 day as a function of retention time,
ammonium nitrogen concentration, temperature, and culture depth during the indicated peri-
ods of experimentation. The values were obtained by multiplying the mean concentrations of
dry matter shown in Table 22 with the corresponding harvest volumes shown in Table 10
and dividing the product by the surface area of the basins. For example, at the 2-day retention
time, the dry matter concentration in the unheated, 7.5 cm deep culture was 1.28 g/I (Table
22). The corresponding daily harvest volume was 75 liters (Table 10). Therefore,
1.26 g/I x 75 I/day divided by 2.01 m2 yields 47.76 g/m 2 day (Table 23).

Table 23. Yields of dry matter as a function of retention time, ammonium
nitrogen concentration, temperature, and culture depth during the
indicated periods of experimentation.

	

Period of	 Retention	 Influent	 Culture	 Yields of

	

experiment	 time	 N H4-N	 depth	 dry matter

1975	 days	 mg/I	 cm	 g/m2 day

July 15 - Aug 5	 2	 465	 7.5'	 47.76
7.5	 51.49

10	 71.14
15	 94.03
20	 138.31

Aug 6 - Aug 14	 3	 414	 7.51	 29.60
7.5	 33.58

10	 42.79
15	 66.67
20	 85.57

Aug 15 - Aug 24	 4	 188	 7.5'	 10.01
7.5	 8.39

10	 15.17
15	 18.28
20	 27.86

Aug 26 - Sept 4	 6	 198	 7.5'	 9.45
7.5	 6.72

10	 10.94
15	 16.42
20	 24.54

Sept 15 - Sept 30	 8	 106	 7.5'	 4.20

Ambient temperature, all others at 35 C.

In general, the yield of biomass increased with increasing culture depth. This was
expected because the dry matter concentrations in the shallow cultures were not sufficiently
different from the dry matter concentrations in the deeper cultures (Table 22) to compensate
for the smaller harvest volume per unit surface area (Table 10).
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Similarly, the yield of biomass in g/m2 day decreased as the retention time increased,
because for a given culture depth the concentrations of dry matter did not increase sufficiently
to compensate for the decrease in harvest volume as the retention time increased from 2 days
to 6 days.

The highest yield of 138.31 g/m 2 day was obtained for the heated, 20 cm deep culture
operated at the retention time of 2 days and supplied daily with swine waste containing 465
mg/I of ammonium nitrogen. The lowest yield of 4.20 g/m 2 day was obtained for the
unheated, 7.5 cm deep culture maintained at the retention time of 8 days and supplied with
swine waste containing 106 mg/I of ammonium nitrogen.

The yields in Table 23 indicate that, for the design of a large scale plant which has to
treat a fixed volume of waste each day, one should build a pond to hold a culture at least 20
cm deep, operate it at a retention time of 2 days, and supply it with concentrated swine waste
containing 400 to 500 mg of ammonium nitrogen per liter.

However, the algal cell counts in Table 21 point out that the culture in this pond would
consist primarily of bacterial biomass, whereas a culture operated at a shallow depth of 7.5 to
10 cm, a retention time of 4 to 8 days, and supplied with diluted swine waste containing 100
to 200 mg/I of ammonium nitrogen, would consist primarily of algal biomass.

To compare yields of biomass in g/m 2 day as a function of retention time, swine waste
concentration, and culture depth is valid only if the yields refer to the contribution by algae
to the total biomass, because the growth of the algae depends on the availability of light which
in turn is a function of surface area and culture depth, whereas the bacteria indigenous to the
swine waste grow independently of light.

Table 24 shows the yields of dry matter in g per pig per day as a function of retention
time, swine waste concentration, temperature, and culture depth. The values were obtained by
assuming the availability of 3,360 liters of liquid swine waste per day (140 I/h flush water x
24 h), multiplying the total waste volume by the concentrations of dry matter shown in Table
22, and dividing the result by the number of pigs. It must be remembered that the swine waste
with 414 to 465 mg of ammonium nitrogen per liter was obtained by using 50 pigs and a flush
rate of 140 I/h and the swine waste containing 106 to 198 mg/I of ammonium nitrogen by
using 20 pigs and the same flush rate of 140 I/h.

The yield in dry matter recovered per pig per day ranged from 75.60 g to 127.68 g. At
the retention times of 2 and 3 days, when the cultures consisted primarily of bacteria, the
yields ranged from 79.99 to 96.10 g/pig per day. When algal growth was favored at retention
times of 4 and 6 days, the yields ranged from 75.60 to 127.68 g/pig per day with the highest
yields at the 6-day retention time. This result suggests that, given the opportunity to grow
under optimum conditions, the algae were more efficient in converting nitrogen to biomass
than the bacteria.

At the 8-day retention time, a yield of 75.60 g/pig per day was obtained in the unheated,
7.5 cm deep culture which was significantly lower than the 127.68 g/pig per day recovered
from the unheated, 7.5 cm deep culture operated at the 6-day retention time. The result sug-
gests that the combination of a 6-day retention time and swine waste containing about 200 mg
of ammonium nitrogen per liter provided optimum conditions for algal growth.
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Table 24. Yields of dry matter in g/pig day based on dry matter concentrations
of algae and bacteria recovered from swine waste as a function of
retention time, ammonium nitrogen concentration, temperature, and
culture depth during the indicated periods of experimentation.

	

Period of	 Retention	 Influent	 Culture	 Yields of

	

experiment	 time	 N H4-N	 depth	 dry matter

1975	 days	 mg/I	 cm	 g/m2 day

July 15 - Aug 5	 2	 465	 7.51	 86.02
7.5	 92.74

10	 96.10
15	 84.67
20	 93.41

Aug 6 - Aug 14	 3	 414	 7.5'	 79.99
7.5	 90.72

10	 86.69
15	 90.05
20	 86.69

Aug 15 - Aug 24	 4	 188	 7.51	 90.72
7.5	 75.60

10	 102.48
15	 82.32
20	 94.08

Aug 26 - Sept 4	 6	 198	 7.51	 127.68
7.5	 90.72

10	 110.88
15	 110.88
20	 124.32

Sept 15 - Sept 30	 8	 106	 7.51	 75.60

'Ambient temperature, all others at 35 C.

The effect of increasing yields by decreasing the concentration of swine waste and increas-
ing the retention time is shown more clearly in Table 25. The table lists the yields of dry
matter in g/kg pig per day. The values were obtained by dividing the product of the total
waste volume available per day, namely 3,360 liters and the dry matter concentrations shown
in Table 22 by the total live weight of the animals present in the pens. The information
needed to relate the ammonium nitrogen concentration of the swine waste to the weight and
the number of pigs and the flush rate of 140 I/h is given in Table 11. For example, at the
retention time of 8 days and the influent NH4-N concentration of 106 mg/I, the total dry mat-
ter recovered from the unheated, 7.5 cm deep culture was 0.45 g/1 (Table 22) x 3,360 I/day or
1,512 g/day. The waste was produced by 20 animals weighing an average of 36 kg each (Table
11) or a total of 720 kg. The yield of dry matter was therefore 2.10 g/kg of pig per day (Table
25).
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Table 25. Yield of algal and bacterial dry matter in g/kg pig per day recovered
from swine waste as a function of retention time, ammonium nitro-
gen concentration, temperature, and culture depth during the indi-
cated periods of experimentation.

	

Period of	 Retention	 Influent	 Culture	 Yields of

	

experiment	 time	 NH4-N	 depth	 dry matter

1975	 days	 mg/I	 cm	 g/kg pig day

July 15 - Aug 5	 2	 465	 7.51	 1.18

	

7.5	 1.27
10	 1.32
15	 1.16
20	 1.28

Aug 6 - Aug 14	 3	 414	 7.51	 1.09
7.5	 1.24

10	 1.19
15	 1.23
20	 1.19

Aug 15 - Aug 24	 4	 188	 7.51	 1.68
7.5	 1.40

10	 1.90
15	 1.52
20	 1.74

Aug 26 - Sept 4	 6	 198	 7.51	 2.36
7.5	 1.68

10	 2.05
15	 2.05
20	 2.30

Sept 15 - Sept 30	 8	 106	 7.51	 2.10 '

Ambient temperature, all others at 35 C.

The daily yields per kg live weight of pigs ranged from 1.09 to 2.36 g. At the 2 and 3-day
retention times, the yields of mostly bacterial dry matter ranged from 1.09 to 1.32 g/kg pig
per day. At the 4-day retention time the yields of mostly algal dry matter ranged from 1.40
to 1.90 g/kg pig per day which increased to a range of 1.68 to 2.36 g/kg pig per day at the
6-day retention time.

At the 8-day retention time, the yield of mostly algal dry matter was 2.10 g/kg pig per
day which was significantly higher than the yields in g/kg pig day at the 4-day retention time.
This was in contradiction to the results obtained when the yields were expressed on the basis
of g/m2 day (Table 23) and g/pig day (Table 24). The explanation lies in the fact that during
the 8-day retention time somewhat younger and smaller pigs were used than during the 4-day
retention period, although the total number of pigs was the same during both periods, namely
20.

The relationship between the yields in g/kg of pig per day and the swine waste concen-
tration in terms of its ammonium nitrogen content is shown graphically in Figure 27. The
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Figure 27. Yields of algal and bacterial dry matter in g/kg of pig per day recovered from swine
waste as a function of the concentration of ammonium-N in the culture medium.
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yields in g/kg of pig per day for each culture depth and temperature (Table 25) were plotted
against the ammonium nitrogen content of the culture medium measured each day immedi-
ately after harvesting and nutrient replenishment (see Table 27 in section on "Nitrogen Bal-
ance of the Cultures", p. 76). The ammonium nitrogen concentrations were obtained from
daily measurements which were added and averaged for each experimental period. It can be
seen that maximum yields were obtained when the culture medium contained 40 to 70 mg of
ammonium nitrogen per liter. The ammonium nitrogen content is used here as an indicator of
the concentration of the swine waste. Reaching maximum yields in g/kg of pig per day at
ammonium nitrogen concentrations between 40 and 70 mg/I and not at some higher concen-
tration probably means that the swine waste was diluted enough to permit sufficient light to
reach the algae for maximum growth rates. If, in the range of maximum yields shown in Fig-
ure 27, the concentration of ammonium nitrogen were to be raised artificially by adding urea,
for example, but leaving the retention time and the dilution of the swine waste unchanged, the
maximum yields would probably be similar to those shown in Figure 27, because nitrogen did
not limit the growth of the algae (see Table 27 in section on "Nitrogen Balance of the Cul-
tures", p. 76).

The observation that a decrease in yield occurs when the ammonium nitrogen concentra-
tion in the culture medium drops below 40 mg/I (Figure 27) indicates that the swine waste,
although not deficient in nitrogen (see Table 27 in section on "Nitrogen Balance of Cultures",
p. 76), becomes deficient in essential minerals at this dilution.

Figure 27 also points out that maximum yields were about the same for cultures with
greatly different depths. For example, the yield in the unheated, 7.5 cm deep culture was
2.36 g/kg pig day and the yield in the heated, 20 cm deep culture was 2.30 g/kg pig day.
Assuming that these yields pertain to algal dry matter, one would recommend to design a
large scale operation on the basis of a culture depth of 20 cm rather than 7.5 cm because it
could be much smaller. For example, given the total waste volume of 3,360 liters per day and
the retention time of 6 days to obtain maximum yields (Table 25), the pond would have to
hold 20,160 liters. If operated at a depth of 20 cm, only 100 m 2 of land would be required,
but at a depth of 7.5 cm, nearly three times as much land, namely 269 m 2, would be needed.
However, the yields shown in Table 25 and Figure 27 refer to total dry matter and nothing
is known about the contribution made by the algae to the total biomass except that the mean
hemocytometer count in the 7.5 cm deep culture was significantly higher than in the 20 cm
deep culture (Table 21). From the cell count it could therefore be inferred that the pond
should be operated at a depth of 7.5 cm rather than 20 cm.

To resolve this conflict, measurements are needed from which the contribution by algae
to the total biomass can be determined. Such measurements as the mean cell volume were
made during the algal growth experiments in 1976.

Crude Protein Content of the Biomass

The crude protein content of the biomass ranged from 53 to 70 percent of the dry matter
(Table 26). This was within the range of values reported in the literature for single cell protein
of algal and bacterial origin (Heitman and Hintz, 1967; Lipinsky and Lichtfield, 1970). No
obvious correlation with temperature, retention time, nutrient concentration, and culture
depth was detected.
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Table 26. Crude protein content of biomass recovered from swine waste as a func-
tion of retention time, ammonium nitrogen concentrations, temperature,
and culture depth during the indicated periods of experimentation.

	

Period of	 Retention	 Influent	 Culture	 Crude protein

	

experiment	 time	 NH4-N	 depth	 content

1975	 days	 mg/I	 cm	 % of dry matter2 

July 15 - Aug 5	 2	 465	 7.51	 53
7.5	 63

10	 58
15	 60
20	 57

Aug 6 - Aug 14	 3	 414	 7.51	 66
7.5	 65

10	 63
15	 64
20	 57

Aug 15 - Aug 24	 4	 188	 7.51	 66
7.5	 55

10	 55
15	 58
20	 53

Aug 26 - Sept 4	 6	 198	 7.51	 64
7.5	 56

10	 55
15	 57
20	 56

Sept 15 - Sept 30	 8	 106	 7.51	 70

'Ambient temperature, all others at 35 C.
2 (mg/I TKN-mg/I NH4+) x 6.25 x 0.001 g/mg divided by g/I dry matter, where 6.25

converts mg N to mg protein.

For the unheated, 7.5 cm deep culture maintained at ambient temperature and operated
at the retention time of 8 days, a crude protein content of 70 percent was obtained which is
unusually high for a culture consisting primarily of Ch/ore//a cells. During the period of the
experiment lasting from September 15 through September 30, 1975, the culture was supplied
with swine waste containing 106 mg/I of ammonium nitrogen. The average rate of solar radia-
tion was 3,670 kcal/m 2 day and the average culture temperature was 27.2 C during the day
and 9.4 C during the night (Table 18).

Nitrogen Balance of the Cultures

Table 27 lists mean concentrations of ammonium nitrogen in the influent waste and the
culture medium as a function of retention time and culture depth during the indicated periods
of experimentation. These concentrations were obtained from daily measurements which were
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made just before harvest time at 08:00 h and immediately after the harvested volumes were
replaced with fresh waste. The measurements were averaged for the duration of each experi-
ment.

Table 27. Mean concentrations of ammonium nitrogen in the influent waste and the culture
medium as a function of retention time and culture depth during the indicated
periods of experimentation.

Ammonium nitrogen concentration 
Culture medium 

	

Period of	 Retention	 Culture	 Influent	 After nutrient	 Before

	

experiment	 time	 depth	 waste	 replenishment	 harvest

1975	 days	 cm	 	 mg/I 	

July 15 - Aug 5	 2	 7.5'	 465 ± 19	 362 ± 21	 260 ± 23
7.5	 308 ± 18	 152 ± 18

10	 317 ± 17	 169 ± 16
15	 375 ± 16	 285 ± 14
20	 371 ± 18	 278 ± 18

Aug 6 - Aug 14	 3	 7.51	 414± 15	 270± 14	 198± 14
7.5	 185 ± 8	 70 ± 5

10	 209 ± 11	 107 ± 9
15	 241 ± 12	 154 ± 10
20	 277± 12	 208± 11

Aug 15 - Aug 24	 4	 7.51	 188± 9	 62± 5	 20± 4
7.5	 54± 4	 9± 2

10	 60± 4	 17± 2
15	 69± 4	 29± 3
20	 73± 5	 35± 4

Aug 26 - Sept 4	 6	 7.51	 198 ± 13	 59 ± 5	 31 ± 4
7.5	 40± 4	 9± 2

10	 48± 5	 18± 4
15	 62± 5	 35± 4
20	 70 ± 4	 44 ± 3

Sept 15 - Sept 30	 8	 7.5'	 106 ± 4	 22 ± 1	 10 ± 1
'Ambient temperature, all others at 35 C.

The nitrogen balance of the cultures was obtained by converting the different forms of
nitrogen in the culture medium and in the biomass, namely inorganic ammonium nitrogen and
organic nitrogen, respectively, to elemental nitrogen (Table 28).

The grams of elemental-N added to each culture per day (Table 28) were calculated as the
product of the concentration of ammonium nitrogen in the influent waste and the volume of
fresh waste added to each culture per day. The information needed to obtain the daily harvest
volume or replenishment volume for each culture depth and retention time is given in Table
10. For example, the 7.5 cm deep culture operated at the 2-day retention time received each
day 75 liters of fresh waste (Table 10) which contained 465 mg of elemental-N per liter in the
form of ammonium nitrogen (Table 28) or 34.87 g of elemental-N per day (75 I/day x 465
mg/I NH4-N x 0.001 g/mg).
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Table 28. Balance of elemental nitrogen in the cultures as a function of retention time, swine
waste concentration, temperature, and culture depth during the indicated periods of
experimentation.

	

Period of	 Retention	 Influent	 Culture	 N added	 N in	 N in

	

experiment	 time	 NH4-N	 depth	 to cultures biomass effluent

1975	 days	 mg/I	 cm	 	 g/basin day 	

July 15 - Aug 5	 2	 465	 7.51	 34.87	 8.14	 19.50
7.5	 34.87	 10.43	 11.39

10	 46.51	 13.27	 16.89
15	 69.76	 18.14	 42.75
20	 93.00	 25.35	 55.60

Aug 6 - Aug 14	 3	 414	 7.51	 20.70	 6.28	 9.90
7.5	 20.70	 7.02	 3.50

10	 27.73	 8.71	 7.16
15	 41.40	 13.72	 15.40
20	 55.06	 15.65	 27.66

Aug 15 - Aug 24	 4	 188	 7.51	 6.96	 2.11	 0.73
7.5	 6.96	 1.46	 0.33

10	 9.40	 2.68	 0.85
15	 14.10	 3.41	 2.17
20	 18.80	 4.75	 3.50

Aug 26 - Sept 4	 6	 198	 7.51	 4.95	 1.94	 0.77
7.5	 4.95	 1.21	 0.22

10	 6.53	 1.92	 0.59
15	 9.90	 3.01	 1.75
20	 13.27	 4.44	 2.94

Sept 15 - Sept 30	 8	 106	 7.51	 2.00	 0.96	 0.19

'Ambient temperature, all others at 35 C.

The grams of elemental-N recovered each day in the biomass were calculated as the pro-
duct of harvest volume (Table 10), mean concentrations of dry matter (Table 22), and the
crude protein content in Table 26. For example, 75 liters were harvested each day from the
unheated, 7.5 cm deep culture operated at the 2-day retention time (Table 10) with a dry mat-
ter concentration of 1.28 g/I (Table 22) or 96 g/day. The crude protein content of the bio-
mass was 53 percent w/w (Table 26), so that 50.88 g of crude protein were harvested per day
or 8.14 g of elemental-N (50.88 g of protein divided by 6.25 to convert protein to N; Table
28).

The grams of elemental-N remaining in the effluent were calculated as the product of the
daily harvest volume (Table 10) and its ammonium nitrogen content (Table 27). For example,
the harvest volume of the unheated, 7.5 cm deep culture operated at the 2-day retention time
was 75 liters per day (Table 10) and contained 260 mg of elemental-N per liter in the form of
ammonium nitrogen after removal of the biomass by centrifugation (Table 27) or 19.50 g of
elemental-N (75 I/day x 260 mg/I NH 4-N x 0.001 g/mg; Table 28).
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Table 29 shows the distribution of the elemental-N as percent of the elemental-N added
to the cultures. The percentage of the influent N incorporated into algal and bacterial biomass
ranged from a low of 21 percent to a high of 47 percent. The percentage remaining in the
effluents, after removal of the biomass by centrifugation, ranged from a low of 3 percent to a
high of 47 percent.

Table 29. Percentage of elemental nitrogen recovered as biomass, remaining in effluent, and
percentage not accounted for, as a function of retention time, swine waste concen-
tration, temperature, and culture depth during the indicated periods of experimen-
tation.

	

Period of	 Retention	 Influent	 Culture	 N in	 N in	 N not

	

experiment	 time	 NH4-N	 depth	 biomass effluent accounted	 for

1975	 days	 mg/I	 cm	 	 % of influent N 	

July 15 - Aug 5	 2	 465	 7.5'	 23	 44	 33
7.5	 30	 26	 44

10	 29	 28	 43
15	 26	 47	 27
20	 27	 47	 26

Aug 6 - Aug 14	 3	 414	 7.51	 30	 37	 33
7.5	 34	 13	 53

10	 31	 20	 49
15	 33	 29	 38
20	 28	 39	 33

Aug 15 - Aug 24	 4	 188	 7.51	 30	 8	 62
7.5	 21	 4	 75

10	 29	 7	 64
15	 24	 12	 64
20	 25	 15	 60

Aug 26 - Sept 4	 6	 198	 7.51 39	 12	 49
7.5	 24	 3	 73

10	 30	 7	 63
15	 30	 14	 56
20	 33	 17	 50

Sept 15 - Sept 30	 8	 106	 7.5'	 47	 8	 45

'Ambient temperature, all others at 35 C.

The sums of the N in the biomass and in the effluent did not account for all of the N
which was added daily to the cultures. The losses ranged from a low of 26 percent to a high of
75 percent (Table 29) and were attributed to volatilization and precipitation as the result of
photosynthetically induced increases in pH and the settling of biomass to the bottom of the
basins as sludge.

The sediment was not analyzed, so that the extent of nitrogen removal by salt precipi-
tation and by settling of algal and bacterial cells is not known. It is likely that the nitrogen
contained in either form of precipitate was to some extent recycled to the culture medium
(Jewell and McCarty, 1968; Gianelli et al., 1971).
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The effect of culture depth on the percentage of N converted to biomass in the heated
cultures is shown in Figure 28. In general, the conversion of N to biomass ranged from a low
of 21 percent to a high of 34 percent with a mean of 28 ± 1 percent. At the 2 and 3-day reten-
tion times, the percentage of N incorporated into algae and bacteria remained nearly the same
or decreased slightly as the culture depth increased from 7.5 cm to 20 cm. This result was
probably due to the predominance of bacteria at all culture depths with a small population of
algae contributing to the recovery of N in the 7.5 cm deep cultures (Table 21).
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In contrast, the incorporation of N into biomass increased with culture depth at the
longer retention times of 4 and 6 days when algal growth was favored. The lower percentage
of conversion in the 7.5 cm than in the 20 cm deep cultures was probably due to the occur-
rence of photorespiration. Photorespiration occurs under conditions of high pH and DO con-
centrations and reduces or inhibits protein synthesis. These conditions were favored in the
shallow cultures because more light per unit volume of culture was available to the algae than
in the deeper cultures.
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Figure 28. Percentage of nitrogen converted to biomass as a function of culture depth and
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Figure 29 shows the percentage of N which was not converted to biomass and remained
in the effluent of the heated cultures as a function of culture depth and retention time. For all
cultures, the percentage of N remaining in the effluent increased with culture depth and
decreased with retention time. The highest percentage of the influent N remained unused
when the basins were operated at the retention time of 2 days, ranging from 26 percent in the
7.5 cm culture to 47 percent in the 20 cm deep culture. The lowest percentage of nitrogen
remaining in the effluent was found in the cultures operated at retention times of 4 and 6
days, ranging from 3 percent in the 7.5 cm deep cultures to 17 percent in the 20 cm deep cul-
tures.
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Figure 29. Percentage of nitrogen added, which remained in the effluent as a function of cul-
ture depth and retention time at 35 C.
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The result that the percentage of the influent N which remained in the effluents increased
with culture depth but decreased with longer retention times was probably due to a combina-
tion of the following factors:

(1) as the retention time increased from 2 days to 6 days and the influent swine waste
was diluted from an ammonium nitrogen concentration of 465 mg/I to 198 mg/I the
composition of the total biomass changed from predominantly bacterial to predomi-
nantly algal (Table 21),

(2) longer retention times permitted more time for nitrogen assimilation,

(3) increasing the culture depth decreased the availability of light for algal growth,

(4) increased availability of light in the shallow cultures produced higher concentrations
of algal cells and thereby larger fluctuations in DO and pH than in the deeper cul-
tures, resulting in greater losses of nitrogen due to volatilization and precipitation,
and

(5) volatilization was probably favored in the 7.5 cm deep culture because of the large
surface to volume ratio of 0.0134 m 2/I as compared to the small surface to volume
ratio of 0.005 m 2/I for the 20 cm deep cultures.

The sum of the N recovered in the biomass and the N which remained in the effluent
from each basin did not correspond to the total amount of N supplied to each culture (Table
28). The difference was presumed to have been volatilized and/or precipitated as explained
earlier.

The percentage of the influent N which could not be accounted for is shown in Figure 30
as a function of culture depth and retention time. The loss of nitrogen decreased with culture
depth but increased with retention time.

When the basins were operated at retention times of 2 and 3 days and were supplied with
swine waste containing 414 to 465 mg/I of ammonium nitrogen (Table 29), 44 to 53 percent
of the nitrogen was unaccounted for in the 7.5 cm deep cultures but only 26 to 33 percent at
the culture depth of 20 cm. At these retention times and swine waste concentrations bacterial
growth predominated, the DO level of the cultures remained less than 1 mg/I, and the pH
fluctuated between 7.6 and 7.8 (Table 20). Under these conditions the loss of nitrogen due to
precipitation as salt such as magnesium ammonium phosphate was probably small, so that vola-
tilization may have been the predominant mechanism by which nitrogen was removed from
the culture medium. If this was so, then the decrease in the amount of nitrogen lost with
increasing culture depth must have been primarily a consequence of the decrease in the surface
to volume ratio.

When the basins were operated at retention times of 4 and 6 days, and supplied with
swine waste containing only 188 to 198 mg/I of ammonium nitrogen, 73 to 75 percent of the
influent N was unaccounted for in the 7.5 cm deep cultures and 50 to 60 percent at the
culture depth of 20 cm. These retention times and swine waste concentrations created favor-
able conditions for algal growth and as a result DO and pH levels of the culture medium fluctu-
ated greatly (Table 20). The photosynthetically induced increases in the pH of the medium up
to pH 10 in the 7.5 cm deep cultures and pH 9 in the 20 cm deep cultures favored increased
removal of the ammonium nitrogen by volatilization and precipitation.
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Figure 30. Percentage of nitrogen added, which was not accounted for in the biomass or in the

effluent as a function of culture depth and retention time at 35 C.

Ammonia Toxicity

It is likely that non-ionized ammonia nitrogen was present in the culture media as the
solubility of the ionized ammonium nitrogen decreases with increasing pH. The concentra-
tions of ammonia were not measured. The reaction

N H4+ � N H 3 + H+

was probably not in equilibrium because the system was open and no substantial source of
NH3 was present. The temperature of 35 C was expected to increase the rate of formation as
well as volatilization of NH3 nitrogen above rates at ambient temperatures. The formation of
NH3 nitrogen was also favored whenever the pH of the culture medium increased due to the
photosynthetic activity of the algae.
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Ammonia in its non-ionized form is known to be toxic to a wide range of organisms.
In particular, Abeliovich and Azov (1976) found that ammonia concentrations greater than
2 mM or 34 mg/I inhibited photosynthesis and growth of Scenedesmus, Chlorella, Anacystis,
and Plectonema in sewage oxidation ponds at pH values greater than 8.0. The pH of 7.9
appeared to be the upper limit for uninhibited photosynthesis in the presence of ammonia.

When the basins were operated at retention times of 2 and 3 days with high concentra-
tions of ammonium nitrogen (Table 27), the pH of the cultures remained between pH 7.6 and
7.8 (Table 20) due to the predominance of bacterial growth. Inhibition of algal growth due to
ammonia toxicity was therefore not likely.

When the basins were operated at retention times of 4, 6, and 8 days, pH values above 8.0
were common due to the predominance of algal growth (Tables 20 and 21). Assuming the
worst case, namely that the percentages of nitrogen which could not be accounted for in the
cultures (Table 29) were actually present as non-ionized ammonia, then the algae may have
been exposed to ammonia levels of 46 to 53 mg/I, 35 to 42 mg/I, and 12 mg/I at the 4, 6, and
8-day retention times, respectively. These values are the product of the percent N not
accounted for from Table 29 and the ammonium nitrogen concentration after nutrient replen-
ishment from Table 27, multiplied by a factor of 1.21 to convert N to NH 3. These concentra-
tions of ammonia would have severely limited the growth of Ch/ore/la. The fact that high
densities of algal populations were found, as shown in Table 21, demonstrates that these high
concentrations of ammonia nitrogen could not have been present. Nevertheless, it is possible
that ammonia toxicity affected the algal populations at retention times of 4, 6, and 8 days to
some unknown extent.

Ammonia toxicity could be avoided by controlling the pH of the culture medium to pH
7.9 or less through the injection of CO2.

Water Quality of the Outflow

The water quality of the liquid swine waste was measured in terms of its chemical and
biological oxygen demands (COD, BOD). Measurements were made of the waste pumped into
the basins and of the waste water leaving the basins after algae and bacteria were removed by
centrifugation.

The COD of the waste pumped into the basins ranged from 700 to 4,500 mg/I and the
BOD ranged from 340 to 2,300 mg/I (Table 19).

Tables 30 and 31 summarize the changes in the COD and BOD as a result of the growth
of algae and bacteria. In general, the COD of the waste was reduced by 42 to 81 percent
(Table 30) and the BOD by 44 to 94 percent (Table 31).

Specifically, the reduction in COD and BOD increased with the retention time of the
cultures as shown in Figure 31. Removal of the chemical and biological oxygen demand
increased most rapidly at retention times between 2 and 4 days. Thereafter, further increases
in retention time had only a small effect on the percent reduction of COD and BOD.
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Table 30. Changes in the chemical oxygen demand (COD) of the liquid portion of swine
manure as a result of algal and bacterial growth during the indicated periods of
experimentation.

	

Period of	 Retention 	 Inflow 	 Culture	 Outflow

	

experiment	 time	 NH4-N	 COD	 depth	 COD	 Reduction

1975	 days	 	 mg/I 	 	 cm	 mg/I	 %
July 15 - Aug 5	 2	 465	 4,500	 7.5'	 1,700	 62

7.5	 1,700	 62
10	 2,400	 47
15	 2,400	 47
20	 2,600	 42

Aug 6 - Aug 14	 3	 414	 4,800	 7.5'	 1,800	 62
7.5	 1,700	 64

10	 1,900	 60
15	 1,700	 64
20	 1,800	 62

Aug 15 - Aug 24	 4	 188	 1,300	 7.51	 400	 69
7.5	 300	 77

10	 300	 77
15	 300	 77
20	 400	 69

Aug 26 - Sept 4	 6	 198	 1,600	 7.51	 500	 69
7.5	 300	 81

10	 300	 81
15	 300	 81
20	 500	 69

Sept 15 - Sept 30	 8	 106	 700	 7.51	 200	 72
'Ambient temperature, all others at 35 C.

Figure 32 shows the percent reduction of COD and BOD as a function of culture depth.
The reduction in COD was found to be independent of culture depth except for the cultures
operated at the retention time of 2 days and supplied with swine waste containing 465 mg/I
ammonium nitrogen. The reduction in COD was markedly higher in the 7.5 cm deep culture,
namely 90 percent, as compared to a reduction of 45 percent in the 10, 15, and 20 cm deep
cultures. From Table 21, it is inferred that this difference in, the effect of culture depth on the
reduction in COD was due to the presence of more algal cells/ml in the 7.5 cm deep culture
than in the 10, 15, and 20 cm deep cultures which contained mostly bacteria whose growth is
independent of depth.

Culture depth had little effect on the percent reduction in BOD when the basins were
operated at retention times of 4 and 6 days and the cultures were supplied with swine waste
containing 188 to 198 mg/I ammonium nitrogen. This combination of swine waste concentra-
tion and long retention time favored the growth of dense populations of algae, which reduced
the BOD of the swine waste by about 90 percent.
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Table 31. Changes in the biological oxygen demand (BOD) of the liquid portion of swine
manure as a result of algal and bacterial growth during the indicated periods of
experimentation.

	

Period of	 Retention 	 Inflow 	 Culture	 Outflow

	

experiment	 time	 NH4-N	 BOD	 depth	 BOD	 Reduction

1975	 days	 	  mg/I 	 	 cm	 mg/I	 %

July 15 - Aug 5	 2	 465	 2,300	 7.51	 1,100	 52
7.5	 700	 70

10	 600	 74
15	 1,300	 44
20	 600	 74

Aug 6 - Aug 14	 3	 414	 2,200	 7.51	 1,000	 55
7.5	 220	 90

10	 500	 77
15	 800	 64
20	 1,100	 50

Aug 15 - Aug 24	 4	 188	 600	 7.51	 100	 83
7.5	 70	 88

10	 40	 93
15	 100	 83
20	 60	 90

Aug 26 - Sept 4	 6	 198	 900	 7.51	 100	 89
7.5	 50	 94

10	 50	 94
15	 100	 89
20	 80	 91

Sept 15 - Sept 30	 8	 106	 340	 7.51	 30	 91

'Ambient temperature, all others at 35 C.

However, culture depth did affect the percent reduction in BOD when the basins were
operated at retention times of 2 and 3 days and the cultures were supplied with swine waste
containing 414 to 465 mg/I of ammonium nitrogen. These combinations of swine waste con-
centrations and retention times favored the growth of bacteria. Algae grew in large numbers
only in the shallow, 7.5 cm deep cultures (Table 21). If it is accepted that the decline in the
number of algal cells with increasing culture depth explains the decrease in the reduction of
BOD, then the 74 percent removal of BOD found for the 20 cm deep culture operated at the
retention time of 2 days is not typical and probably due to faulty measurement.
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Algal Growth at Low Light Intensities

In early September, 1975, the algae began to flocculate spontaneously and settle to the
bottom in all of the basins maintained at 35 C. The retention time was 6 days. The cause of
the flocculation was not conclusively defined. A combination of photosynthetically induced
changes in pH and low availability of nutrients may have been responsible for the spontaneous
clumping of the algae. Details of the failure of Ch/ore//a to remain in suspension are discussed
in a later section ("Failure of Ch/ore//a Cultures", p. 149).

Conditions for stable growth were reestablished during the latter part of October and two
pairs of basins were inoculated with stock cultures from the laboratory as described before.
One pair was operated at ambient temperature and the second at 35 C. Both pairs were main-
tained at a culture depth of 7.5 cm and a retention time of 5 days. This particular combina-
tion of shallow depth and long retention time was selected because of the shortening of the
photoperiod and the limited availability of light. The swine waste contained 150 mg of
ammonium nitrogen per liter.

Each basin started with a population density of approximately 30 x 10 6 cells/ml, giving
the culture medium a deep green color and eliminating the typical odor of swine waste.
During the 10 to 14 days after harvesting and nutrient replenishment began, the number of
algal cells declined to less than 1 x 106/ml (Table 32). The green color changed to a light
brown color which is typical of a dense bacterial floc and the odor of swine waste returned.

Table 32. Algal cell counts in cultures at ambient and 35 C temperatures,
a depth of 7.5 cm, and a retention time of 5 days, during the
period October through November, 1975. The cultures were
supplied daily with swine waste containing 150 mg of
ammonium nitrogen per liter.

Temperature
Month
	

Ambient	 35 C

	 cells/ml x 10-6 	
1975

	

October 21	 28.91

	

24	 23.2

	

28	 8.6 

	

29	 33.41

	

30	 28.6

	

November 4
	 < 1 	 10.6

	

7	 < 1
1 Begin daily harvesting and nutrient replenishment.

During the course of the experiment from October 21 through November 7, 1975, the
photoperiod decreased from 10.75 h to 10 h, the intensity of solar radiation ranged from 360
to 2,160 kcal/m 2 day with an average of 1,223 kcal/m 2 day, the maximum air temperatures
ranged from 7.8 to 22.2 C with an average of 13.3 C, and the minimum air temperatures
ranged from 0 to 12.2 C with an average of 5.5 C.



89

Freezing temperatures towards the middle of November forced a discontinuation of the
experiments at ambient temperature. Experiments at 35 C were continued with two pairs of
freshly inoculated basins, adjusted to a culture depth of 7.5 cm and maintained at retention
times of 6 and 8 days, respectively. Again, the number of algal cells decreased as soon as the
daily routine of harvesting and nutrient replenishment began (Table 33).

Table 33. Algal cell counts in cultures at 35 C temperature, a depth of 7.5
cm, and retention times of 6 and 8 days during December,
1975. The cultures were supplied daily with swine waste con-
taining 150 mg of ammonium nitrogen per liter.

6-day	 8-day
Month
	 retention	 retention

	 cells/mi x 10-6 	
1975

	

December 11	 21.81	 30.81

	

12	 16.0	 21.6

	

15	 16.4	 24.0

	

16	 14.2	 23.8

	

17	 9.3	 9.8

	

18	 6.4

	

19	 8.5	 4.8

	

21	 4.5	 4.1

	

26	 3.0	 2.5

	

31	 <1	 <1

'Begin daily harvesting and nutrient replenishment.

During the course of the experiment from December 11 through December 31, 1975, the
photoperiod was 9 h and the rate of solar radiation ranged from 100 to 1,320 kcal/m 2 day
with an average of 650 kcal/m 2 day.

As the cultures turned from predominantly algal to predominantly bacterial in composi-
tion, the daily cycles of dissolved oxygen concentrations and pH values of the media under-
went changes similar to those shown in Figure 26. The loss of algal cells was accompanied by a
decrease in the concentration of dissolved oxygen from the saturation level of 7 mg/I to 1 mg/I
and a decrease in pH from a range of 8 to 9.5 to a range of 7.6 to 7.8.

By the end of December, it was concluded that the short photoperiod of about 9 h and
low intensities of radiation averaging 650 kcal/m 2 day did not sustain algal growth at a rate
fast enough to allow daily harvesting at retention times of 6 to 8 days. The algal growth
experiments were discontinued.

The winter months were used to investigate the potential for recovery of bacterial protein
from the swine waste and acquire data on the energy requirements of outdoor ponds heated to
temperatures between 15 and 35 C.
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Summary and Conclusions

Preliminary field trials were initiated in July, 1975, to determine the optimum concentra-
tion of swine waste suitable for the growth of Chlorella vulgaris 211/8K and to test the growth
of the alga as a function of culture depth, retention time, and temperature.

The culture depths tested were 7.5, 10, 15, and 20 cm, the retention times were 2, 3, 4,
6, and 8 days, and the temperatures were ambient and 35 C. Algal growth as a function of
temperature was tested only in the 7.5 cm deep cultures. The nutrient substrate of the alga
was the liquid phase of the swine manure, clarified by gravity settling of the solid matter.

The cultures were harvested once each day in batch volumes corresponding to retention
time and culture depth. The harvested volumes were immediately replaced with equal vol-
umes of fresh nutrient waste.

The experiments began with the manure from 50 pigs. At a flush rate of 140 I/h the
liquid phase of the waste contained 400 to 500 mg/I of ammonium nitrogen. In this medium
the growth of bacteria was favored over the growth of Chlorella when the basins were operated
at retention times of 2 and 3 days. Only in the heated, 7.5 cm deep cultures was the alga able
to maintain a high enough population density of about 2.5 x 106 cells/ml to give the culture
medium a faint green color. All other cultures contained less than 10 6 cells/ml, were light
brown in color, and similar in appearance to activated sewage. The dissolved oxygen concen-
tration of all cultures operated at the 2-day and 3-day retention times was 1 mg/I or less and
the pH remained between 7.6 and 7.8. All cultures had the typical odor of swine manure.

It was concluded that swine waste containing ammonium nitrogen in excess of 400 mg/I
provided sufficient carbon and nitrogen for large numbers of bacteria to develop which then
shaded the algal cells from available light and caused their decline in numbers. It was further
concluded that retention times of 2 and 3 days were probably too short with respect to the
generation time of Chlorella to allow replacement of the harvested cells.

To provide conditions more suitable for algal growth a further dilution of the swine
manure and longer retention times were indicated. The dilution of the manure was accom-
plished by reducing the number of pigs from 50 to 20 while maintaining the flush rate of
140 I/h. The liquid phase of the swine waste now contained 100 to 200 mg of ammonium
nitrogen per liter.

In this substrate, Chlorella vulgaris 211/8K was able to maintain population densities in
excess of 107 cells/m1 when the cultures were operated at retention times of 4, 6, and 8 days.
All cultures were deep green in color. The DO concentration and pH fluctuated in diurnal
cycles. The typical odor of swine manure was absent.

At the 4-day retention time, the mean cell counts ranged from 18.8 x 10 6 cells/ml to
36.1 x 106 cells/ml. The mean counts in the heated, 7.5 and 10 cm deep cultures did not
differ significantly from each other, but were nearly twice the mean count in the 20 cm deep
culture. The hemocytometer count in the 15 cm deep culture was not significantly different
from the counts in any of the other cultures operated at the 4-day retention time.
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At the 6-day retention time, the mean cell counts ranged from 31.6 x 10 6 cells/m1 to
60.5 x 106 cells/ml. The means did not differ significantly from each other except for the
mean count in the 20 cm deep culture which was one-half of the mean count in the 10 cm
deep culture.

At the 8-day retention time, the mean cell count in the unheated, 7.5 cm deep culture
was 56.0 x 106/ml. This count did not differ significantly from the mean counts in the 7.5,
10, and 15 cm deep cultures operated at the 6-day retention time, but was significantly higher
than the mean count in the 20 cm deep culture. The mean cell count obtained during the
8-day retention period was also significantly higher than the means obtained for all cultures
operated at the 4-day retention time.

On the basis of the mean cell counts it was concluded that the retention time of 6 days
optimized the growth of Ch/ore//a at culture depths of 7.5, 10, or 15 cm when the cultures
were supplied with swine waste containing about 200 mg of ammonium nitrogen per liter.
Average air temperatures of at least 21.7 C during the day and 10 C during the night were
necessary to produce algal population densities in the unheated culture comparable to those
produced by the constant temperature of 35 C.

The dry matter concentrations were found to be independent of culture depth, indicating
that in outdoor cultures of algae and bacteria an increase or decrease in the algal population is
likely to be followed by an opposite response in the growth of the bacterial population so that
the tendency exists to produce a stable total biomass. The observation that the same quantity
of biomass was not always produced for a given retention time and concentration of nutrients
regardless of culture depth may be related to the variability in the bacterial growth in response
to the great variety of extra-cellular substances produced by the algae. These substances
include growth inhibitors as well as growth stimulators.

The concentrations of dry matter ranged from 1.19 to 1.43 g/I in cultures supplied with
swine waste containing 414 to 465 mg of ammonium nitrogen per liter and operated at 2-day
and 3-day retention times. These cultures consisted primarily of bacteria. When the swine
waste was diluted to contain 106 to 198 mg of ammonium nitrogen per liter and the cultures
were operated at longer retention times of 4, 6, and 8 days, the concentrations of dry matter
decreased and ranged from 0.45 to 0.76 g/I. But in these cultures the algal populations were a
significant part of the total biomass. However, because the concentrations of dry matter were
measured by the Millipore filter technique, the relative contribution made by algae and
bacteria to the total biomass was not known.

The yields of dry matter expressed in g/m 2 day increased with increasing culture depth.
This was expected because the concentrations of dry matter in the shallow cultures were not
sufficiently different from the concentrations of dry matter in the deeper cultures to com-
pensate for the smaller harvest volume per unit surface area.

Similarly, the yield of biomass in g/m 2 day decreased as the retention time increased,
because for a given culture depth the concentrations of dry matter did not increase suffi-
ciently to compensate for the decrease in harvest volume as the retention time increased from
2 days to 6 days.

The highest yield of 138.31 g/m 2 day was obtained from the heated, 20 cm deep culture
operated at the retention time of 2 days and supplied daily with swine waste containing 465
mg of ammonium nitrogen per liter. The lowest yield of 4.20 g/m 2 day was obtained from the
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unheated, 7.5 cm deep culture maintained at the 8-day retention time and supplied with swine
waste containing 106 mg of ammonium nitrogen per liter.

However, it cannot be inferred that the design of a large scale operation should be based
on the highest yield in g/m2 day unless the yield refers to algal biomass. To compare yields in
g/m 2 day as a function of retention time, swine waste concentration, and culture depth is valid
only if the yields refer to the contribution made by the algae to the total biomass, because the
growth of the algae depends on the availability of light which in turn is a function of surface
area and culture depth, whereas the bacteria indigenous to the swine waste grow independently
of light.

The yields of dry matter recovered per pig per day ranged from 75.60 g to 127.68 g. The
yields increased as the retention times increased and the ammonium nitrogen concentration of
the culture medium decreased. The highest yields of 110 to 127 g/pig day were obtained at
the 6-day retention time when the cultures received swine waste with an ammonium nitrogen
concentration of 198 mg/I. The result suggests that given the opportunity to grow under opti-
mum conditions, the algae in combination with the bacteria are more efficient in converting
nitrogen to biomass than are the bacterial cultures which contain only small populations of
algae.

The greater efficiency of nutrient recovery from dilute swine waste than from concen-
trated waste was shown more clearly when the yields of dry matter were expressed in g per kg
of pig per day. The daily yields per kg live weight of animal ranged from 1.09 to 2.36 g. At
the 2 and 3-day retention times, the yields of mostly bacterial dry matter ranged from 1.09 to
1.32 g per kg of pig per day. At the 4-day retention time the yields of mostly algal dry matter
ranged from 1.40 to 1.90 g/kg pig per day which increased to a range of 1.68 to 2.36 g/kg pig
day at the 6-day retention time. At the 8-day retention time, the yield of mostly algal dry
matter was 2.10 g/kg pig day. The plot of yield versus ammonium nitrogen concentration of
the culture medium revealed that for each combination of culture depth and temperature,
maximum yields in g per kg of pig per day were recovered when the culture medium contained
40 to 70 mg of ammonium nitrogen per liter.

The crude protein content of the recovered biomass ranged from 53 to 70 percent (w/w).
No obvious correlation with temperature, retention time, nutrient concentration, and culture
depth was detected.

Studies of the nitrogen balance of the cultures showed that 21 to 47 percent of the N in
the swine waste was incorporated into algae and bacteria. The percentage of N remaining in
the effluents after removal of the biomass by centrifugation ranged from 3 to 47 percent. The
percentage of nitrogen which could not be accounted for ranged from 26 to 75 percent. The
nitrogen not accounted for in biomass and effluent was presumed to have volatilized as non-
ionized ammonia or precipitated as complex salts and settled to the bottom of the basins in
the algal and bacterial sludge.

The water quality of the liquid swine waste was measured in terms of its chemical and
biological oxygen demands. The COD of the waste pumped into the basins ranged from 700
to 4,500 mg/I and the BOD ranged from 340 to 2,300 mg/I. In general, the COD of the waste
was reduced by 42 to 81 percent and the BOD by 44 to 94 percent.
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The reduction in COD and BOD increased as the retention time increased from 2 days to
4 days. Thereafter, further increases in the retention time had little effect on the reduction of
COD and BOD. The result indicates that the removal of COD and BOD from swine waste by
algae and bacteria may be limited to 80 and 95 percent, respectively. It is conceivable that fur-
ther reductions can be achieved by the injection of CO2 which would stabilize the pH of the
cultures and increase the photosynthetic activity of the algae, and reduce photorespiration.
The reduction in COD and BOD was independent of culture depth.

Algal growth experiments at low light intensities during the months of October through
December, 1975, showed that a photoperiod of less than 10 h and solar radiation intensities of
less than 2,000 kcal/m 2 day did not support algal growth at a rate fast enough for daily har-
vesting at retention times of 5 to 8 days. Growth at longer retention times is likely, but con-
siderably more surface area will be required to treat the same volume of waste per day.
Storage of the waste during the winter months is therefore indicated, except perhaps in geo-
graphic areas with mean rates of solar radiation greater than 2,000 kcal/m 2 day, such as
southern California, the Southwest and southern Florida.
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ALGAL GROWTH EXPERIMENTS

Experimental Design

Algal growth experiments were resumed in April, 1976, and continued through
September of that year (Table 34). Several observations were considered in the planning of
these experiments. The preliminary field trials had shown that the concentration of the swine
waste fed to the basins had to be adjusted to contain no more than 150 to 200 mg/I of
ammonium nitrogen in order to favor algal growth over bacterial growth. The combination of
retention time, culture depth, and temperature which favors optimum algal growth, changes
during the year as changes in the radiation intensity and photoperiod occur. It was therefore
necessary to test all variables which influence algal growth simultaneously as a function of time
of year and the weather. And finally, from an economic point of view it is necessary to pro-
duce high protein yields per unit area or unit volume of culture. Thus, high cell concentrations
in deep cultures at short retention times are desirable.

The combinations of retention time, culture depth, and temperature, which could be
tested simultaneously, were limited by the number of available basins. It was decided to limit
the experiments to retention times of 2, 3, and 4 days, temperatures of ambient and 30 C, and
culture depths of 10 and 20 cm. Mixing was continuous at 15 cm/sec at the outer edge of the
paddles. This speed was fast enough to keep the algal cells in suspension while allowing some
of the heavier bacterial floc to settle out.

The time for the daily harvesting and nutrient replenishment was changed from 08:00 h
in the morning to 16:00 h in the afternoon. This decision was based on the observation, made
during the bacterial growth studies of the previous winter, that bacterial cell densities peaked
between 3 and 6 hours after feeding the cultures with fresh swine waste and declined there-
after. It was reasoned that maximum bacterial activity at night would benefit algal growth
during the day by replenishing the bicarbonate reservoir and reducing turbidity. Samples were
collected every other day between 07:00 and 08:00 h for measurements of dry matter concen-
tration, number of algal cells, chlorophyll a fluorescence, mean cell volume (MCV), and con-
centrations of total Kjeldahl nitrogen (TKN) and ammonium nitrogen. Samples for the
microscopic examination of the microflora were collected daily. Evaporation losses were
measured and replaced daily with fresh water before sampling in the morning and before har-
vesting and refeeding the cultures at 16:00 h in the afternoon.

Schedule of Experiments

The first experimental period lasted from April 20 to June 11, 1976 (Table 34). The
main objective was to measure algal growth as a function of culture depth, temperature, reten-
tion time, and the climatic conditions prevailing during the spring. Operational variables were
(1) culture depths of 10 cm and 20 cm, (2) temperatures at ambient and 30 C, and (3) reten-
tion times of 2, 3, and 4 days. The expectation was to find a combination of these parameters
that would yield the maximum rate of algal growth for the climatic conditions prevailing dur-
ing the spring.

The period from June 12 to June 20, 1976, was utilized for equipment maintenance and
repair, cleaning of the basins, and preparation of the basins for the second experimental period.
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Table 34. Schedule of experiments conducted during the spring and summer of 1976.

Month Operation

Measurements
Dry matter
(Millipore)

Hemo-
cytom.

Coulter
counts MCV

Chloro.
fluor. TKN NH4-N

April 20 inoculate
26 start x x x x
28 x x x
30 x x x x

May 4 x x x
5 x x x x
7 x x x

10 x x x
12 x x x x
14 x x x
17 x x x
19 x x x
21 -- x x
24 x x
26 x x x x
28 x x x x
31 x x

June 7 x x x x
9 x x x x

11 stop x x x
June 20 inoculate

30 start x x x x x
July 2 x x x x x

7 x x x x x
9 x x x x x

12 x x x x x --
14 x x x x x
16 x x x x x --
19 x x x x x
21 x x x x x
23 x x x x x
26 x x x x x
28 x x x x x --
30 stop x x x x x

Aug 2 inoculate
9 start x x x x x

11 x x x x x
13 x x x x x
16 x x x x x
18 x x x x x
20 x x x x x
23 x x x x x
25 x x x x x
27 x x x x x
30 x x x x x
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Table 34. Continued.

Month Operation

Measurements
Dry matter
(Millipore)

Hemo-
cytom.

Coulter
counts

Chloro.
MCV	 fluor. TKN NH4-N

Sept 1 x x x x x
6 x -- x x -- --
8 x x x x x x

10 x x x x x x
12 x x x x x x
13 x x x x x x
15 x x x x x x
17 x x x x x x
20 x x x x x x
22 x x x x x x
24 x x x x x x
27 x x x x x x
29 x x x x x x

Oct 1 stop x x x x x x

The second experimental period was from June 20 to July 30, 1976 (Table 34). The purpose
of the experiment conducted during this period was (1) to test the production potential of
the facility under conditions favoring maximum growth rates of the algae, (2) to accumulate
biomass consisting mostly of algae for feeding trials with rats, and (3) to evaluate harvesting
procedures. All 12 basins were operated at a culture depth of 15 cm, a retention time of 4
days, and a constant temperature of 30 C.

During August and September, the third experimental period (Table 34), the experiments
of April, May, and June were repeated for the purposes already discussed. A further objective
was to determine possible effects of differences in climate between spring and summer on the
combination of parameters for maximum rates of algal growth.

Manure Characteristics

The concentration of the liquid swine waste was adjusted to 150 to 200 mg of
ammonium nitrogen per liter. This choice was based on the results of the preliminary field
trials. Dilution was accomplished by using 20 grower pigs weighing 36 to 54 kg each and flush-
ing the gutter with 140 liters of fresh water every hour (Table 11).

Table 35 shows the range in concentrations of total Kjeldahl nitrogen (TKN), ammonium
nitrogen (NH4-N), organic nitrogen in dissolved form, organic nitrogen tied up in solids, chemi-
cal oxygen demand (COD), and biological oxygen demand (BOD) of the liquid phase of the
diluted manure, during monthly periods. Mean values were also computed for the period of
experimentation lasting from April through September, 1976.
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Table 35. The nitrogen content, COD, and BOD of liquid swine waste used for the growth of
Chlorella vulgaris 211/8K in outdoor basins during the period April through
September, 1976. The manure was produced by 20 grower pigs weighing 36 to 54
kg each. The gutter flushing rate was 140 I/h.

Dissolved	 Solid
Month
	

TKN	 NH4-N	 organic-N organic-N	 COD	 BOD

1976	 	 mg/I 	

April	 210-239	 153-160	 16-33	 17-70	 1,700	 1,000
May	 207-300	 165-224	 8-77	 19-56	 1,400-2,000	 1,000-1,200
June	 236-270	 162-192	 26-75	 17-32	 1,500-1,800	 900-1,200
July	 180-320	 125-240	 12-35	 38-64	 ---	 ---
August	 184-271	 117-190	 7-46	 7-67
September	 201-318	 154-240	 2-23	 26-64

Mean	 245 ± 7	 177 ± 7	 27 ± 7	 41 ± 4	 1,673 ± 12	 1,047 ± 24

The TKN consisted of about 72 percent ammonium' nitrogen, 11 percent dissolved
organic nitrogen, and 17 percent nitrogen in organic solids. The nitrate nitrogen, not shown in
the table, was always less than 1 mg/I. The COD/BOD ratio averaged 1.6.

Table 36 shows the mineral and nitrogen content of the diluted manure compared to that
of nutrient media frequently used in the mass culture of algae. The quantities of minerals in
the waste were similar to those in Medium I (ASMG) which was used to maintain and raise the
stock cultures of Chlorella vulgaris 211/8K. It must be recognized that the concentrations of
nitrogen and minerals given in Tables 35 and 36 are those of the diluted swine waste supplied
to the basins. The concentrations in the basins were a function of a combination of factors as
described earlier. In a closed system which recycles waste water, the concentrations of ions
such as K+, Na+, and Cl- could be expected to increase because these ions are excreted by the
pigs but are used only in trace amounts for algal and bacterial growth.

Climatic Conditions

Local climatological data were obtained from the weather station operated by the
Agricultural Experiment Station, Oregon State University, in cooperation with the National
Oceanic and Atmospheric Administration of the U.S. Department of Commerce (Bates and
Calhoun, 1976).

Figure 33 shows monthly averages of the daily rates of radiation during the 1975-76
period in comparison with the 10-year average for the period 1966 through 1975. The length
of the photoperiod in hours is also shown. The rate of solar radiation during the summers of
1975 and 1976, when algal growth was studied, was below the average rate of the preceding
10-year period, except during September, 1975.
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Figure 34 shows monthly averages of the daily maximum and minimum temperatures for
July, 1975 through September, 1976. Freezing temperatures occurred occasionally during the
period from November, 1975 through March, 1976. Monthly averages of maximum tempera-
tures ranged from 25 to 27 C for July, August, and September, with readings as high as 33 C
on individual days.

The bar graph of Figure 35 shows the monthly rate of net evaporation during the period
July, 1975 through September, 1976. Net evaporation equals evaporation at air temperature
minus precipitation. The data were obtained at the local climatological station (Bates and
Calhoun, 1976). Each centimeter of evaporation represents a loss of 20 liters of culture vol-
ume from each basin. Daily losses of culture volume due to evaporation averaged 2 to 4 per-
cent of the total volume with a high of approximately 6 percent during September, 1975 and
July, 1976.

Table 36. The concentration of several minerals in the liquid swine manure used for the
growth of Chlorella vulgaris 211/8K in outdoor basins compared with the com-
position of media frequently used in the mass culture of algae.

Diluted swine	 Algal culture media'
Element	 waste	 I	 I I	 III	 IV

mg/I	 	 mg/I 	

Total nitrogen	 245	 132	 173	 139	 139
NH4-nitrogen	 177	 0	 0	 0	 0
Organic nitrogen	 68	 0	 0	 0	 0
NO3-nitrogen	 <1	 132	 173	 139	 139
Potassium	 106	 4	 842	 543	 600
Sodium	 33	 46	 0	 67	 0
Phosphorus ( P O4)	 18	 9	 285	 62	 171
Sulfur (SO4)	 13	 19	 325	 33	 64
Calcium	 11	 4	 30	 9	 1
Magnesium	 7	 10	 346	 25	 70
Iron	 .08	 .1	 10	 0	 0
Manganese	 .06	 .4	 4	 .5	 .05
Copper	 .04	 trace'	 4	 .02	 .002
Zinc	 .03	 .05	 20	 .05	 .005

1 I - J. McLachlan, 1963 (ASMG Medium).
I I - J. Myers, 1971 (Chlorella Medium).

III - G. Hemerick, 1973.
IV - R.W. Krauss and W.H. Thomas, 1954 (Scenedesmus obliquus Medium).

2 Trace: 10-5 mg/I.



100

>, 60000-c3
cv

E
5000

173

4000

< 3000
rt

cr

• 2000
0

z
< 1000
2

14

12

8

6

4

0

JASON DJ F MAMJ J A S

1975 	
	

1976 	
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Changes in the Concentration of Algal Cells

Changes in the algal cell concentrations were followed by obtaining hemocytometer
counts and Coulter counts and by measuring in vivo chlorophyll fluorescence with a Turner
F luorometer.

When hemocytometer counts were related to the visual appearance of the cultures in the
outdoor basins, it was noted that cultures containing more than 10 7 algal cells/ml had a deep
green color. The bacterial floc was fine and had a grayish white color. The typical odor of
swine manure was absent. When the algal cell count decreased to approximately 5 x 106/ml,
the cultures had a faint green color and the bacterial floc was coarser and more prominent. The
typical odor of swine manure was present. At cell counts of less than 106/ml, no visual evi-
dence of algal growth was present; the cultures had a light brown color and appeared to be
producing bacteria only.
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Period: April 26 through June 11, 1976

As indicated in Table 34, all basins were inoculated on April 20. The inoculum was built
up as described in "Methods and Materials". Routine harvesting and nutrient replenishment of
the cultures began on April 26 and the experiment was terminated on June 11.

The rate of solar radiation averaged 2,700 kcal/m2 day for the period April 26-30, 3,800
kcal/m2 day during May, and 3,800 kcal/m 2 day during the period June 1-11 (Figure 33).
During the same time intervals, the monthly averages of the daily maximum temperatures were
17 C, 20 C, and 22 C, respectively, and the monthly averages of the daily minimum tempera-
tures were 4 C, 5 C, and 10 C (Figure 34). The temperature of the unheated cultures followed
the air temperature closely.

Results of the hemocytometer counts are summarized in Table 37 and graphically pre-
sented in Figure 36. Coulter counts and chlorophyll fluorescence were not determined as the
appropriate instruments were not available during this period.

Table 37. Hemocytometer counts of Ch/ore//a vulgaris 211/8K as a function of culture depth, temperature,
and retention time during the period April 26 through June 9, 1976. The number above each col-
umn is the retention time in days.

	

Culture depth: 10 cm 	 Culture depth: 20 cm 
Ambient	 30 C 	 Ambient	 30 C 

Month	 2	 3	 4	 2	 3	 4	 2	 3	 4	 2	 3	 4

1976	 	  cells/n-11 x 10-6 	

April 26	 58.5 51.0 60.5	 55.5 52.5 58.5	 61.9 57.6 56.2	 47.8 51.2 56.2
April 30	 14.6 15.3 36.9	 45.6 47.5 48.6	 7.4	 10.3 16.9	 16.5	 19.1	 24.8
May 5	 2.2	 9.6 24.3	 27.5 39.5 42.1	 <1	 5.6	 7.7	 9.2 15.8 17.2
May 12	 4.7	 11.9 16.6	 24.3 34.2 35.1	 <1	 3.5	 5.5	 7.8	 11.6	 4.1
May 26	 <1	 <1	 7.2	 9.2 10.3 37.4	 <1	 <1	 <1	 <1	 4.1	 5.5
May 28	 <1	 <1	 7.7	 17.4 16.9 38.5	 <1	 <1	 <1	 <1	 5.0	 6.0
June 2	 <1	 <1	 2.0	 11.0 19.1 31.6	 <1	 <1	 <1	 <1	 2.5	 3.2
June 4	 <1	 <1	 2.5	 12.3 12.6 25.6	 <1	 <1	 <1	 <1	 2.2	 3.8
June 7	 <1	 <1	 2.5	 12.1 18.3 24.8	 <1	 <1	 <1	 <1	 3.4	 3.6
June 9	 <1	 <1	 3.0	 10.1 17.5 27.5	 <1	 <1	 <1	 <1	 2.8	 2.4

The algal culture in each of the basins started out with a high population density of about
50 x 106 cells/ml. As the daily routine of harvesting and nutrient replenishment began, an
immediate drop in cell concentration occurred in all cultures (Figure 36). The decrease was
most severe in the basins at ambient temperature and a culture depth of 20 cm. It was least
pronounced in the basins at 30 C and a culture depth of 10 cm.

At the end of 4 weeks of operation, 6 of the 12 cultures contained less than 106 algal
cells/ml (Table 37) and had the appearance of activated sewage. These 6 basins included
(1) the ambient, 10 cm deep cultures maintained at retention times of 2 and 3 days, (2) the
ambient, 20 cm deep cultures maintained at retention times of 2, 3, and 4 days, and (3) the
20 cm deep culture heated to 30 C and maintained at the retention time of 2 days.
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Figure 36. Hemocytometer counts of Chlorella vulgaris 211I8K as a function of time for
different combinations of temperature, culture depth, and retention time. Period:
April-June, 1976.
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The cell concentrations in the unheated, 10 cm deep cultures operated at the retention
time of 4 days and in the heated, 20 cm deep cultures maintained at retention times of 3 and 4
days, stabilized at about 3 x 106 cells/ml (Figure 36). These cultures still had a faint green
color.

The concentrations of algal cells in the heated, 10 cm deep cultures decreased from about
55 x 106 cells/ml to about 10 x 106/ml, 15 x 106/ml, and 25 x 106/m1 in the basins operated
at retention times of 2, 3, and 4 days, respectively. These cultures had a green color. The
bacterial floc in the culture maintained at the retention time of 2 days was coarse, stringy, and
tended to clump while it was fine and well dispersed in the culture maintained at the retention
time of 4 days.

Conclusions

The experiment demonstrated that the growth of Chlorella during spring depends on
temperature and that maximum rates of growth depend on culture depth and retention time as
well. Although the rate of solar radiation increased considerably during the experimental
period, bacterial growth dominated once the algal cell population was reduced to less than
106/ml. To produce a culture in which Chlorella cells predominate requires a combination of
heat, shallow culture depth, and long retention time. Figure 36 shows that the combination
of temperature of 30 C, culture depth of 10 cm, and retention time of 4 days was the most
favorable to algal growth among the combinations tested.

It should be emphasized that this combination of operational variables applies to the
climatic conditions which prevailed at the time of the experiment (Figures 33 and 34). At
rates of solar radiation lower than those which prevailed during the experiment, the reten-
tion time may have to be longer than 4 days and/or the culture depth may have to be less than
10 cm in order to obtain similar concentrations of algal cells. On the other hand, if the radia-
tion levels were to be higher than in 1976, one might be able to use a shorter retention time
than 4 days and/or a culture depth greater than 10 cm.

The long retention time required to maintain a dominant population of Chlorella vulgaris
211/8K under field conditions demonstrates a markedly longer generation time than reported
for thermophilic Chlorella grown under laboratory conditions (Sorokin, 1971). At the reten-
tion time of 2 days and the culture temperature of 30 C, the doubling time corresponds to
24 h, in contrast to the doubling time of 4 h obtained in the laboratory at the same tempera-
ture but using defined media and constant light intensities and photoperiods.

Period: June 30 through July 30, 1976

During the last week in June, 1976, the basins were prepared for an experiment to test
(1) the production potential of the facility, (2) accumulate biomass for feeding trials with
rats, and (3) evaluate the harvesting device.

Information obtained in the earlier experiments suggested the use of a culture depth of
10 cm, a retention time of 4 to 6 days, and a temperature of 30 C to maximize algal growth.
However, as the rates of solar radiation were expected to peak during July (Figure 33), the
culture depth in all 12 basins was adjusted to 15 cm to avoid possible inhibition of algal
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growth by light saturation. The retention time of 4 days was selected to assure a high propor-
tion of algal dry matter in the total biomass while still maintaining an adequate harvest volume.
All basins were operated at 30 C. The solar radiation intensity ranged from 1,740 to 6,540
kcal/m2 day and averaged 5,000 kcal/m2 day during the experimental period.

Samples were taken every other day between 07:00 h and 08:00 h. Harvesting and
nutrient replenishment of the cultures took place daily at 16:00 h. Sampling consisted of tak-
ing one liter aliquots from each basin. These were added together and thoroughly mixed in a
container from which 100 ml were removed for analyses, including determinations of dry mat-
ter concentrations, hemocytometer counts, Coulter counts, mean cell volume, and chlorophyll
fluorescence.

On July 11, a fungal infection was noticed in five of the 12 basins. The incidence is
described in a separate section on the stability of the algal cultures (see "Stability of Ch/ore//a
Cultures-, p. 147). The infection disappeared within the next 10 days. During this period the
five basins were not sampled but otherwise treated in the same manner as the remaining seven
basins.

Table 38 summarizes the hemocytometer counts, Coulter counts, and results of mean cell
volume determinations. The hemocytometer counts averaged 9.6 x 106 cells/ml and the
Coulter counts 11.8 x 106 particles/ml. The mean cell volume was 42 pm 3 corresponding to a
spherical particle with a diameter of 4.3 pm. This compares with a mean cell diameter of
3.8 pm for axenic cultures of Ch/ore//a vulgaris 211/8K grown in a defined medium under
laboratory conditions (Table 17).

Table 38. Hemocytometer counts, Coulter counts, and mean cell volume
of Ch/ore//a vulgaris 211/8K grown in diluted swine waste in
outdoor basins at a temperature of 30 C, culture depth of 15
cm, and retention time of 4 days. Period: June 30 through
July 30, 1976.

Counts (x 106)

Month Hemocytometer
Coulter
counter

Mean
cell volume

1976 cel ls/m I particles/m I pm3

June 30 18.8 15.2 35
July	 2 17.3 12.3 39

7 7.0 7.5 38
9 11.5 13.4 36

12 2.7 9.2 40
14 10.2 6.6 50
16 4.3 10.5 46
19 2.1 8.3 49
21 4.1 11.3 43
23 14.3 20.0 41
26 12.4 12.5 43
28 12.3 15.4 43
30 7.7 11.4 44

Mean	 9.6 ± 1.5
	

11.8± 1.0	 42.1 ± 1.3



106

Figure 37 compares hemocytometer and Coulter counts. The two counting procedures
agreed with each other over 80 percent of the time with regard to the daily changes in counts
per ml. The hemocytometer counts were lower than the Coulter counts for approximately 80
percent of the measurements. This was not unexpected because the Coulter counter does not
distinguish between algae and other particles in the size range of the algae.
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Figure 37. Hemocytometer and Coulter counts of Chlorella vulgaris 211/8K in 15 cm deep
cultures maintained at 30 C and operated at a retention time of 4 days during July,
1976.

A recent innovation in Coulter counters permits differential counting of algae from non-
algal particles by making use of the fluorescent qualities of certain organic molecules such as
chlorophyll. Algal chlorophyll a, for instance, is excited with a laser beam of appropriate
wavelength and the counter then counts only particles which fluoresce.

To determine whether the hemocytometer and Coulter counter differed significantly in
measuring the algal cell concentrations, the mean cell count and the mean particle count were
compared by the null hypothesis according to Goldstein (1965). The null hypothesis assumes
that the mean counts of both counting techniques do not differ significantly from each other.
To test the null hypothesis, the mean counts and their standard errors were subjected to the
t-test which resulted in a calculated t-value of 1.25. For the null hypothesis to be accepted,
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the observed value of 1.25 must be equal to or less than tabulated critical values of "t"
at a desired level of significance.

Table 39 shows critical values of "t" at significance levels of P = 0.01 and P = 0.05. The
degrees of freedom (DF) were obtained from the number of cell and particle counts contrib-
uted to the mean by both counting techniques (DF = N-1 + N'-1; 13-1 + 13-1 = 24).

It can be seen that the observed t-value of 1.25 is smaller than the tabulated critical
t-values at P = 0.05 and P = 0.01. Therefore, the null hypothesis can be accepted, which means
that the hemocytometer and Coulter counts did not differ significantly from each other. There
was a probability of only 1 percent that the two counting techniques arrived at significantly
different counts. The result suggests the possibility of replacing the tedious and time-
consuming method of visually counting the number of algae with the fast and efficient method
of electronic counting.

Table 39. Critical values of t at significance levels of P = 0.01,
P = 0.05, and DF = 24 (Goldstein, 1965, p. 242).

Degrees of	 Significance 	 Critical values of t 
freedom	 level	 One-tail test	 Two-tail test

DF

24	 0.01	 2.49	 2.80

	

0.05	 1.71	 2.06

Period: August 9 through October 1, 1976

The experiments of April 26 to June 11, 1976, were repeated during the period August 9
to October 1, 1976, to determine whether or not changes in climate between spring and sum-
mer changed the combination of parameters for maximum rates of algal growth.

The rates of solar radiation during August and September were lower than during May
and June, but the air temperatures were higher (Figures 33 and 34).

The monthly average of the daily maximum air temperature was 24.5 C in August and
24.7 C in September. This compares with 17 C for April 26-30, 20 C for May, and 22 C for
June 1-11 (Figure 34).

The monthly average of the daily minimum temperatures was 11.2 C for August and
9.6 C for September. This compares with 4 C for April 26-30, 5 C for May and 10C for June
1-11 (Figure 34).

The average rates of solar radiation were 3,480 kcal/m 2 day in August and 2,880 kcal/m2
day in September. This compares with an average rate of 2,700 kcal/m2 day for April 26-30,
3,800 kcal/m 2 day for May, and 3,800 kcal/m2 day for June 1-11 (Figure 33).

Table 40 shows the hemocytometer counts for September, 1976, as a function of culture
depth, temperature, and retention time. Personnel was not available to perform the hemocy-
tometer counts during August. The data in Table 40 are presented graphically in Figure 38.
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Table 40. Hemocytometer counts of Chlorella vulgaris 211/8K as a function of culture depth, temperature,

and retention time during the period September-October, 1976. The number above each column is
the retention time in days.

	

Culture depth: 10 cm	 Culture depth: 20 cm 
Ambient	 30 C 	 Ambient	 30 C 

Date
	

2	 3	 4	 2	 3	 4	 2	 3	 4	 2	 3	 4

	  cells/ml x 10-6 	

	

Sept 8	 4.6	 13.0 24.0	 21.8 36.0 56.0	 2.4	 8.5	 16.0	 7.2 18.0 35.0

	

10	 2.8	 9.8 34.0	 20.0 34.0 47.0	 2.6	 7.0	 11.0	 6.8 13.0 25.0

	

13	 4.3	 15.0 13.0	 18.0 36.0 55.0	 0.9	 4.8	 11.0	 8.8	 14.0 21.0

	

15	 1.8	 6.8 20.0	 12.0 25.0 31.0	 1.8	 4.1	 6.8	 4.0	 10.0	 15.0

	

17	 2.7	 6.4	 19.0	 12.0 21.0 28.0	 1.0	 4.8	 6.4	 4.6	 9.7	 14.0

	

20	 4.0	 11.0 28.0	 23.0 24.0 42.0	 2.7	 6.6	 14.0	 6.6 17.0 21.0

	

22	 3.6	 4.0 23.0	 13.0 12.0 29.0	 3.6	 5.4	 11.0	 8.3	 9.4 15.0

	

24	 4.6	 11.0 22.0	 18.0 28.0 26.0	 2.6	 9.0	 9.8	 6.7	 14.0 17.0

	

27	 5.1	 14.0 28.0	 21.0 27.0 39.0	 2.0	 5.1	 9.3	 12.0	 15.0	 16.0

	

29	 4.1	 13.0 27.0	 15.0 24.0 27.0	 2.8	 6.0	 11.0	 8.7	 17.0 14.0
Oct	 1	 4.4	 11.0 18.0	 23.0 32.0 44.0	 0.9	 4.8	 5.3	 9.6	 12.0 13.0

Mean
	

3.8	 10.4 23.3	 17.9 27.2 38.5	 2.1	 6.0	 10.1	 7.6 13.6	 18.7
+	 +	 +	 +	 +	 +	 +	 +	 +	 +	 +	 +

0.3	 1.1	 1.7	 1.3	 2.1	 3.4	 0.3	 0.5	 1.0	 0.6	 0.8	 2.0

It can be seen that the algal counts did not decrease to less than 10 6/ml in the unheated
cultures as they did during the month of May (Table 37 and Figure 36). The reason for this
difference in algal growth may be the higher temperatures of the unheated cultures during the
summer than during spring. The solar radiation levels were lower during August and Septem-
ber than during May (Figure 33), but the air temperatures were higher (Figure 34).

Figure 39 shows the means of the hemocytometer counts obtained during September,
1976, as a function of retention time for each combination of temperature and culture
depth. It can be seen that the concentration of algal cells increased as the retention time
increased from 2 days to 4 days. The concentration of algal cells was higher in the 10 cm
than in the 20 cm deep cultures and it was higher in the heated than in the unheated cul-
tures.

Ratios of the algal cell concentrations obtained during September, 1976, in the heated
and unheated basins (Table 41) show that, in the 10 cm deep cultures, 4.7-times as many
cells/m1 were present at 30 C than at ambient temperature when the retention time was 2 days.
At the 4-day retention time, only 1.6-times as many cells/m1 were present. For the 20 cm
deep cultures, the ratio of cells/ml present at 30 C and cells/ml present at ambient temperature
was 3.6 at the 2-day retention time and 1.8 at the 4-day retention time.

The result that the heating was more beneficial to algal growth at the retention time of 2
days than at the retention time of 4 days was probably a consequence of the harvesting
method. At the retention time of 2 days, one-half of the culture volume was drained once
every day and replaced with fresh swine waste from the nutrient holding tank. At the reten-
tion time of 4 days, only one-fourth of the culture volume was harvested and replaced. The
fresh nutrient medium, pumped into the basins from the underground nutrient holding tank,
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Figure 38. Hemocytometer counts of Chlorella vulgaris 211/8K as a function of time for dif-
ferent combinations of temperature, culture depth, and retention time. Period:
September, 1976.



38

w 341
0

E 30
co

26
(ne.

0 22

H 18
w
2
0H
>— 14
0
2
w

10
z
2 6

2

110

2

	

	
3
	

4

RETENTION TIME, days
Figure 39. Mean hemocytometer counts of Chlorella vulgaris 211/8K grown in swine waste as

a function of retention time at different combinations of culture depth and temp-
perature. Period: September, 1976.



111

was always colder than the unheated cultures to which it was added. Therefore, the algal cells
remaining in the basins after the daily harvesting may have been subjected to a temperature
shock which was more severe at the 2-day than the 4-day retention time.

Table 41. Ratio of mean cell concentrations at 30 C and ambient tem-
perature as a function of retention time and culture depth.
Period: September, 1976.

Retention	 Ratio 	 Mean conc. at 30 C 
time	

– 
Mean conc. at ambient

days	 10 cm	 20 cm

2 4.7 3.6
3 2.6 2.3
4 1.6 1.8

It is also conceivable that the benefit of heat to algal growth at the 2-day retention time
is related to the physiological age of the algae: cells maintained at the retention time of 2 days
are younger than cells maintained at the 4-day retention time and their metabolic activities
may be more sensitive to heat.

Table 42 presents the ratios of the mean cell concentrations of algae in the 10 cm and 20
cm deep cultures as a function of retention time and temperature. The number of algal cells
per ml was approximately twice as high in the 10 cm deep cultures than in the 20 cm deep cul-
tures. This meant that the yield in cells/I per day was nearly the same. However, it took twice
as long tq centrifuge the daily harvest volume from the 20 cm deep cultures than from the 10
cm deep cultures. For example, at the retention time of 2 days, the daily harvest volume from
the 10 cm deep culture was 100 liters (10 cm x 20 liters/cm divided by 2 days), whereas the
daily harvest volume from the 20 cm deep culture was 200 liters (20 cm x 20 liters/cm divided
by 2 days). On the other hand, given a fixed volume of waste which needs to be treated every
day, half as much land area is required when the basins can be operated at a depth of 20 cm
instead of 10 cm.

Table 42. Ratio of mean cell concentrations in 10 cm and 20 cm deep
cultures as a function of retention time and temperature.
Period: September, 1976.

Retention	 Rat io Mean conc. in 10 cm depth
time	

o = 
Mean conc. in 20 cm depth

days	 Ambient
	

30 C

2 1.8 2.3
3 1.7 2.0
4 2.3 2.1
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Table 43 summarizes the Coulter counts obtained from all cultures during August and
September. The means of the particle counts were calculated for each month and plotted as a
function of retention time for each combination of temperature and culture depth (Figure 40).

All counts increased with retention time, supporting the conclusion drawn from visual
observations and hemocytometer counts (Table 40 and Figure 39) that the density of the algal
populations increased with retention time.

Table 43. Coulter counts (particles/m1 x 10 -6) of mixed cultures of algae and bacteria grown in swine waste as
a function of culture depth, temperature, and retention time during the period August-September,
1976. The number above each column is the retention time in days.

Culture depth: 10 cm	 Culture depth: 20 cm
Ambient	 30 C	 Ambient	 30 C 

Month	 2	 3	 4	 2	 3	 4	 2	 3	 4	 2	 3	 4

1976	 	  particles/ml x 10-6 	

Aug	 9	 14.8 12.3	 9.6	 16.3	 9.9	 11.1	 8.5	 8.6 10.3	 12.2	 4.6	 10 	 2

11	 14.0	 13.7	 13.8	 13.7	 10.0	 11.2	 6.3	 12.6	 12.2	 8.9	 9.2	 12 	 0

	

13	 16.4	 13.0	 14.9	 14.0	 10.7	 13.1	 13.7	 15.5	 10.9	 9.9	 12.5	 12 	 7

	

16	 16.4	 18.3	 14.5	 13.3	 8.7	 13.0	 13.5	 15.4	 10.7	 9.8	 12.3	 12 	 6

	

18	 5.7	 8.5	 9.8	 6.1	 8.5	 9.5	 5.4	 6.0	 7.3	 5.4	 7.8	 8 	 2

	

20	 6.4	 10.4	 12.1	 10.2	 9.1	 11.2	 3.9	 5.5	 11.7	 4.2	 8.4	 9 	 5

	

23	 10.1	 10.3	 13.7	 11.2	 9.6	 10.6	 8.2	 8.3	 8.8	 7.2	 8.6	 9 	 2

	

25	 6.3	 8.7	 12.1	 10.7	 10.5	 7.4	 4.8	 7.8	 8.4	 5.1	 8.7	 6 	 9

	

27	 10.0	 10.9	 12.1	 12.0	 11.3	 11.8	 7.6	 8.6	 10.7	 8.2	 9.3	 11 	 4

	

30	 10.5	 10.7	 13.9	 11.8	 10.8	 11.2	 8.5	 8.8	 9.3	 7.6	 9.1	 9 	 4

Mean	 11.1	 11.7	 12.6	 11.9	 9.9	 11.0	 8.0	 8.2	 10.0	 7.8	 9.0	 10 	 2

±1.3 ±0.9 ±0.6	 ±0.9 ±0.3 ±0.5	 ±1.0 ±2.1 ±0.5	 ±0.8 ±3.2 ±0 	 6

Sept	 1	 8.9	 11.3	 13.9	 12.5	 10.1	 11.4	 5.0	 7.7	 9.6	 6.2	 9.0	 10.6

	

6	 5.7	 10.4	 13.8	 10.8	 11.2	 12.1	 3.9	 8.3	 8.9	 4.3	 8.6	 10.2

	

8	 2.3	 8.9	 12.2	 8.5	 9.5	 11.5	 2.1	 5.5	 8.3	 3.1	 7.3	 10.2

	

10	 3.0	 8.2	 12.6	 11.1	 11.4	 14.0	 2.1	 5.0	 8.2	 4.6	 6.7	 9.7

	

13	 2.6	 7.1	 12.6	 9.1	 10.8	 12.8	 2.3	 4.3	 7.3	 4.0	 5.8	 8.5

	

15	 2.5	 7.3	 11.1	 8.6	 9.9	 11.3	 1.8	 4.1	 7.7	 3.5	 5.3	 7.6

	

17	 1.9	 4.7	 9.4	 6.3	 8.1	 9.8	 1.6	 2.9	 6.2	 3.1	 5.1	 7.2

	

20	 3.3	 6.9	 10.8	 10.5.	 9.7	 12.8	 1.4	 4.5	 7.4	 3.5	 6.9	 8.4

	

22	 3.1	 5.2	 6.6	 11.1	 11.6	 3.3	 2.3	 5.3	 10.3	 5.2	 8.1	 11.2

	

24	 3.0	 6.8	 11.4	 9.5	 9.4	 11.9	 2.0	 4.0	 7.0	 4.1	 6.4	 7.4

	

27	 3.6	 7.1	 12.3	 11.2	 12.4	 14.7	 2.3	 4.1	 7.0	 6.1	 7.4	 8.5

	

29	 3.2	 7.5	 12.1	 8.9	 11.2	 14.9	 2.0	 4.2	 7.5	 3.9	 6.9	 7.9

Oct	 1	 3.0	 8.1	 12.3	 6.3	 10.5	 13.1	 2.4	 5.0	 6.9	 4.6	 7.0	 9.2

Mean	 3.5	 7.6 11.6	 9.6	 10.4	 11.8	 2.4	 5.0	 7.9	 4.3	 7.0	 9.0

	

±0.5 ±2.3 ±0.5	 ±2.8 ±3.1	 ±3.6	 ±0.5 ±1.5 ±2.3	 ±1.3 ±2.1 ±2.6

The exception appeared to be the heated, 10 cm deep culture during August. It first
showed a decline in Coulter counts as the retention time increased from 2 days to 3 days but
then followed the general pattern of increasing counts as the retention time increased from 3
days to 4 days (Figure 40).
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Figure 40. Mean coulter counts of algal-bacterial cultures grown in swine waste as a function
of retention time at several combinations of culture depth and temperature.
Period: August-September, 1976.

The reason for this behavior is unknown. The most probable explanation is that the
culture operated at the 2-day retention time inadvertently received more inoculum than the
cultures maintained at the retention times of 3 and 4 days.

In general, particle counts in the 10 cm deep cultures were higher than particle counts in
the 20 cm deep cultures which agreed with direct algal counts by hemocytometer (Table 40).

The Coulter counts in the 20 cm deep cultures were not affected by temperature during
the month of August (Figure 40). But during September, the heated, 20 cm deep cultures
showed counts which were 2 x . 106/m1 higher than for the corresponding basins at ambient
temperature. During the same period, the hemocytometer counts showed 4.5 x 10 6 to
8.6 x 106 cells/ml more in the heated than in the unheated cultures (Table 40).

A large difference in counts between the two counting techniques was also noted in
September for the cultures operated at the depth of 10 cm and the retention time of 4 days.
Whereas the Coulter counter indicated that the mean count in the unheated culture nearly
equalled the mean count in the heated culture, namely 11.6 x 10 6 and 11.8 x 106/ml, respec-
tively (Table 43 and Figure 40), the hemocytometer showed a large difference, namely
23.3 x 106 cells/ml as compared to 38.5 x 106 cells/m1 (Table 40).

Table 44 presents a summary of the mean counts obtained from both hemocytometer
and Coulter counter for all combinations of temperature, culture depth, and retention time
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tested during September, 1976. T-values were calculated by the t-test in order to compare the
means and their standard errors by the null hypothesis (Goldstein, 1965). The calculated
t-values must be compared to the critical values of "t" shown in Table 45 in order to deter-
mine whether the null hypothesis is accepted or rejected. If a calculated value of "t" in Table
44 is less than a critical value of "t" given in Table 45, then the null hypothesis can be
accepted and the mean counts determined by both hemocytometer and Coulter counter do
not differ significantly from each other. If the calculated t-value exceeds the tabulated critical
value, then the null hypothesis is rejected and it must be concluded that the two counting
techniques arrived at significantly different means although they counted the same samples.

Table 44. Mean hemocytometer and Coulter counts of Ch/ore//a vulgaris
211/8K grown in swine waste during September, 1976, as a function
of temperature, culture depth, and retention time. The counts are
compared by the null hypothesis. T-values are calculated to test
hypothesis.

Temp.
Culture
depth

Retention
time

Mean counts (x 106)

T-test
Coulter

Hemocytometer	 counter

C cm days cells/ml particles/ml t-calc.

Ambient 10 2 3.8 ± 0.3 3.5 ± 0.5 0.49
3 10.4 ± 1.1 7.6 ± 2.3 1.03
4 23.3 ± 1.7 11.6 ± 0.5 7.09

Ambient 20 2 2.1 ± 0.3 2.4 ± 0.5 0.49
3 6.0 ± 0.5 5.0 ± 1.5 0.58
4 10.1 ± 1.0 7.9 ± 2.3 0.82

30 10 2 17.9 ± 1.3 9.6 ± 2.8 2.53
3 27.2 ± 2.1 10.4 ± 3.1 4.32
4 38.5 ± 3.4 11.8 ± 3.6 3.56

30 20 2 7.6 ± 0.6 4.3 ± 1.3 2.17
3 13.6 ± 0.8 7.0 ± 2.1 2.74
4 18.7 ± 2.0 9.0 ± 2.6 2.87

Table 45. Critical values of t at significant levels of P = 0.01,
P = 0.05, and DF = 22 (Goldstein, 1965, p. 242).

Degrees of	 Significance 	 Critical value of t 
freedom	 level	 One-tail test	 Two-tail test

DF	 P 	 t 

22	 0.01	 2.51	 2.82
0.05	 1.72	 2.07
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The highest critical value is 2.82, based on a two-tailed test and a significance level of
P = 0.01 (Table 45). The lowest critical value is 1.72, based on a one-tailed test and a signifi-
cance level of P = 0.05 (Table 45).

Out of 12 comparisons made in Table 44, the calculated t-value exceeds the highest
critical value 4 times and the lowest critical value 7 times. It is concluded, therefore, that the
two counting techniques arrived at significantly different means 1 out of 3 times or 1 out of
1.7 times depending on the level of significance.

The least agreement between hemocytometer and Coulter counts was observed for the
heated cultures and for the unheated culture operated at the depth of 10 cm and the retention
time of 4 days. Most of these cultures contained high concentrations of algal cells (Table 44).
It is unknown why the Coulter counter failed to measure these concentrations.

Conclusions

The culture depth of 10 cm, constant temperature of 30 C, and retention time of 4 days
were found to be the combination of operational variables which was most favorable to algal
growth among the combinations tested during August and September, 1976. This same combi-
nation of variables was found to produce the highest concentration of algal cells during May
and June, 1976. However, the results of the preliminary field trials discussed earlier in this
report indicate that it may be necessary to increase the retention time from 4 days to 6 days in
order to obtain maximum concentrations of algal cells.

Coulter counts and hemocytometer counts were in agreement when measuring the con-
centration of algal cells during July, 1976. But the Coulter counts were significantly lower
than the hemocytometer counts during September, 1976. The reason for the discrepancy is
not known. Further investigation is needed to establish the reliability of the Coulter counting
technique as a substitute for the hemocytometer counting technique.

Changes in the Concentration of Total Dry Matter

Tables 46 and 47 list the total dry matter concentrations during the experimental periods
April 26 through June 11, 1976, and August 9 through October 1, 1976, respectively. The dry
matter concentrations were measured as functions of culture depth, temperature, and reten-
tion time. Each value represents the average of three determinations. Measurements made
during an experimental period were added and the mean and its standard error were calculated
for each combination of operational variables. The means are summarized in Table 48. Analy-
sis of variance was used to determine significant differences between the means at P = 0.05
(Snedecor and Cochran, 1967).

The mean concentrations of dry matter ranged from 0.72 ± 0.04 g/I to 0.96 ± 0.05 g/I
during the period April 26 through June 11 (Table 46) and from 0.41 ± 0.02 g/I to 0.98 ± 0.06
g/I during the period August 9 through October 1, 1976 (Table 47).

Table 49 shows the monthly averages of the concentrations of dry matter for each com-
bination of temperature, culture depth, and retention time. The data are presented graphi-
cally in Figure 41 and compared to the monthly averages of daily radiation rates and the
monthly averages of the daily maximum and minimum air temperatures.
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Table 46. Concentrations of algal-bacterial dry matter obtained in diluted swine waste as a function of culture
depth, temperature, and retention time. The number above each column is the retention time in
days. Period: April-June, 1976.

Culture depth: 10 cm	 Culture depth: 20 cm

Ambient	 30 C	 Ambient	 30 C 

Month	 2	 3	 4	 2	 3	 4	 2	 3	 4	 2	 3	 4

1976	 	 g/I 	

Apr	 26	 .85	 .74	 .61	 1.03	 1.31	 1.06	 1.09	 .70	 .94	 1.12	 1.02	 .96

	

28	 .71	 .77	 .82	 1.21	 .87	 1.12	 .91	 .93	 .91	 .96	 .98	 .63

	

30	 .79	 1.02	 1.04	 .83	 .94	 1.11	 .93	 1.01	 1.10	 .92	 1.08	 1.05

May	 3	 .53	 .79	 .76	 .80	 .63	 1.09	 .62	 .85	 .86	 .91	 .85	 .95

	

5	 .98	 1.11	 .99	 1.01	 1.06	 1.26	 1.07	 1.12	 1.13	 1.13	 1.12	 1.08

	

7	 .54	 .43	 .60	 .71	 .52	 .84	 .55	 .51	 .61	 .77	 .63	 .96

	

10	 .72	 .77	 .81	 1.16	 .95	 1.12	 .95	 .97	 .87	 1.01	 1.05	 .83

	

12	 .76	 .90	 .73	 .95	 .76	 1.06	 .90	 .88	 .84	 .95	 .97	 .97

	

14	 .96	 .81	 .77	 .72	 .82	 1.01	 .97	 .81	 .80	 .81	 1.00	 .86

	

17	 .74	 .75	 .88	 .82	 .99	 1.15	 .98	 .93	 1.02	 .76	 1.01	 1.19

	

19	 .43	 .47	 .38	 .54	 .58	 .68	 .48	 .54	 .50	 .76	 .51	 .64

	

26	 .94	 1.00	 .97	 .98	 1.05	 1.18	 1.05	 1.22	 1.26	 .97	 1.16	 1.29

	

28	 .72	 .88	 .69	 .51	 .82	 .83	 .86	 .71	 .97	 .97	 .74	 .92

Jun	 2	 .62	 .56	 .47	 .71	 .79	 .77	 .70	 .71	 .84	 .61	 .99	 .98

	

4	 .82	 .88	 .88	 .87	 .81	 .91	 .82	 1.07	 .88	 1.41	 .71	 .78

	

7	 .84	 .62	 .57	 1.01	 .83	 .78	 .76	 .65	 .69	 1.06	 .63	 1.11

	

9	 .66	 .57	 .56	 .66	 .77	 .70	 .70	 .57	 .64	 .79	 .62	 .91

	

11	 .55	 .52	 .46	 .61	 .62	 .54	 .61	 .51	 .64	 .79	 .66	 .86

Mean	 .73	 .76	 .72	 .84	 .84	 .96	 .83	 .82	 .86	 .93	 .87	 .94

	

±.04 ±.04 ±.04	 ±.05 ±.05 ±.05	 ±.04 ±.05 ±.05	 ±.04 ±.05 ±.04

Temperature and Culture Depth

April 26 through June 11, 1976. The mean concentrations of dry matter in the 10 cm
deep cultures were not improved significantly by maintaining the 30 C temperature as com-
pared to the ambient temperatures, except at the 4-day retention time. The mean concentra-
tion of 0.96 ± 0.05 g/I was substantially higher in the heated culture than the mean concentra-
tion of 0.72 ± 0.04 g/I in the unheated culture (Table 48). It can be inferred from the algal
cell counts shown in Table 37 that the higher concentration of algal cells in the heated culture
was responsible for this significant difference. It can also be inferred from Table 37 that the
dry matter recovered from the unheated, 10 cm deep cultures consisted mostly of bacterial
biomass whereas the algae contributed to the total biomass in the heated basins.

The mean concentrations of dry matter in the unheated and the heated, 20 cm deep
cultures were not significantly different from each other. It is inferred from the data shown in
Table 37 that the dry matter in these cultures consisted mostly of bacteria.
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Table 47. Concentrations of algal-bacterial dry matter obtained in diluted swine waste as a function of culture
depth, temperature, and retention time. The number above each column is the retention time in
days. Period: August-October, 1976.

Culture depth: 10 cm	 Culture depth: 20 cm 
Ambient	 30 C	 Ambient	 30 C 

Month	 3	 4	 2	 3	 4	 2	 3	 4	 2	 3	 4

1976	 	  gil 	
Aug	 9	 .84	 .43	 .33	 .65	 .39	 .47	 .26	 .28	 .42	 .59	 .15	 .42

	

11	 .61	 .28	 .84	 .58	 .57	 .57	 .33	 .46	 .62	 .50	 .53	 .70

	

13	 .44	 .53	 .53	 .70	 .67	 .74	 .32	 .46	 .52	 .50	 .58	 .73

	

16	 .50	 .63	 .47	 .66	 .71	 .70	 .59	 .53	 .52	 .72	 .77	 .85

	

18	 .26	 .40	 .32	 .93	 .41	 .52	 .35	 .34	 .28	 .42	 .51	 .60

	

20	 .42	 .53	 .52	 .56	 .66	 .66	 .32	 .43	 .46	 .44	 .55	 .67

	

23	 .32	 .52	 .46	 .63	 .72	 .68	 .16	 .42	 .37	 .37	 .49	 .66

	

25	 .49	 .67	 .80	 .87	 .87 1.08	 .45	 .64	 .67	 .51	 .78	 .98

	

27	 .46	 .67	 .79	 .78	 .82 1.00	 .43	 .64	 .67	 .50	 .76	 .99

	

30	 .44	 .55	 .56	 .72	 .68	 .82	 .34	 .47	 .55	 .51	 .60	 .72
Sept	 1	 .49	 .55	 .57	 .76	 .75	 .82	 .27	 .48	 .54	 .33	 .58	 .81

	

6	 .40	 .52	 .60	 .67	 .73	 .83	 .35	 .57	 .62	 .48	 .72	 .90

	

8	 .40	 .51	 .58	 .68	 .69	 .78	 .31	 .55	 .71	 .45	 .71	 .85

	

10	 .42	 .62	 .71	 .73	 1.01	 1.10	 .46	 .68	 .68	 .49	 .79	 1.05

	

13	 .47	 .61	 .78	 .80 1.18	 1.22	 .45	 .59	 .67	 .58	 .73	 .92

	

15	 .53	 .62	 .93	 .68 1.02	 1.20	 .40	 .53	 .70	 .50	 .72	 1.08

	

17	 .51	 .52	 .66	 .58	 .92	 .97	 .61	 .54	 .61	 .63	 .79	 .99

	

20	 .74	 .88	 1.01	 1.12	 1.18	 1.33	 .74	 .84	 1.21	 .83	 1.13	 1.31

	

22	 .54	 .66	 .86	 .68	 1.17	 1.33	 .51	 .48	 1.11	 .66	 .75	 1.26

	

24	 .46	 .60	 .73	 .69	 1.28	 1.14	 .32	 .47	 .87	 .51	 .78	 1.09

	

27	 .64	 .82	 1.01	 .91	 1.06	 1.66	 .57	 .86	 1.34	 .91	 .91	 1.33

	

29	 .61	 .81	 .73	 .79	 1.09	 1.68	 .51	 .73	 1.43	 .68	 1.01	 1.35
Oct	 1	 .51	 .61	 .98	 .54	 1.15	 1.30	 .33	 .78	 1.13	 .39	 .85	 1.26
Mean	 .50	 .59	 .68	 .73	 .86	 .98	 .41	 .55	 .73	 .54	 .70	 .93

	

±.03 ±.03 ±.04	 ±.04 ±.05 ±.06	 ±.02 ±.03 ±.04	 ±.03 ±.04 ±.06

The depth of the heated cultures had no effect on the standing crop of total biomass
(Table 48), although the 10 cm deep cultures contained much higher concentrations of algal
cells than the 20 cm deep cultures (Table 37). Similarly, depth had little effect on the dry
matter concentrations in the unheated basins (Table 48). It is inferred from Table 37 that the
biomass in the unheated basins consisted mostly of bacteria.

August 9 through October 1, 1976. The mean concentrations of dry matter were
improved significantly by maintaining the 30 C temperature as compared to the prevailing
ambient temperatures in both the 10 cm and the 20 cm deep cultures (Table 48; Figure 34).
This was in contrast to the results obtained during spring. A comparison of the data in Tables
37 and 40 shows that Chlorella was able to maintain appreciably higher densities of population
during the summer than during the spring for each combination of operational variables. It is
concluded that the constant temperature of 30 C increases the total biomass as compared to
ambient temperatures when algal growth is favored, but has no effect on the total biomass
when bacterial growth is predominant, provided the ambient temperatures remain within the
mesophilic range of temperatures.
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Table 48. Comparison of mean dry matter concentrations obtained as a func-
tion of temperature, culture depth, and retention time during the
indicated experimental periods. Means followed by different letters
are significantly different from each other at P = 0.05.

Period of
experiment Temp.

Culture
depth

Retention
time

Mean dry matter
concentration

1976 C cm days g/I

Apr 26 - June 11 ambient 10 2 0.73 ± 0.04 a
3 0.76 ± 0.04 a
4 0.72 ± 0.04 a

ambient 20 2 0.83 ± 0.04 a,c
3 0.82 ± 0.05 a,c
4 0.86 ± 0.05 c

30 10 2 0.84 ± 0.05 a,c
3 0.84 ± 0.05 a,c
4 0.96 ± 0.05 c

30 20 2 0.93 ± 0.04 c
3 0.87 ± 0.05 c
4 0.94 ± 0.04 c

Aug 9 - Oct 1 ambient 113 2 0.50 ± 0.03 d
3 0.59 ± 0.03 e
4 0.68 ± 0.04 a,f

ambient 20 2 0.41 ± 0.02 g
3 0.55 ± 0.03 d,e
4 0.73 ± 0.04 a

30 10 2 0.73 ± 0.04 a
3 0.86 ± 0.05 c
4 0.98 ± 0.06 c

30 20 2 0.54 ± 0.03 d,e
3 0.70 ± 0.04 a
4 0.93 ± 0.06 c

The depth of the unheated cultures affected the mean concentrations of dry matter only
at the 2-day retention time; the concentration of dry matter was significantly lower in the
20 cm deep culture, namely 0.41 ± 0.02 g/I as compared to 0.50 ± 0.03 g/I in the 10 cm deep
culture (Table 48).

The depth of the heated cultures affected the mean dry matter concentrations at the
2-day and the 3-day retention time; the concentrations of dry matter were significantly lower
in the 20 cm than in the 10 cm cultures (Table 48).

It is concluded that higher concentrations of algal cells (Tables 40 and 43) may result in
higher concentrations of total dry matter in the 10 cm than in the 20 cm deep cultures (Table
48) but that long retention times may equalize the production of biomass at both culture
depths.
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Table 49. Mean dry matter concentrations in WI of algal-bacterial cultures grown in diluted swine waste as a
function of temperature, culture depth, and retention time. Periods: April-June, August-Septem-
ber, 1976.

Culture	 Retention 	 Mean dry matter concentration 
Temp.	 depth	 time	 April	 May	 June	 Aug	 Sept

cm	 days

Ambient	 10	 2	 .78 ± .04	 .73 ± .06	 .70 ± .06	 .47 ± .05	 .52 ± .03
3	 .84 ± .09	 .79 ± .07	 .63 ± .06	 .52 ± .04	 .64 ± .03
4	 .82 ± .12	 .76 ± .06	 .59 ± .08	 .56 ± .06	 .78 ± .04

Ambient	 20	 2	 .98 ± .06	 .84 ± .07	 .72 ± .03	 .36 ± .04	 .45 ± .04
3	 .88 ± .09	 .85 ± .07	 .70 ± .10	 .47 ± .04	 .62 ± .04
4	 .98 ± .06	 .89 ± .08	 .74 ± .05	 .51 ± .04	 .89 ± .08

30	 10	 2	 1.02 ± .11	 .82 ± .06	 .77 ± .07	 .71 ±.04	 .74 ± .04
3	 1.04 ± .14	 .82 ± .06	 .76 ± .04	 .65 ± .05	 1.02 ± .05
4	 1.10 ± .02	 1.02 ± .06	 .74 ± .06	 .72 ± .06	 1.18 ± .08

30	 20	 2	 1.00± .06	 .90 ± .04	 .93 ± .14	 .51 ± .03	 .57 ± .04
3	 1.03 ± .03	 .90 ± .07	 .72 ± .07	 .57 ± .06	 .81 ± .04
4	 .88 ± .13	 .97 ± .06	 .93 ± .06	 .73 ± .05	 1.03 ± .12

Retention Time

The increase of retention time from 2 days to 4 days had no effect on the mean concen-
trations of dry matter during the experimental period April 26 through June 11, 1976, but
increased significantly the dry matter concentrations during the period August 9 through
October 1, 1976, for each combination of temperature and culture depth.

A simplified explanation for the different results may be that the combinatios of opera-
tional variables led most often to cultures with predominantly bacterial biomass during the
spring (Table 37), whereas during the summer most of the cultures also contained substantial
populations of Ch/ore//a (Table 40). The growth of bacteria indigenous to the swine waste
would be expected to be independent of the tested retention times, culture depths, and tem-
peratures within the mesophilic range, but the growth of the high temperature strain of
Ch/ore//a would be expected to respond to temperature.

The only exceptions to this expectation are the mean concentrations of dry matter
obtained from the heated, 10 cm deep cultures during the period April 26 through June 11
(Table 48). The dry matter concentrations of these cultures did not change significantly with
retention time although each culture contained sizeable populations of algae (Table 37).

Solar Radiation

Figure 42 shows the dry matter concentrations for the culture with the highest counts of
algal cells during the experimental periods April 26 through June 11 and August 9 through
October 1, 1976. The operational variables which favored these high counts of Ch/ore//a were
the culture depth of 10 cm, the temperature of 30 C, and the retention time of 4 days (Tables
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Figure 41. Mean concentrations of total dry matter as a function of time at different combi-
nations of retention time, culture depth, and temperature. Period of experiment:
April-September, 1976. The mean concentrations of total dry matter are com-
pared to mean rates of solar radiation and means of daily maximum and daily mini-
mum air temperatures.
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37 and 40). The concentrations of dry matter are compared to the daily rate of solar radiation
received by the culture.
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Figure 42. Concentrations of total dry matter and rates of solar radiation as a function of time
for a 10 cm deep culture of Chlorella vulgaris 211/8K, heated to 30 C, and
operated at a 4-day retention time. Periods of experimentation: April 26 through
June 11 and August 9 through October 1, 1976.
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A correlation between changes in dry matter concentrations and changes in solar
radiation intensities is not apparent from Figure 42. During April, May, and June the rates of
solar radiation fluctuated widely from day to day between 2,000 and 5,000 kcal/m 2 day while
the concentrations of dry matter decreased from about 1.1 g/I in April to about 0.5 g/I in
June. The high concentration of dry matter in April was due to the building up of the inocu-
turn. During August and September the rates of solar radiation remained fairly steady between
2,000 and 4,000 kcal/m 2 day while the concentrations of dry matter increased from about
0.5 g/I to 1.3 g/I.

Several reasons may be offered for the lack of correlation between daily changes in solar
radiation and daily changes in dry matter. First, a complex relationship exists between the
algal and the bacterial populations. This relationship is not only influenced by the changes in
the radiation intensity but also by the availability of nutrients and the presence or absence of
substances antagonistic to the growth of algae and bacteria. For example, the substance
chlorellin produced by Ch/ore//a may act as a growth stimulator to the alga when the algal cell
concentration is low, but may act as an inhibitor of algal growth when the algal cell concen-
tration is high (Hellebust, 1974). Similarly, antibacterial substances produced by Ch/ore//a,
including chlorellin, may affect some species of bacteria indigenous to the swine waste but not
others as discussed earlier (Spoehr et al., 1949; Allen and Garrett, 1976). A decrease in level
of solar radiation may result in a decrease in the concentration of algal cells but the response
of the bacterial population may be quite variable, so that a change in the concentration of
total biomass may not reflect the influence of light intensity on algal growth.

Secondly, fluctuations in light intensity require physiological adjustments by the algae
which are time-consuming and likely to lag behind rapid changes in the levels of radiation.

To minimize the effects of variables which influence the relationship between biomass
production and radiation intensity, the values of dry matter concentrations and rates of solar
radiation shown in Figure 42 were subjected to an averaging technique and plotted as a func-
tion of time in Figure 43. The technique entailed taking the average of the concentrations of
total dry matter and the average of the rates of solar radiation for each 4-day interval during
the indicated periods of experimentation and then calculating "running" cumulative averages.
The interval of 4 days was chosen to correspond to the 4-day retention time of the culture.

The data in Figure 43 show that the relationship between concentrations of total dry
matter and rates of solar radiation was quite variable. It is inferred from this result that a
significant portion of the total biomass consisted of bacteria because the relationship between
algal growth and rates of solar radiation would be expected to be predictable (Incropera and
Thomas, 1977). This interpretation of the data in Figure 43 implies that a longer retention
time than 4 days and/or a culture depth of less than 10 cm is necessary to improve the contri-
bution by the algae to the total biomass and to improve the reliability of predicting the con-
centrations of total biomass as a function of the rates of solar radiation.

Period: June 30 through July 30, 1976

Table 50 shows the concentrations of dry matter obtained during the experimental
period June 30 through July 30, 1976, when all 12 basins were operated at 30 C, a culture
depth of 15 cm, and a retention time of 4 days. The concentration of dry matter ranged from
a low of 0.5 g/I to a high of 1.0 g/I with a mean of 0.65 ± 0.06 g/I.
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Figure 43. Cumulative averages of concentrations of total dry matter and rates of solar radia-
tion over 4-day intervals as a function of time for a 10 cm deep culture of Chlorella
vulgaris 211/8K, heated to 30 C, and operated at a 4-day retention time. Periods
of experimentation: April 26 through June 1 1 and August 6 through October 1,
1976.
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Figure 44 compares the concentrations of dry matter with the daily rate of solar
radiation. The outdoor cultures received from 1,000 to 6,000 kcal/m 2 day in solar energy
with a monthly average of the daily rate of solar radiation of 5,000 kcal/m 2 day. A correla-
tion between changes in the intensity of solar radiation and changes in the concentration of
total dry matter is not apparent from Figure 44. However, when cumulative averages over
4-day intervals are computed and plotted as a function of time as shown in Figure 45, it can be
seen that increases and decreases in the rate of solar radiation were followed most often by
corresponding changes in the concentration of dry matter.

Figure 46 compares the concentrations of dry matter with Coulter counts. The Coulter
counter detected day-to-day changes in the concentration of biomass only 58 percent of the
time.

Figure 47 compares the concentrations of dry matter, chlorophyll fluorescence, and the
intensities of solar radiation received by the cultures. The production of chlorophyll a in
terms of relative fluorescence units did not correlate to the concentrations of dry matter. It
is concluded that under conditions of large fluctuations in the rate of solar radiation the meas-
urement of chlorophyll fluorescence is unreliable for the determination of dry matter concen-
trations. However, it is not ruled out that under conditions of fairly constant levels of solar
radiation chlorophyll fluorescence may be a useful method for estimating the concentrations
of algal biomass in outdoor cultures.

Contribution by Algae to Total Biomass

The outdoor cultures consisted of cells of Chlorella vulgaris 211/8K and a mixture of
bacterial species indigenous to the liquid phase of the swine manure. The concentrations of
algal dry matter were calculated as the product of cells of Chlorella or particles of algal size per
liter of culture volume, mean cell volume, specific gravity, and moisture content according to
the equation given in "Methods and Materials", p. 52. The difference between the dry matter
of algal cells and the total dry matter obtained by using the Millipore filter technique was
assumed to be the contribution made by the bacteria to the total biomass.

The calculations of algal dry matter were based on hemocytometer counts (Tables 37 and
40), Coulter counts (Table 43), a mean cell volume of 42 prIn3 (Table 38), a specific gravity of
the algal cells of 1.1 g/cm3, and a moisture content of 75 percent w/w. The moisture content
is the average obtained from axenic cultures of Chlorella vulgaris 211/8K in the exponential
and stationary phases of growth (Table 17).

The mean cell volume of 42 pm 3 was obtained during the experimental period June 30
through July 30, 1976, when all 12 basins were operated at a culture depth of 15 cm, a tem-
perature of 30 C, and a retention time of 4 days (Table 34). The mean cell volume was meas-
ured with the MCV computer of the Coulter counter. It was thought reasonable to use the
mean cell volume of 42 pm3 in estimating the concentrations of algal dry matter because the
Coulter counts agreed with the hemocytometer counts at a confidence level of 99 percent
(Tables 38 and 39).

Further support for a mean cell volume of 42 pm 3 came from detailed studies on Coulter
counts, mean cell volume, and concentrations of total dry matter during the build-up of the
algal inoculum in August, 1976 (Table 34). Figure 48 summarizes the results of these studies
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Table 50. Concentrations of algal-bacterial dry matter obtained in diluted swine waste
at a temperature of 30 C, a culture depth of 15 cm, and a retention time of
4 days. Period: June 30 through July 30,1976.
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Month
	

Dry matter concentration

1976	 g/I

	

June 30	 .77
July	 2	 .61

	

7	 .53

	

9	 .59

	

12	 .61

	

14	 .52

	

16	 .33

	

19	 .98

	

21	 .58

	

23
	

1.00

	

26	 .90

	

28	 .59

	

30	 .50
Mean	 .65 ± .06
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Figure 44. Concentrations of total dry matter as a function of time in 15 cm deep cultures of
Chlorella vulgaris 211/8K, maintained at 30 C temperature, and operated at a
retention time of 4 days. The concentrations of dry matter are compared to the
rates of solar radiation received by the cultures during July, 1976.
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Figure 45. Cumulative averages of concentrations of total dry matter and rates of solar radia-
tion over 4-day intervals as a function of time for 15 cm deep cultures of Chlorella
vulgaris 211/8K, heated to 30 C, and operated at a retention time of 4 days.
Period of experiment: July, 1976.
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for the period August 2 through August 6, 1976. On August 2, all basins were inoculated at
06:00 h and heated to 30 C until routine harvesting and nutrient replenishment began on
August 9, at which time half of the 12 basins were continued at 30 C and the remaining 6
basins were returned to ambient temperatures.
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Figure 46. Concentrations of total dry matter and Coulter counts as a function of time in 15
cm deep cultures of Ch/ore//a vu/garis 211/8K, heated to 30 C, and operated at a
retention time of 4 days. Period: July, 1976.
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Figure 47. Concentrat - lns of total dry matter, chlorophyll fluorescence, and rates of solar
radiation as a function of time for 15 cm deep cultures of Ch/ore//a vulgaris
211/8K, he, 'ed to 30 C, and operated at a retention time of 4 days. Period: July,
1976.
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Figure 48. Mean cell volumes, Coulter counts, and concentrations of dry matter in an outdoor
culture of Ch/ore//a vulgaris 211/8K during the first 4 days of building-up the
inoculum. The concentrations of dry matter are compared to the intensities of
solar radiation received by the culture during the period August 2-6, 1976. Culture
depth, 10 cm; culture temperature, 30 C.
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One of the 10 cm deep cultures was sampled twice daily at 06:00 h and 16:00 h to
determine concentrations of dry matter, Coulter counts, and mean cell volumes during the first
days of growth following inoculation. No addition of fresh swine waste was made until August
4 (Figure 48) to replace daily evaporation losses, which amounted to approximately 5 percent
of the total culture volume per day, and to avoid possible deficiencies in nutrients and
minerals.

A net loss in dry matter occurred during the first 24 h (Figure 48) which was
accompanied by a marked clearing of the culture fluid and an increase in green color. The
mean cell volume of the algal population decreased from 47 pm 3 at the time of inoculation to
44 pm3 10 h later, while the Coulter counts increased from 3 x 106 particles/ml to 4.7 x 106/
ml during the same time span. Both events may be explained by the release of daughter cells
from the inoculated algae. The decrease in total dry matter was probably due to settling of
bacterial floc and detritus.

The mean cell volume increased overnight to 57 ton 3. During the light period of the
second day, the algae proceeded to divide as indicated by the increase in the Coulter counts
and the decrease in the mean cell volume. The size of the algal cells immediately after divi-
sion must have been smaller than indicated by the mean cell volume of 44 pm 3 measured at
16:00 h because the dry matter increased by 50 percent between the morning and afternoon
samples (Figure 48).

Growth continued during the second night as shown by an increase in the mean cell
volume from 44 pm3 to 51 pm 3. However, the increase was not as large as during the
previous night. The simultaneous decrease in both the Coulter count and the dry matter con
centration suggest the possibility that the culture medium might have become deficient in
some nutrients and minerals.

As fresh swine waste was added during the next 4 days to replace the daily evaporation
losses and to correct a possible deficiency in nutrients and minerals, the concentrations of dry
matter and the Coulter counts began to increase slowly while the mean cell volume levelled off
between 40 and 45 pm 3 . The change in the MCV-graph from a serrated shape to a flattened
curve probably signalled a change in the make-up of the algal population from cells of nearly
the same size and age to cells of all ages and sizes with an average volume of about 42 gm3.
This volume corresponds to a spherical particle 4.3 pm in diameter, a size which did not
change appreciably in any of the cultures during the experimental period lasting from August 9
through October 1, 1976 (Table 34). It is presumed that events similar to those shown in Fig-
ure 48 took place in all basins as the cultures were prepared for routine harvesting on August
9, 1976.

Table 51 summarizes the mean dry matter concentrations of Ch/ore//a vulgaris 211/8K as
a function of temperature, culture depth, and retention time for the months of April, May,
June, August, and September, 1976. The high concentrations of algal dry matter for the
month of April are due to the build-up of the inoculum from April 20 to April 26 (Table 34).
In accordance with the hemocytometer counts in Tables 37 and 40, the highest concentrations
of algal dry matter, namely 0.32 to 0.62 g/1, were calculated for the 10 cm deep culture main-
tained at 30 C and operated at the retention time of 4 days (Table 51).
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Table 51. Mean dry matter concentrations of Chlorella vulgaris 211/8K as a function of tem-
perature, culture depth, and retention time during the indicated months of experi-
mentation in 1976.

Culture	 Retention 	 Hemocytometer 	 Coulter counter 
Temp.	 depth	 time	 April	 May	 June	 Sept	 Aug	 Sept

C	 cm	 days	 	 g/I 	

Ambient	 10	 2	 .42	 <.02	 <.01	 .04	 .13	 .04
3	 .38	 <.07	 <.01	 .12	 .14	 .09
4	 .56	 .16	 .03	 .27	 .15	 .13

Ambient	 20	 2	 .40	 <.01	 <.01	 .02	 .09	 .03
3	 .39	 <.03	 <.01	 .07	 .09	 .06
4	 .42	 <.04	 <.01	 .12	 .12	 .09

30	 10	 2	 .58	 .23	 .13	 .21	 .14	 .11
3	 .58	 .29	 .19	 .31	 .11	 .12
4	 .62	 .45	 .32	 .45	 .13	 .14

30	 20	 2	 .37	 <.05	 <.01	 .09	 .09	 .05
3	 .40	 .10	 .03	 .16	 .10	 .08
4	 .47	 .09	 .04	 .22	 .12	 .10

The concentrations of algal dry matter and the concentrations of total dry matter pro-
duced by this combination of operational variables are compared on a day-to-day basis in
Figure 49. Given the intensities of solar radiation measured during the indicated periods of
experimentation in 1976 (Figures 33 and 42), it appears that the culture depth of 10 cm, the
temperature of 30 C, and the retention time of 4 days support a concentration of 0.3 to
0.5 g/I of algal dry matter which contributes about 40 to 60 percent to the total biomass.

Table 52 lists the percent contribution by the algae to the total biomass for all combina-
tions of operational variables tested during the indicated months of experimentation in 1976.
The high percentage of dry matter contributed by the algae to the total biomass in April still
reflects the build-up of the inoculum from April 20 to April 26. The true effects of the opera-
tional variables on algal growth are shown in the months following April. The average monthly
contribution by the algae to the total dry matter was highest in the heated, 10 cm deep cul-
tures operated at the 4-day retention time. It ranged from 38 percent to 44 percent of the
total biomass.

Estimates of the contribution by the algae based on Coulter counts were most often
lower than the estimates based on hemocytometer counts, particularly for the cultures which
were operated at the 4-day retention time and which contained the highest concentrations of
algal cells (Table 52).

Table 53 compares the dry matter concentrations of the algae derived from hemocyto-
meter and Coulter counts with the total dry matter obtained during the experimental period
June 30 through July 30, 1976. During this period all 12 basins were operated at a culture
depth of 15 cm, temperature of 30 C, and retention time of 4 days. Although the cultures
were deep green in color and contained high concentrations of algal cells (Table 38), the con-
tribution by the algae to the total biomass was only 17 to 21 percent (Table 53). This was
much lower than the 38 to 44 percent contribution made by the algae in the heated, 10 cm
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Figure 49. Concentrations of total dry matter and concentrations of algal dry matter esti-
mated from hemocytometer and Coulter counts as a function of time for a 10 cm
deep culture of Ch/ore//a vu/garis, heated to 30 C, and operated at a retention time
of 4 days. Periods of experimentation: April 26 through June 11 and August 9
through October 1, 1976.
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deep cultures during May, June, and September, 1976 (Table 52). Yet the rates of solar
radiation were considerably higher in July, averaging 5,000 kcal/m 2 day as compared to 3,800
kcal/m2 day in September. It is concluded that the increase in solar radiation to maximum
rates in July did not compensate for the loss in available light energy to the algae when the cul-
ture depth was increased from 10 cm to 15 cm.

Table 52. Percent contribution by Chlorella vulgaris 211/8K to the total dry matter as a
function of temperature, culture depth, and retention time during the indicated
months of experimentation in 1976.

Culture	 Retention	 Hemocytometer Coulter counter  
Temp.	 depth	 time	 April	 May	 June	 Sept	 Aug	 Sept

C	 cm	 days	 	 %	 of total biomass

Ambient	 10	 2	 54	 < 3	 < 1	 7	 27	 8
3	 45	 < 9	 < 2	 19	 27	 14
4	 68	 21	 5	 35	 27	 17

Ambient	 20	 2	 41	 < 1	 < 1	 4	 25	 7
3	 44	 < 3	 < 1	 11	 19	 10
4	 43	 < 4	 < 1	 13	 24	 10

30	 10	 2	 57	 28	 17	 28	 20	 15
3	 56	 35	 25	 30	 17	 12
4	 56	 44	 43	 38	 18	 12

30	 20	 2	 37	 < 6	 < 1	 16	 18	 9
3	 39	 11	 4	 20	 18	 10
4	 53	 9	 4	 21	 16	 10

Table 53. Dry matter concentrations of Chlorella vulgaris 211/8K grown in
diluted swine waste at a temperature of 30 C, a culture depth of
15 cm, and a retention time of 4 days. The dry matter of the algae
is compared to the total dry matter obtained by using the Millipore
filter technique. Period: June 30 through July 30, 1976.

	

Dry matter of algae 	 Total dry matter
Month	 Hemocytometer Coulter	 counter	 Millipore	 filter

1976	 	 b/I 	 	 g/I

	

June 30	 .18	 .15	 .77
July	 2	 .18	 .13	 .61

	

7	 .07	 .08	 .53

	

9	 .11	 .13	 .59

	

12	 .03	 .10	 .61

	

14	 .14	 .09	 .52

	

16	 .05	 .13	 .33

	

19	 .03	 .11	 .98

	

21	 .05	 .13	 .58

	

23	 .16	 .22	 1.00

	

26	 .15	 .15	 .90

	

28	 .14	 .18	 .59

	

30	 .09	 .14	 .50

Mean	 .11 ± .02	 .14 ± .01	 .65 ± .06
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The values listed in Table 53 are presented graphically in Figure 50. Estimates of the
algal dry matter based on hemocytometer counts were in close agreement with estimates based
on Coulter Counts. The concentrations of algal dry matter remained fairly constant between
0.05 and 0.2 g/I while the concentrations of the total biomass fluctuated widely between 0.3
and 1.0 g/I, indicating the variability in the growth of the bacterial populations.
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Figure 50. Concentrations of total dry matter and concentrations of algal dry matter esti-
mated from hemocytometer and Coulter counts as a function of time in 15 cm
deep cultures of Ch/ore//a vu/garis 211/8K, heated to 30 C, and operated at a reten-
tion time of 4 days. Period: July, 1976.
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Table 54 summarizes the mean concentrations of algal dry matter and the percent
contribution made by the algae to the total biomass during the preliminary field trials, lasting
from July 15 through September 30, 1975. The calculations are based on the hemocytometer
counts shown in Table 21 and the concentrations of total dry matter shown in Table 22.
Because actual measurements of mean cell volumes were not made during the preliminary field
trials, the estimates of algal dry matter shown in Table 54 assume a range of cell volumes from
17 pm3 to 29 pm 3 measured for axenic cultures of Chlorella vulgaris 211/8K (Table 17) to
42 pm3 measured for outdoor cultures during 1976 (Table 38 and Figure 48).

Table 54. Mean concentration of algal dry matter and percent contribution by the algae to the
total biomass as a function of retention time, swine waste concentration, tempera-
ture, and culture depth. The concentrations of algal dry matter are based on hemo-
cytometer counts shown in Table 21 and mean cell volumes of 17, 29, and 42 pm3.
The concentrations of total dry matter necessary for calculating the percent contri-
bution by the algae to the total biomass are shown in Table 22. Period of experi-
mentation: July 15 through September 30, 1976.

Retention	 Influent	 Culture 	 Algal dry matter 	 Percent contribution by algae

time	 NH4-N	 depth 17 pm3 29 pm3 42 pm3	17 ii m3 29 pm3 42 pm3

days	 mg/I	 cm	 	 g/I 	 	 ....% of total biomass.

2	 465	 7.5'	 <.01	 <.01	 <.01	 <1	 <1	 <1
7.5	 .01	 .02	 .03	 <1	 1	 2

10	 <.01	 <.01	 <.01	 G1	 <1	 <1
15	 <.01	 <.01	 <.01	 <1	 <1	 <1
20	 <.01	 <.01	 <.01	 <1	 <1	 <1

3	 414	 7.5'	 <.01	 <.01	 <.01	 <1	 <1	 <1
7.5	 .01	 .02	 .03	 <1	 1	 2

10	 <.01	 <.01	 <.01	 <1	 <1	 <1
15	 <.01	 <.01	 <.01	 <1	 <1	 <1
20	 <.01	 <.01	 <.01	 <1	 <1	 <1

4	 188	 7.5'	 .10	 .17	 .25	 18	 31	 46
7.5	 .16	 .28	 .40	 35	 62	 89

10	 .17	 .29	 .42	 28	 47	 69
15	 .13	 .22	 .32	 26	 45	 65
20	 .09	 .15	 .22	 16	 27	 39

6	 198	 7.51	 .26	 .44	 .64	 34	 58	 84
7.5	 .26	 .44	 .64	 48	 81	 118

10	 .28	 .48	 .70	 42	 73	 106
15	 .19	 .33	 .48	 29	 50	 73
20	 .15	 .25	 .36	 20	 34	 49

8	 106	 7.5'	 .26	 .45	 .65	 58	 100	 144

'Ambient temperature, all others at 35 C.
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It can be seen that the contribution by the algae to the total biomass was insignificant
when the cultures were operated at short retention times of 2 and 3 days and the influent
swine waste was fairly concentrated and contained 400 to 500 mg of ammonium nitrogen per
liter. When the influent swine waste was diluted to contain 100 to 200 mg of ammonium
nitrogen per liter and the retention time was increased to 4 to 8 days the recovered biomass
consisted primarily of algal dry matter.

The data in Table 54 show that the culture depths of 7.5 to 10 cm and the retention
times of 6 to 8 days produced the highest concentrations of algal dry matter, namely 0.26 to
0.70 g/I, depending on the mean cell volume used in the calculations. Ambient temperatures
versus a constant temperature of 35 C did not affect the concentrations of algal dry matter at
the 6-day retention time (Table 54). However, the contribution by the algae to the total bio-
mass was significantly higher at the 35 C temperature than at the ambient temperatures, indi-
cating suppression of bacterial growth at 35 C. Because the bacterial species indigenous to the
swine manure are not likely to be adversely affected by a temperature of 35 C, the suppression
of their growth was probably the consequence of the production of antibacterial substances by
the algae.

Table 55 compares the mean concentrations of algal dry matter and the percent contribu-
tion made by the algae to the total biomass in the heated, 10 cm and 20 cm deep cultures
operated at the 4-day retention time during 1975 and 1976. The cultures were fed with swine
waste which contained 177 to 188 mg of ammonium nitrogen per liter. The data are taken
from Tables 51 and 54 and based on the mean cell volume of 42 tim3.

Table 55. Mean concentrations of algal dry matter and percent contribution by the algae to
the total biomass in heated 10 cm and 20 cm deep cultures during the indicated
months of experimentation in 1975 and 1976. The cultures were operated at the
4-day retention time and supplied with swine waste containing 177 to 188 mg of
ammonium nitrogen per liter.

Month
Mean solar
radiation

Culture
temp.

Culture
depth

Algal
dry matter

Contribution
by algae

kcal/m2 day C cm g/I % of total
biomass

1975
Aug 15 - Aug 24 2,860 35 10 .42 69

20 .22 39
1976

May 3,800 30 10 .45 44
20 .09 9

June 3,800 30 10 .32 43
20 .04 4

September 3,100 30 10 .45 38
20 .22 21
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The mean concentrations of algal dry matter achieved in the 10 cm deep cultures were
similar during the indicated months of 1975 and 1976, namely 0.32 to 0.45 g/I. However, the
algae contributed 69 percent to the total biomass in 1975, when the cultures were maintained
at 35 C, as compared to 38 to 44 percent in 1976, when the culture temperature was 30 C.
This effect of temperature on the percent contribution by the algae to the total biomass is
probably the result of the production of antibacterial substances at the higher temperature as
discussed earlier when the mean concentrations of algal dry matter in the unheated and the
heated, 7.5 cm deep cultures at the 6-day retention time were compared (Table 54).

The mean concentration of algal dry matter reached 0.22 g/I in the heated, 20 cm deep
cultures at the 4-day retention time during August, 1975 and September, 1976, but was much
lower during the months of May and June, 1976, namely 0.09 to 0.04 g/I, respectively (Table
55). The most likely explanation for these monthly differences in algal dry matter in the 20
cm deep cultures may be the rate at which solar radiation was received by the cultures.
Although the mean rates of 3,800 kcal/m2 day for May and June, 1976 are appreciably higher
than the mean rate of 3,100 kcal/m 2 day for September, 1976 and 2,860 kcal/m 2 day for the
period August 15-August 24,1975, the daily intensities of solar radiation are fairly steady
during the months of August and September as compared to the wide fluctuations in May and
June (Figure 42). Such fluctuations are also likely to reduce algal growth more in the deep
cultures than in the shallow cultures (Table 55).

Yields of Biomass

Total Dry Matter

Table 56 shows the yields of total dry matter in g/kg pig per day as a function of tem-
perature, culture depth, and retention time during the months of April through September,
1976. The values were obtained by mutliplying the mean dry matter concentrations shown in
Tables 49 and 50 with the total waste volume available per day, namely 3,360 liters (140 I/h
flush water x 24 h) and dividing the product by the total live weight of the animals present in
the pens, namely 1,080 kg (54 kg/pig x 20 pigs; Table 11).

In general, the yields of total biomass ranged from a low of 1.49 to a high of 2.61 g/kg
pig per day in the unheated and from 2.02 to 3.67 g/kg pig per day in the heated, 10 cm deep
cultures; from a low of 1.12 to a high of 3.05 g/kg pig per day in the unheated and from 1.59
to 3.20 g/kg pig per day in the heated, 20 cm deep cultures. When all basins were operated at
the culture depth of 15 cm during July, 1976, the yield of total dry matter was 2.02 g/kg pig
per day (Table 56). The yields obtained during the preliminary field trials in 1975 were some-
what lower at comparable culture depths, swine waste concentration, and retention time
(Table 25) than during the 1976 experiments. The most probable explanation is the difference
in culture temperature, namely 35 C in 1975 and 30 C in 1976, which may have affected the
production of antibacterial substances by the algae as discussed earlier.

Algal Dry Matter

Table 57 summarizes the yields of algal dry matter in g/kg pig per day. The yields were
calculated by dividing the product of the total waste volume of 3,360 I/day and the mean con-
centrations of algal dry matter shown in Tables 51 and 53 by the total live weight of 1,080 kg
of pigs in the animal quarters.
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Table 56. Yields of total dry matter in g/kg of pig per day recovered from swine waste as a
function of temperature, culture depth, and retention time during the indicated
months of experimentation in 1976.

Culture	 Retention 	 1976 
Temp.	 depth	 time	 April	 May	 June	 July	 Aug	 Sept

C	 cm	 days	 	  g/kg pig per day 	

Ambient	 10	 2	 2.43	 2.27	 2.18	 1.49	 1.62
3	 2.61	 2.46	 1.96	 1.62	 1.99
4	 2.55	 2.36	 1.83	 1.74	 2.43

Ambient	 20	 2	 3.05	 2.61	 2.24	 1.12	 1.40
3	 2.74	 2.64	 2.18	 1.46	 1.93
4	 3.05	 2.77	 2.30	 1.59	 2.77

30	 10	 2	 3.17	 2.55	 2.39	 2.21	 2.30
3	 3.23	 2.55	 2.36	 2.02	 3.17
4	 3.42	 3.17	 2.30	 2.24	 3.67

30	 15	 4	 2.02
30	 20	 2	 3.11	 2.80	 2.89	 1.59	 1.77

3	 3.20	 2.80	 2.24	 1.77	 2.52
4	 2.74	 3.02	 2.89	 2.27	 3.20

Table 57. Yields of algal dry matter in g/kg of pig per day recovered from swine waste as a
function of temperature, culture depth, and retention time during the indicated
months of experimentation in 1976.

Culture	 Retention 	 1976
Temp.	 depth	 time	 April	 May	 June	 July	 Aug'	 Sept

C	 cm	 days	 	  g/kg	 pig per day 	

Ambient	 10	 2	 1.31	 <.06	 <.03	 .40	 .12
3	 1.18	 <.22	 <.03	 .44	 .37
4	 1.74	 .50	 .09	 .47	 .84

Ambient	 20	 2	 1.24	 <.03	 <.03	 .28	 .06
3	 1.21	 <.09	 <.03	 .28	 .22
4	 1.31	 <.12	 <.03	 .37	 .37

30	 10	 2	 1.80	 .72	 .40	 .44	 .65
3	 1.80	 .90	 .59	 .34	 .96
4	 1.93	 1.40	 1.00	 .40	 1.40

30	 15	 4	 .34
30	 20	 2	 1.15	 <.15	 <.03	 .28	 .28

3	 1.24	 .31	 .09	 .31	 .50
4	 1.46	 .28	 .12	 .37	 .37

' Yields are based on Coulter counts, all others are based on hemocytometer counts.
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The yields listed for April, 1976 (Table 57), ranging from a low of 1.15 to a high of
1.93 g of algal dry matter recovered per kg of pig per day, reflect the building up of the inocu-
lum which took place from April 20 to April 26, 1976. The combination of operational
variables which was most favorable to algal growth among the combinations tested, namely the
culture depth of 10 cm, the temperature of 30 C, and the retention time of 4 days, produced
yields of algal dry matter between 0.40 and 1.40 g/kg pig per day. For all other combinations
of operational variables, the yields were less than one g/kg pig per day.

Table 58 shows the yields of algal dry matter in g/kg pig per day recovered from the
swine waste during the preliminary field trials in 1975. The data were derived by multiplying
the total waste volume of 3,360 I/day with the mean concentrations of algal dry matter shown
in Table 54 for the mean cell volumes of 17, 29, and 42 µm3 and dividing the product by the
live weight of the animals. The information needed to relate the ammonium nitrogen concen-
tration of the swine waste to the weight and the number of pigs and the flush rate of 140 I/h is
given in Table 11.

Table 58. Yields of algal dry matter in g/kg pig per day as a function of retention time, swine
waste concentration, temperature, and culture depth during the experimental period
July 15 through September 30, 1975. The yields are based on the mean concentra-
tions of algal dry matter shown in Table 54 and mean cell volumes of 17, 29, and
43 ,um3.

	

Period of	 Retention	 Influent	 Culture	 Yields of algal dry matter 

	

experiment	 time	 NH4-N	 depth	 17 µm3 29 µm3 42 ,um3

1975	 days	 mg/I	 cm	 ....g/kg pig per day . ...

July 15 - Aug 5	 2	 465	 7.51	 <.01	 <.01	 <.01
7.5	 <.01	 .02	 .03

10	 <.01	 <.01	 <.01
15	 <.01	 <.01	 <.01
20	 <.01	 <.01	 <.01

Aug 6 - Aug 14	 3	 414	 7.51	 <.01	 <.01	 <.01
7.5	 <.01	 .02	 .03

10	 <.01	 <.01	 <.01
15	 <.01	 <.01	 <.01
20	 <.01	 <.01	 <.01

Aug 15 - Aug 24	 4	 188	 7.5'	 .31	 .53	 .78
7.5	 .50	 .87	 1.24

10	 .53	 .90	 1.31
15	 .40	 .68	 1.00
20	 .28	 .47	 .68

Aug 26 - Sept 4	 6	 198	 7.5'	 .81	 1.37	 1.99
7.5	 .81	 1.37	 1.99

10	 .87	 1.49	 2.18
15	 .59	 1.03	 1.49
20	 .47	 .78	 1.12

Sept 15 - Sept 30	 8	 106	 7.51	 1.21	 2.10	 3.03
Ambient temperature, all others at 35 C.
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The yields of algal dry matter were insignificant at retention times of 2 and 3 days and in
swine waste containing 414 to 465 mg of ammonium nitrogen per liter (Table 58). But the
yields increased to 0.68 to 3.03 g/kg pig per day, based on the mean cell volume of 42 pm3, as
the retention time increased to 4 to 8 days and the influent swine waste was diluted to contain
106 to 198 mg of ammonium nitrogen per liter. It should be noted that some of the yields of
algal dry matter shown in Table 58 at the 6 and 8-day retention times and based on the mean
cell volume of 42 pm3 are larger than the yields of total dry matter shown in Table 25. This is
in part due to experimental errors, but also indicates that the mean cell volume of 42 pm3 may
be too large.

Tables 59 and 60 summarize the yields of algal dry matter in g/m 2 day for the experimen-
tal periods in 1976 and 1975, respectively. The values were obtained by multiplying the mean
concentrations of algal dry matter shown in Tables 51, 53, and 54 with the daily harvest vol-
umes corresponding to retention time and culture depth (Table 10) and dividing the product
by 2.01 m 2, the surface area of the basins.

Table 59. Yields of algal dry matter in g/m 2 day recovered from swine waste as a function of
temperature, culture depth, and retention time during the indicated months of
experimentation in 1976.

Culture	 Retention 	 Hemocytometer	 Coulter counter 
Temp.	 depth	 time	 April May June July Sept 	 Aug	 Sept

C	 cm	 days	 	 g/m2 day 	

Ambient	 10	 2	 21 <1 <1	 2	 6	 2
3	 13 <2 <1	 4	 5	 3
4	 14	 4	 1	 7	 4	 3

Ambient	 20	 2	 40 <1 <1	 2	 9	 3
3	 26 <2 <1	 5	 6	 4
4	 21 <2 <1	 6	 6	 4

30	 10	 2	 29	 11	 6	 10	 7	 6
3	 19	 10	 6	 10	 4	 4
4	 16	 11	 8	 11	 3	 3

30	 15	 4	 4
30	 20	 2	 37 <5 <1	 9	 9	 5

3	 27	 7	 2	 11	 7	 5
4	 23	 4	 2	 11	 6	 5

The month of April, 1976, shows high yields of algal dry matter, ranging from 13 to
40 g/m2 day (Table 59) as a result of the built-up inoculum. In the months following April,
the yields were at best 11 g/m 2 day. During the experimental period July 15 through Septem-
ber 30, 1975, the yields of algae, based on the mean cell volume of 42 pm 3, ranged between 5
and 12 g/m 2 day (Table 60. The yields were greater for the deep cultures than for the shallow
ones. Although the concentrations of algal cells were higher in the shallow basins, they were
not high enough to compensate for the difference in the daily harvest volume (Table 10).
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Table 60. Yields of algal dry matter in g/m 2 day as a function of retention time, swine waste
concentration, temperature, and culture depth during the experimental period July
15 through September 30, 1975. The yields are based on hemocytometer counts
and mean cell volumes of 17, 29, and 42 gm3.

	

Period of	 Retention	 Influent	 Culture	 Yields of algal dry matter 

	

experiment	 time	 NH4-N	 depth	 17 gm3 29 i.im3 42 iim3

1975	 days	 mg/I	 cm	 	  g/m2	 day 	

July 15 - Aug 5	 2	 465	 7.5'	 <1	 <1	 < 1
7.5	 <1	 <1	 < 1

10	 <1	 <1	 < 1
15	 <1	 <1	 < 1
20	 <1	 <1	 < 1

Aug 6 - Aug 14	 3	 414	 7.5'	 <1	 <1	 < 1
7.5	 <1	 <1	 < 1

10	 <1	 <1	 < 1
15	 <1	 <1	 < 1
20	 <1	 <1	 < 1

Aug 15 - Aug 24	 4	 188	 7.51	 2	 3	 5
7.5	 3	 5	 7

10	 4	 7	 10
15	 5	 8	 12
20	 4	 7	 11

Aug 26 - Sept 4	 6	 198	 7.5'	 3	 5	 8
7.5	 3	 5	 8

10	 5	 8	 11
15	 5	 8	 12
20	 5	 8	 12

Sept 15 - Sept 30	 8	 106	 7.5'	 2	 4	 6

'Ambient temperature, all others at 35 C.

Photosynthetic Efficiencies

The efficiency with which Chlorella vulgaris 211/8K was able to convert the energy
contained in visible light to the chemical energy of biomass was calculated by comparing the
combustible energy content of the algae with the intensities of radiation received by the algae.
The calorific energy of the algae was taken as 5.5 kcal/g of algal dry matter (N RC, 1971).

Table 61 shows the mean rates of solar radiation received by the algal cultures during the
indicated periods of experimentation in 1975 and 1976.

Tables 62 and 63 summarize the photosynthetic efficiencies of Chlorella as a function of
retention time, swine waste concentration, temperature, and culture depth. The values were
obtained by multiplying the yields of algal dry matter shown in Tables 59 and 60 with the
energy content of the algae, namely 5.5 kcal/g, and dividing by the mean rates of solar radia-
tion received by the cultures (Table 61).
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Table 61. Mean rates of total solar radiation received by the surface areas
of the outdoor basins during the indicated periods of experi-
mentation in 1975 and 1976.

Period of experiment Mean rate of solar radiation

kcal/m2 day

1975
July	 15 - Aug	 5 4,240
Aug	 6 - Aug 14 4,530
Aug	 15 - Aug 24 2,860
Aug	 26 - Sept	 4 3,080
Sept	 15 - Sept 30 3,670

1976
April 26 - April 30 2,700
May 3,800
June	 1 - June 11 3,800
July 5,000
August 3,470
September 3,060

Table 62. Conversion efficiencies of total radiation received by Ch/ore//a vulgaris 211/8K
during the indicated months in 1976. The efficiencies of conversion are shown as
functions of temperature, culture depth, and retention time. The calculations are
based on hemocytometer and Coulter counter estimates of algal yields (Table 59)
and assume an energy content of 5.5 kcal/g of algae.

Culture	 Retention 	 Hemocytometer 	 Coulter counter 
Temp.	 depth	 time	 April May June July Sept Aug	 Sept

C	 cm	 days	 	 % of total radiation 	

Ambient	 10	 2	 4.28 <.14 <.14	 .36	 .95	 .36
3	 2.65 <.29 <.14	 .72	 .79	 .54
4	 2.85	 .58	 .14	 1.26	 .63	 .54

Ambient	 20	 2	 8.15 <.14 <.14	 .36 1.43	 .54
3	 5.30 <.29 <.14	 .90	 .95	 .72
4	 4.28 <.29 <.14	 1.08	 .95	 .72

30	 10	 2	 5.91	 1.59	 .87	 1.80	 1.11	 1.08
3	 3.87	 1.45	 .87	 1.80	 .63	 .72
4	 3.26	 1.59	 1.16	 1.98	 .48	 .54

30	 15	 4	 .44
30	 20	 2	 7.54 <.72 <.14	 1.62 1.43	 .90

3	 5.50	 1.01	 .29	 --	 1.98	 1.11	 .90
4	 4.68	 .58	 .29	 --	 1.98	 .95	 .90
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Table 63. Photosynthetic efficiencies of Ch/ore//a vulgaris 211/8K as a function of retention
time, swine waste concentration, temperature, and culture depth during the experi-
mental periods July 15 through September 30, 1975. The calculations are based on
hemocytometer estimates of algal yields (Table 60) and assume an energy content
of 5.5 kcal/g of algae.

	

Period of	 Retention	 Influent	 Culture	 Photosynthetic efficiencies 

	

experiment	 time	 NH4-N	 depth	 17 pm3 29 pm3 42 pm3

1975	 days	 mg/I	 cm	 ... % of total radiation....

July 15 - Aug 5	 2	 465	 7.51	 <.13	 <.13	 <.13
7.5	 <.13	 <.13	 <.13

10	 <.13	 <.13	 <.13
15	 <.13	 <.13	 <.13
20	 <.13	 <.13	 <.13

Aug 6 - Aug 14	 3-	 414	 7.51	 <.12	 <.12	 <.12
7.5	 <.12	 <.12	 <.12

10	 <.12	 <.12	 <.12
15	 <.12	 <.12	 <.12
20	 <.12	 <.12	 <.12

Aug 15 - Aug 24	 4	 188	 7.51	 .38	 .58	 .96
7.5	 .58	 .96	 1.35

10	 .77	 1.35	 1.92
15	 .96	 1.54	 2.31
20	 .77	 1.35	 2.11

Aug 26 - Sept 4	 6	 198	 7.51	 .54	 .89	 1.43
7.5	 .54	 .89	 1.43

10	 .89	 1.43	 1.96
15	 .89	 1.43	 2.14
20	 .89	 1.43	 2.14

Sept 15 - Sept 30	 8	 106	 7.51	 .30	 .60	 .90

'Ambient temperature, all others at 35 C.

The efficiencies are seen to increase with dilution of the liquid phase of the swine
manure, culture temperature and depth; but not consistently with retention time. The conver-
sion of light energy to chemical energy by Ch/ore//a reached levels of efficiency between 0.5
and 2 percent. This compared favorably with efficiencies of 1 to 3 percent reported in the
literature (Incropera and Thomas, 1977).

Use of Centrifuge for Concentrating Algae

The centrifuge used for concentrating the algal-bacterial biomass was a Sharples/Fletcher
Mark Ill continuous flow centrifuge. Its specifications included a 2 hp (19 Amp, 115 V)
hydraulic drive and an adjustable basket speed up to 3,250 rpm which generated a maximum
of 2,100 x G. This was sufficient force to concentrate the algal biomass to a slurry with a 15
to 20 percent dry matter content (w/w) but allowed most of the bacterial biomass to pass
through with the waste water. The concentration of bacteria requires centrifugal forces of
10,000 to 30,000 x G.
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At a feed rate of 5 l/min the centrifuge removed 75 percent of the algae from the culture
fluid and 85 percent at a feed rate of 3 1/min.

The highest concentration of algal dry matter produced in the outdoor basins was esti-
mated at 0.70 g/I (Table 54). Given a liquid waste volume of 3,360 I/day (140 I/h flush water
x 24 h), the highest yield of algal dry matter was therefore 2.35 kg/day. However, the centri-
fuge was capable of harvesting only 1.76 kg of algal dry matter per day at the feed rate of 5
1/min (3,360 I/day x 0.70 g/I x 0.001 kg/g x 0.75) and 2.00 kg/day at the feed rate of 3 1/min
(3,360 I/day x 0.70 g/I x 0.001 kg/g x 0.85).

To centrifuge 3,360 I of culture fluid per day would take 11.2 h at the feed rate of 5
l/min and 18.7 h at the feed rate of 3 1/min. The centrifuge therefore expends 24.47 kWh to
40.78 kWh in electricity to harvest 1.76 to 2.00 kg of algal dry matter per day (19 Amp x
115 V x 0.001 kW/W x 11.2 h or 18.7 h per day). This corresponds to an energy expenditure
of 13.9 to 20.4 kWh/kg of algal dry matter. Thus, a 67 percent increase in power consumption
is required to improve the recovery of algae by only 10 percent.

At 54/kWh, the cost of concentrating the algae is $.69 to $1.02 per kg of algae, using the
Sharples/F letcher Mark II 1 centrifuge.

The Sharples/Fletcher Mark III centrifuge is commonly used in industry to separate
crystals and colloidal solids from liquids. It was acquired for the experimental facility because
of its purchase price of $6,800 as compared to $13,000 to $15,000 for the smallest pilot plant
units available on the market for harvesting single cell protein. The centrifuge was adequate in
concentrating the algae for feeding trials with rats but its disadvantages make it impractical for
a large-scale operation. The disadvantages include a fairly large motor (2.2 kW), low centri-
fugal force, low feed volume, and the necessity to stop operations periodically to scrape the
algae paste from the sidewalls of the bowl.

If a laboratory unit of a single cell protein separator had been acquired at a capital cost
of $13,000 to $15,000, the expenditure of electricity for harvesting the algae would have been
drastically reduced. The information obtained from the manufacturer of one such unit (Model
YEB 1334A, Yeast Separator, Alpha-DeLaval Separator Company, Poughkeepsie, New York)
rates the motor at 0.55 kW and the maximum throughput at 1,000 I/h. At 600 I/h this
separator is estimated to remove at least 95 percent of the biomass, including bacteria (per-
sonal communication, H. Reilingh, Senior Consultant, Alpha-DeLaval). Therefore, this unit
would have harvested 2.23 kg of algal dry matter per day (3,360 I/day x 0.70 g/I algae x 0.001
kg/g x 0.95). The power consumption would have been 3.08 kWh or 1.38 kWh/kg of algal dry
matter. This is only one tenth of the energy expended by the centrifuge actually used at the
experimental facility.

At 54/kWh, the cost of harvesting one kilogram of algal dry matter by the yeast separator
would be $.07. Assuming a crude protein content of 55 percent w/w for the algae, the centri-
fugation cost per kg of crude protein would be $.13. This compares with a cost of $.50 to
$.70 per kg of soybean meal protein, F.O.B. Portland, Oregon, 1977. To be competitive with
the soybean meal, the cost of producing and processing the algae, in addition to the cost of
harvesting the algae by centrifugation, should therefore not exceed $.40 to $.60/kg.

If the yeast separator were operated continuously at a feed rate of 600 I/h, a total of
14,400 I/day could be processed with a removal of at least 95 percent of the algae. Given the
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experimental finding that the swine manure has to be diluted about 50 fold (Tables 11 and 35)
before the liquid phase becomes suitable for algal growth, the laboratory sized separator could
handle a daily culture volume derived from the waste of about 90 pigs. This assumes a manure
production of 3.2 I/day per pig (Meek et al., 1975). At a retention time of 6 days and a
culture depth of 10 cm, the algal growth pond would have a volume of 86,400 I and a surface
area of 864 m 2. According to the data in Table 54, one could expect a mean concentration of
algal dry matter between 0.28 and 0.70 g/I for a yield of 4 to 10 kg of algae per day. The cost
of harvesting would be 13.2 kWh/day or 1.3 to 3.3 kWh/kg of algal dry matter. At 5d/kWh
and a crude protein content of 55 percent w/w for the algae, the cost of centrifugation would
be $.13 to $.30/kg of crude protein.

Conclusions

The attempt to differentiate between the contributions made by algae and bacteria to the
total biomass showed that high concentrations of Ch/ore//a vulgaris 211/8K may be achieved
and that the harvested dry matter may consist primarily of algal biomass, if the swine manure
is pretreated to permit sufficient light to reach the algae.

Pretreatment of the manure with large volumes of dilution water, however, is not recom-
mended for a practical system of swine waste management with nutrient recovery because:

(1) large-volume pumps and storage tanks as well as extensive areas of land for algal
growth ponds are required to treat the daily volume of waste,

(2) the algal biomass has to be concentrated from large volumes of waste water with a
corresponding increase in cost,

(3) a large volume of stock culture of Ch/ore//a has to be maintained and a large vol-
ume of Ch/ore//a inoculum has to be prepared in case of failure of the algal
recovery unit(s),

(4) it is uncertain whether Ch/ore//a is able to compete successfully in large ponds
against unwanted species of algae, and

(5) water may be a limiting resource.

Other methods of pretreatment, which reduce the need for dilution to a minimum are dis-
cussed in a later section entitled "Methods of Energy and Nutrient Recovery from Swine
Waste", p. 203.

Year-round operation of a nutrient recovery system utilizing algae will depend primarily
on the prevailing rates of solar radiation. When the rate of solar radiation remains at less than
2,000 kcal/m 2 day for extended periods of time, then the growth of Ch/ore//a is reduced to
such an extent that the retention time has to be measured in weeks rather than days. It is then
necessary to expand the surface area in order to treat the same volume of daily waste. Main-
taining a constant temperature of 30 to 35 C does not compensate for the reduction in algal
growth due to the limited availability of light.
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The dependence of algal growth on light, therefore, requires flexibility in the design of
the nutrient recovery system to allow for changes in culture depth and retention time and
expansion of surface area. The need for such flexibility may be costly in terms of capital
investment as well as operating expenses because considerable skill in management and close
supervision are required.

The need for changing the culture depth, retention time, and surface area is least in a mild
climate with a rate of solar radiation of at least 2,000 kcal/m 2 day. The rate should be the
average over a short period of time such as weekly intervals, for instance, because even a few
consecutive days of poor availability of light will reduce the growth of Ch/ore//a and may
affect its competitive advantage over unwanted species of algae.

Based on the availability of light, the geographical areas of the U.S. most favorable for the
year-round operation of algal recovery systems would be Florida, the South West, Southern
California, and Hawaii. At latitudes further north, it would probably be less costly to operate
the algal recovery unit(s) from March/April to September/October and provide storage for the
manure during the remaining months of the year. The culture depth should be 10 to 15 cm,
the retention time 4 to 8 days, and the temperature 35 C to assure optimum growth of
Ch/ore//a and a total biomass consisting mostly of algae. Control of the pH between 7.5 and
8.0 by the injection of CO2 or addition of bicarbonate solution is essential to improve yields
beyond 10 g/m2 day.
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STABILITY OF CHLORELLA CULTURES

Dominance

Under conditions which favored the growth of algae, Chlorella vulgaris 211/8K was able
to dominate the cultures to the practical exclusion of other algal species. Microscopic exami-
nations, frequently made on a daily basis and covering the periods from July to December,
1975, and from April to October, 1976, showed cells of Euglena, Ankistrodesmus, Oscillatoria,
and Scenedesmus spp. only occasionally. Small numbers of diatoms, in particular Nitzchia
spp., were also observed.

Cells of Chlamydomonas spp. in both the motile and palmaloid stages of growth were an
ever present threat to the dominance of Ch/ore//a. It was not established why the number of
Chlamydomonas cells remained small as long as Ch/ore/la was able to dominate a culture.
Nutritional factors as well as antagonistic substances such as chlorellin may have given the
Chlorella cells a competitive advantage. The Chlamydomonas cells were usually concentrated
in a narrow layer of froth along the sidewalls of the culture basins. The froth had a yellowish
green color which was quite distinct from the deep green color of the Ch/ore/la culture.

Whan the mixing action was stopped, Chlamydomonas cells multiplied rapidly and
usually covered the surface of an entire basin in a thick layer of scum within two to three days,
thus exluding most of the direct sunlight from the Ch/ore//a population (Figure 51). Restor-
ing paddlewheel action moved the entire layer around the basin as a single sheet. Removing
the layer by skimming left a sufficient number of motile Chlamydomonas in the culture to
multiply and form another layer within the next 24 to 48 hours, again reducing the availability
of light to Ch/ore/la. As a result, the number of Ch/ore/la cells began to decline and even con-
tinuous skimming for several days did not restore the competitive advantage to the non-motile
Ch/ore/la population. It is concluded that continuous mixing plays an essential role in the
maintenance of physiologically healthy and competitive Ch/ore/la cultures.

The opportunistic invasion of Chlamydomonas was particularly noticeable during the
months of May and June. As the organism is a common inhabitant of soil, its prevalence dur-
ing these two months may have been related to the plowing, tilling, and harvesting activities in
the farmlands adjacent to the experimental facility.

During July, 1976, when all 12 basins were operated under identical conditions (30 C,
15 cm depth, 4 day retention) to produce algal protein for feeding trials with rats, five basins
suddenly developed increasing quantities of star-shaped particles ranging in size from 5 to
20 mm in diameter (Figure 52). Microscopic examination revealed intertwined fungal mycelia
with large numbers of entrapped bacterial cells. The source of the fungal infestation could not
be traced nor was it understood why only five of the twelve Ch/ore//a cultures were affected.
The degree of the fungal invasion varied considerably, ranging from a few suspended particles
in one basin to large floating patches of aggregated clumps in another. The infection disap-
peared on its own within 10 days after its onset.
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Figure 51. Open-air culture of Chlorella vulgaris 211/8K covered with a thick layer of Chiamy-
domonas spp.

Figure 52. Fungal infection of open-air culture of Chlorella vulgaris 211/8K.
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Predation

Invasion by predatory rotifers was not observed. On the other hand, protozoa occurred
in large numbers. Those in the circulating culture fluid consisted mostly of ciliates and flagel-
lates which were non-predatory to the algae. In the accumulating bottom sediment, however,
Vorticella, Amoeba, and Paramecium spp. were found to feed on Chlorella. Paramecium spp.
were noticed only occasionally whereas the number of Vorticella and Amoeba fluctuated
widely. Of the three algal predators, Vorticella spp. were the most numerous and voracious
when in the actively reproducing stage of their life cycle. Throughout the first summer of
experimentation from July through September, 1975, these organisms were primarily found in
the non-feeding, encysted stage. The opposite occurred during the summer of 1976. It was
not established what agent(s) influenced the changes in the life cycle of Vorticella nor why
their numbers did not increase sufficiently to threaten the survival of the Chlorella population.

Sludge Accumulation

Although the bottom sludge provides a source of nutrients and dissolved carbon dioxide
for algal growth (Oswald and Golueke, 1960; McCarty, 1969), it is felt that these benefits are
not significant when compared to the potential of providing a base for the development of
large communities of algal predators. Furthermore, the sludge represents a loss in harvestable
biomass.

The sediment proved to have other disadvantages. As it accumulated, the efficiency of
the heat exchanger pipes near the bottom of the heated basins decreased and the temperature
control settings had to be increased several degrees in order to maintain the desired experimen-
tal temperatures. Accumulation was particularly evident near the central divider on the oppo-
site side of the paddlewheels where the mixing speed was less than the 15 cm/sec of the main
stream. It was not unusual to find a layer of sediment 2 to 3 cm thick in this area after only
one month of continuous operation. At times, chunks of the sludge dislodged and, buoyed by
entrapped gases, floated to the surface where they reduced the availability of light to the
Chlorella cells. Attempts to keep the accumulation of sludge at a minimum were made by
resuspending the slude and draining as much of it as possible with each harvest volume.

Although sludge provides nutrients and inorganic carbon for algal growth in such dilute
substrates as domestic sewage and pond and lake waters, it is unlikely that the layer is needed
when growing algae on nutrient rich swine waste. The disadvantages of the sediment appear to
outweigh its possible advantages.

Failure of Chlorella Cultures

During the summer of 1975, conditions for optimum algal growth were tested simul-
taneously at ambient temperature and at 35 C. In September, failure of Chlorella vulgaris
211/8K to grow was noted in the heated, 10 cm deep culture operated at the retention time of
6 days. The character of the algal culture changed virtually overnight. Most of the cells of
Chlorella were found trapped in the bacterial floc which settled quickly to the bottom when
stirring was discontinued. The supernatant liquid then appeared clear and light brown in
color. All other 35 C cultures (6 day retention time, 7.5, 15, and 20 cm depth) experienced
the same breakdown within days of each other. There was no correlation between the time of
failure and culture depth.
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Entrapment of the algal cells in the bacterial floc was also observed in the basins
maintained at ambient temperature but the process occurred at a much slower rate, allowing a
sufficient number of single cells of Chlorella to remain in suspension to keep the cultures
viable.

Efforts to restore the viability of the 35 C cultures failed. Separate attempts included
(1) reducing the temperature to ambient, (2) draining the supernatant liquid and replacing it
with fresh swine waste, and (3) adding heavy inocula (20 percent v/v) of fresh Chlorella cul-
tures from the laboratory. In all cases, opportunistic invasion and take-over by Chlamy-
domonas spp. was observed either parallel to the clumping of Chlorella or as a sequel. The
Chlamydomonas developed a thin, sticky layer often accompanied by a film with oily appear-
ance. A strong, fishy odor emanated from all affected basins.

Because the algal cells appeared trapped in the bacterial floc, it was first thought that a
change in the bacterial population was responsible for the crash of the Chlorella cultures. A
change in the feed ration had taken place just seven days earlier. The pigs had passed from the
grower to the finishing stage of growth and the antibiotics had been eliminated from their
ration (Table 13). Restoring the antibiotics to the swine ration during experiments in October,
1975, also restored the stability of the algal cultures. However, throughout 1976, Chlorella
vulgaris 211/8K was grown in swine waste which did not contain antibiotics and no instability
was experienced. It appears that the restoration of cultural stability through the addition of
antibiotics to the swine ration may have been fortuitous. Although still not known for certain,
it is now thought that the crashing of the Chlorella populations was probably due to auto-
flocculation. A similar or homologous process has been described by McGriff and McKinney
(1971) as "activated algae". Auto-flocculation has been observed in algal cultures as a
response to high levels of pH at which drastic changes in the redox potential, cellular surface
charges (Hegewald, 1972), and solubility of inorganic carbon, phosphates, and essential trace
minerals such as iron, magnesium, and calcium may occur.

As a consequence of reduced solar radiation and a shorter photoperiod, the photosyn-
thetically induced increase of the daily pH level in the Chlorella cultures was not as pro-
nounced in October as it was in September, 1975, and could therefore explain the return of
the culture stability.

However, photosynthetically induced changes in the pH of the cultures were as extensive
during the experiments in 1976 as they were in 1975. Yet, instability of the Chlorella cultures
was not observed in 1976. The crucial difference may have been the retention time. Failure
of culture stability occurred at a retention time of 6 days whereas in 1976, the longest reten-
tion time tested was 4 days. The difference in the retention time means that the algae were
exposed to different concentrations of nutrients and minerals. If precipitation and volatiliza-
tion of essential nutrients and minerals occurred quantitatively with increasing pH, it is con-
ceivable that sufficient nutrients and minerals remained in solution at the 4-day retention time
to maintain stable populations of Chlorella, but not at the 6-day retention. Furthermore, the
longer retention time of 6 days produces older cells of Chlorella than the 4-day retention time.
Thus, the physiological age of the algae may also have contributed to the clumping of the cells.

An increase in the culture temperature has the effect of intensifying the rate and extent
of the photosynthetically induced rise in pH, which may explain why the cultures maintained
at ambient temperature continued to be viable.
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Summary and Conclusions

For a successful, large-scale operation the stability of the algal culture is essential. The
observations just described lead to the conclusion that continuous mixing, at least during day
light hours, and the control of pH by CO2 injection are minimum requirements to maintain
productive and competitive Chlorella populations in open-air basins. The sludge should be
harvested and not allowed to accumulate. The pH should be controlled between 7.5 and 8.0
to assure (1) the solubility of micro- and macronutrients, in particular phosphate and iron
which are required for nitrogen assimilation, and (2) an optimum rate of CO2 fixation. The
first substrate in the photosynthetic carbon reduction cycle is ribulose-1, 5-diphosphate
(RuDP) which has a high affinity for both CO2 and 02. Carboxylation or oxidation of RuDP
depends on the presence of the enzymes carboxylase and oxygenase which in turn is a function
of pH. RuDP-carboxylase has an optimum pH of 7.6 to 7.8 which is also the optimum for
CO2 photosynthesis (Tolbert, 1974). As the pH rises above 8.3, the carboxylase activity drops
rapidly to zero while the production of RuDP-oxygenase is stimulated and reaches an optimum
at pH 9.3. The consequence of a rising pH, therefore, is a shift from active photosynthesis and
biomass production to photorespiration. This process is characterized by the wasteful
expenditure of energy by synthesizing glycolate as the major intracellular carbon compound
and then excreting most of it into the surrounding culture medium.

The control of the pH by CO2 injection would have the additional advantage of avoiding
the possibility of carbon limited growth. Such carbon limited growth by algae has been
observed in sewage oxidation ponds (Allen, 1955) but does not seem to occur in natural
waters (Goldman et al., 1974).

Although a pH between 7.5 and 8.0 will help to make iron, phosphate, and other essential
nutrient elements available to the algae, it is likely that the swine waste will have to be supple-
mented with these nutrients whenever retention times of 6 days or longer become necessary
for algal growth.
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NUTRITIONAL EVALUATION OF ALGAE

P.R. Cheeke
Department of Animal Science

Oregon State University

Summary

Ch/ore//a vulgaris 211/8K, grown on a substrate of liquid swine manure, was evaluated as
a protein source using rats as the test animals. Raw algae had a low PER of 0.84 which was
improved to 1.31 by autoclaving. Amino acid supplementation of an autoclaved algae-corn diet
indicated that lysine was the first-limiting amino acid. Algae plus 0.3 percent lysine gave a
growth rate exceeding that of a corn-soybean meal diet at the same protein level. The digesti-
bility of crude protein was 59 percent in raw algae and 68 percent in autoclaved algae as com-
pared to 85 percent in soybean meal. Development of processing methods to increase protein
digestibility and lysine availability is needed.

Methods and Materials

Ch/ore//a vulgaris 211/8K was harvested by centrifugation during the month of July,
1976, and freeze-dried for safe and convenient storage. The freeze-dried algae contained 44
percent crude protein by weight and were incorporated into diets either without further treat-
ment or after autoclaving for 30 minutes at 120 C.

Data were subjected to analysis of variance and means compared by least significant
difference (Steel and Torrie, 1960).

Feed ingredients used were ground corn (4-02-992),* soybean meal (5-04-604), cotton-
seed meal (5-01-621), and fish meal (5-02-000).

Experiment 1

A study of the protein efficiency ratio (PER) was made which compared soybean meal,
cotton seed meal, commercial fish meal, raw algae, and autoclaved algae. All materials were
fed as the sole source of protein at a dietary level of 10 percent crude protein. The PER was
calculated as g gain per g protein consumed. Ten Long-Evans male rats, averaging about 65 g
initial weight, were assigned to each treatment and fed the experimental diets for 21 days. The
composition of the diets is shown in Table 64.

Experiment 2

Algae, commercial fish meal, and soybean meal were compared as protein supplements to
corn in rat diets. The diets were formulated to contain two levels of dietary crude protein,

*
International Feed Reference Number.
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namely 13 and 18 percent. A treatment of corn without protein supplementation was
included as a negative control. The objective was to compare algae with other proteins under
practical feeding conditions, where a cereal grain is supplemented with a protein source.

Table 64. Composition of diets used in PER study (Experiment 1).

Ingredient

g/kg diet

Protein source	 a
Sucrose
Mineral mixc	 40
Vitamin mixd	 10
Corn oil	 50
Purified cellulosee	20
Corn starch	 400

aSoybean meal, 222 g; cottonseed meal, 244 g; fish meal, 155 g; algae, 228 g.

bSucrose added to make 1 kg diet.

c lones and Foster (1942), from Nutritional Biochemicals, Cleveland, Ohio.

d Provides 2,000 IU vitamin A, 60 mg a-tocopherol, 200 IU vitamin D3,
0.1 mg menadione, 2.5 mg thiamine HCI, 2.5 mg riboflavin, 1.2 mg pyri-
doxine HCI, 15 mg niacin, 8 mg Ca-pantothentate, 10 pg vitamin B12, and
750 mg choline chloride per kg of mixed diet.

e Alphacel, Nutritional Biochemicals, Cleveland, Ohio.

Ten male Long-Evans rats, averaging 70 g initial weight, were assigned to each treatment
which included autoclaved algae, commercial fish meal, and soybean meal as supplements to
corn to provide 13 and 18 percent crude protein. A negative control of corn without a protein
supplement was included in the experiment. The diets contained 4 percent mineral mix and
1 percent vitamin mix (Table 64). The 13 percent protein diets contained 12 percent soybean
meal, 12 percent algae, and 7.5 percent fish meal by weight. The 18 percent protein diets con-
tained 26 percent soybean meal, 26 percent algae, and 16.5 percent fish meal by weight. All
diets, including the negative control, were made up to 100 percent with ground corn.

Experiment 3

The objective was to determine the limiting amino acids in a corn-based diet in which
algae were the sole protein supplement. Six male Long-Evans rats of about 80 g initial weight
were assigned to each of six treatments. The diets were based on corn with protein supplemen-
tation from algae. Diets supplemented with soybean meal served as control. Algae diets were
further supplemented with lysine (0.3 percent), methionine (0.3 percent), or lysine plus
methionine (both 0.3 percent). Growth and feed intake were measured for 23 days. The diets
were the 13 percent protein diets used in Experiment 2; amino acids were added in place of
corn. Autoclaved algae were used.
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Experiment 4

The digestibility of crude protein in raw and autoclaved algae and in soybean meal was
determined. These materials were used as supplements in corn-based diets. The diets were
identical to the 18 percent crude protein diets in Experiment 2. Ten male Long-Evans rats of
about 200 g weight were housed individually in metabolism cages and feces were collected over
a period of 5 days. Rats were fasted 24 hours before and after the feeding period; feces in the
latter period were added to the total collection. Feed and feces were analyzed for crude
protein content, and the apparent crude protein digestibility of each diet was calculated.

Results and Discussion

The amino acid content of the freeze-dried algae, expressed as percent of dry matter, was:
lysine, 4.83; histidine, 1.29; arginine, 4.23; threonine, 2.65; proline, 2.70; valine, 3.13; methio-
nine, 1.10; isoleucine, 2.27; leucine, 4.83; and phenylalanine, 3.28. These values are in reason-
able agreement with those reported by Casey and Lubitz (1963), showing that Chlorella is
relatively high in lysine and low in methionine.

Experiment 1

Average daily gains and PER values (Table 65) indicate a poor response by the rats to raw
algae as compared to the other protein sources. Autoclaving improved the PER value of the
algae to the level of cottonseed meal. Heat treatment of algae aids in breaking the cell wall to
increase protein digestibility (Asplund and Pfander, 1973).

Table 65. Average daily gains and protein efficiency ratio (PER) of rats
fed various protein sources. Means followed by different letters
are significantly different from each other at P < 0.01.

Average daily
Protein source	 gain	 PER'

Soybean meal
Cottonseed meal
Commercial fish meal
Raw algae
Autoclaved algae

g/day

4.3 ± 0.7 a
2.3 ± 0.7 b
5.1 ± 0.5 c
1.1 ± 0.3 d
2.2 ± 0.4 b

2.35
1.45
2.33
0.84
1.31

'PER = g gain/g crude protein consumed.

Experiment 2

Fish meal and soybean meal produced a higher growth rate and better feed efficiency
than did the algae when used as the sole protein supplements to corn in diets formulated to
contain 13 percent crude protein (Table 66). At 18 percent dietary protein, the performance
with algae was equal to that with fish meal and soybean meal at a 13 percent protein level.
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These results suggest that in a practical swine feeding system, algae could give satisfactory
performance as the sole protein supplement to a grain, if used at a higher level than traditional
supplements. A better approach would be to use the algae in combination with a supplement
of better protein quality.

Table 66. Growth and feed efficiency (Experiment 2). Means followed
by the letters a, b, c, and d are different at P < 0.01, e and f are
different at P < 0.05.

Treatment 

Corn alone

13% protein diets:
Corn + algae
Corn + fish meal
Corn + soybean meal

18% protein diets:
Corn + algae
Corn + fish meal
Corn + soybean meal

Average daily	 Feed to gain
gain	 ratio

g/day	 Wt/wt

1.4 ± 0.3 a	 9.3

3.5 ± 0.8 b	 5.0
5.2 ± 0.8 c	 3.7
5.2 ± 0.8 c	 3.7

5.1 ± 0.3 c,e	 3.7
6.3 ± 0.6 d	 3.5
5.9 ± 0.9 c,d,f	 3.2

Experiment 3

Based on the amino acid analysis and on previous reports (Casey and Lubitz, 1963),
sulfur amino acids were expected to be limiting in the protein of Ch/ore//a. The amino acid
content of the basal diet is calculated to be 0.73 percent lysine and 0.28 percent methionine,
using lysine values of 4.83 and 0.18, and sulfur amino acid values of 1.10 and 0.18 percent for
algae and corn, respectively. Rats require 0.9 percent lysine and 0.6 percent methionine for
growth (N RC, 1972).

The growth responses (Table 67) show lysine to be first-limiting and methionine second-
limiting. The growth rate of 6.1 g/day with both amino acids added, indicates that these are
the two primary limiting amino acids because the gain exceeds the expected daily gain listed
by the N RC (1972).

There are several possible explanations for the greater than expected deficiency of lysine.
Because lysine is heat-labile, it may have been destroyed during autoclaving. However, Cook
(1962) reported no change in the biological value of a Chlorella-Scenedesmus mixture as the
result of 30 minutes of autoclaving. Garrett et al. (1976) reported that the cell wall of
Ch/ore//a is high in lysine. Thus, the low digestibility of the cell wall may have a greater effect
on reducing the digestibility of lysine than on the digestibility of other amino acids. In future
studies, examination of lysine destruction during processing should be carefully evaluated in
order to develop a processing procedure which preserves the lysine content of Ch/ore//a. Sup-
plementation with lysine alone resulted in growth equal to that with soybean meal, indicating
that in a practical feeding situation, methionine should be adequate when corn is supple-
mented with Ch/ore//a. Thus, lysine is first-limiting in a practical feeding situation, although
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methionine appears to be the limiting amino acid according to the amino acid analysis of the
algae or determination of the PER. When used at an equivalent level of dietary protein,
Chlorella plus lysine was equivalent to soybean meal as a protein supplement to corn (Table
67).

Table 67. Effect of amino acid supplementation of algae on the average
daily gain and feed to gain ratio in rats (Experiment 3). Means
followed by different letters are significantly different from
each other at P < 0.05.

Average daily	 Feed to gain
Protein source	 gain	 ratio

g/day 
	

Wt/wt

Soybean meal	 5.0 a,b
	

3.8

Algae	 3.8 b
	

5.5
+ 0.3% lysine	 5.5 a,c	 3.8
+ 0.3% methionine	 4.1 a,d

	
4.9

+ 0.3% lysine + 0.3% methionine 	 6.1 b,c	 3.6

Experiment 4

Apparent crude protein digestibilities (Table 68) indicate that autoclaved algae are less
digestible than soybean meal, and raw algae are less digestible than autoclaved algae. The
effect of the cell wall of raw algae in reducing protein digestion is well known (Asplund and
Pfander, 1973). Previous studies with heat processing show conflicting results. Cook (1962)
reported that autoclaving reduced the value of algae for rats, giving a lower PER. In her study,
neither digestibility nor biological value were affected by autoclaving. The reduced growth
was attributed to lower palatability. In another study (Subbulakshmi et al., 1976), the in vitro
protein digestibility of Scenedesmus was not improved by freeze-drying, but was markedly
increased by drum-drying as compared to sun-dried material. Identification of optimal
processing conditions will be necessary in the development of algae as a protein supplement in
livestock feed.

Table 68. Apparent digestibility of algal protein. Means followed by different letters are
significantly different from each other at P < 0.01.

Protein source
Soybean	 Autoclaved

meal
	

Raw algae	 algae

% digestibility of dietary crude protein	 82.5 ± 2.5 a 65.9 ± 1.0 b 71.6 ± 1.7 c
% digestibility of crude protein of protein source' 85 59 68

'Calculated by assuming a digestibility coefficient of 80 percent for corn protein.
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General Discussion

The experiments indicate that algae grown on a substrate of swine manure have potential
as a source of supplemental protein for livestock feed. The algae gave favorable growth and
feed efficiency responses when used as a supplement to corn, in spite of the low protein effi-
ciency ratio. Lysine was the first-limiting amino acid in a corn-algae diet. While methionine is
first-limiting when algae are fed as the sole protein source, in a practical, corn-based diet,
methionine appears adequate. Since the methionine requirement of the growing rat (0.6 per-
cent of diet) is somewhat higher than for growing-finishing pigs (0.56-0.41 percent of diet), it
is likely that for swine as well as rats, a corn-algae diet is adequate in methionine. Because
raw algae are high in lysine content, further study is needed to identify why its availability is
low. Lysine inactivation during heat processing and lysine "tie-up" as part of the indigestible
cell wall are two possibilities to consider. When the lysine can be made available, Chlorella
should be at least comparable to soybean meal as a protein supplement for swine.
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BACTERIAL GROWTH EXPERIMENTS

Experimental Design

The bacterial growth experiments were conducted from January through April, 1976.
The potential of the swine waste for support of bacterial biomass production was tested. Only
the liquid phase of the manure leaving the sedimentation pit (Figure 11) was used for the
growth of bacteria. Experimental variables were concentrations of N in the form of NH4-N,
temperature, and retention time (Table 14). To achieve different concentrations of ammo-
nium nitrogen, the swine waste was diluted according to the information given in Table 11.
The bacteria growing in the basins were those indigenous to the liquid phase of the manure. All
basins were adjusted to a culture depth of 15 cm, equivalent to a culture volume of 300
I/basin. Stirring was continuous at 15 cm/sec as measured at the outer edge of the paddles.
Harvesting and nutrient replenishment of the cultures took place once each day between 08:00
and 09:00 h.

Table 69 shows the concentrations of elemental N in the form of NH 4-N, total solids, and
chemical and biological oxygen demands of the swine waste used for the bacterial growth
experiments. The ratios of COD/NH4-N and COD/BOD remained fairly constant as the liquid
phase of the manure fed to the basins became more concentrated. The mean ratio of COD/
NH4-N was 9.5 and the mean ratio of COD/BOD was 1.9. It was inferred from these ratios
that the ratio of assimilable organic carbon to nitrogen was 5:1, similar to the C/N ratio in
bacterial cells (N RC, 1956, p. 89).

Table 69. Concentrations of elemental N in the form of NH 4-N, total solids, and chemical and
biological oxygen demands of the liquid phase of swine manure used for the growth
of bacteria in batch cultures.

NH4-N	 TS	 COD	 BOD	 COD/NH 4-N	 COD/BOD COD/kg pig

	 mg/I 	 g/kg pig day
128	 425	 1,100	 600	 8.6	 1.8	 5.1
224	 476	 2,100	 1,000	 9.4	 2.1	 6.5
386	 1,450	 3,900	 2,000	 10.1	 2.0	 4.8
506	 1,465	 5,000	 2,500	 9.9	 2.0	 4.6
822	 2,465	 8,000	 4,900	 9.7	 1.6	 2.9

The chemical oxygen demand generated per kg pig per day was expected to be fairly
constant at about 5.7 g COD/kg pig per day (Miner and Smith, 1975, Table 3, p. 8), but
instead showed a peak value of 6.5 g COD/kg pig per day in the dilute swine waste and decreas-
ing values to 2.9 g COD/kg pig per day as the swine waste became more concentrated (Table
69). This was attributed to a decrease in the efficiency of the gutter flushing system to remove
solid waste from the animal quarters and to bring soluble nutrients into solution as the
quantity of manure deposited in the gutter increased without a comparable increase in the vol-
ume of flush water. If the average of the values 5.1 and 6.5 g COD/kg pig per day, namely
5.8 g COD/kg pig per day, is taken to represent a 100 percent efficiency of the gutter flushing
system in removing solids and solubilizing nutrients, then the value of 2.9 g COD/kg pig per
day represents a decrease in the efficiency to 50 percent. Manual cleaning of the gutter was
necessary only on occasion. Therefore, most of the decrease of COD in the liquid phase of the
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manure occurred because not enough water was present for a sufficient length of time during
the flushing process to break up the manure solids and bring the soluble nutrients into solu-
tion. Thus, an increasing percentage of the COD remained in the sedimentation pit. A better
carry-over of nutrients and COD into the liquid phase of the manure might have been accom-
plished by occasional stirring of the waste in the sedimentation pit.

Bacterial growth in the batch cultures was monitored by measuring the concentrations of
dry matter, total Kjeldahl nitrogen, and ammonium nitrogen at 3 h intervals during a 24 h
period once each week. At the end of the 24 h period, samples were also taken to determine
the quality of the outflow water in terms of COD and BOD after removal of the bacterial bio-
mass by centrifugation at 30,000 x G for 10 min. Following each 24 h period of sampling, the
basins were prepared for the next combinations of ammonium nitrogen concentration, culture
temperature, and retention time to be tested. The cultures were then given 6 days to equili-
brate before the 24 h period of sampling began.

The energy required to heat the outdoor basins to different temperatures was monitored
by metering the consumption of electricity by the resistance heaters.

Concentrations of Dry Matter

Figure 53 shows the concentrations of bacterial dry matter as a function of time for dif-
ferent combinations of temperature and ammonium nitrogen concentrations at the retention
time of 1.5 days. Bacterial growth increased immediately after adding fresh manure and maxi-
mum concentrations of bacterial dry matter were reached 3 to 6 h later. The concentrations
of bacteria declined thereafter and returned to approximately the same range of concentra-
tions from which they had started 24 h earlier. A second, but minor peak of concentrations of
dry matter was obtained in the swine waste with 506 mg of ammonium nitrogen per liter, indi-
cating the presence of several competing populations of bacteria.

Members of the bacterial populations which produced the peak concentrations were not
isolated and identified. It was noted, however, that long retention times of 3 and 4 days and
temperatures of 30 and 35 C favored the growth of a pigmented bacillus. The organism gave
the cultures a red-brown color. This pigmentation did not occur when Ch/ore//a was present.
In contrast to the red-brown pigmentation, the bacterial cultures appeared grayish-white to
light brown in color at temperatures of 15 to 25 C and retention times of 3 and 4 days. It was
also noted that the bacterial floc at the lower temperatures of 15 to 25 C was relatively fine,
whereas at 30 and 35 C it was coarse and stringy. It is inferred from these observations that
temperature and retention time may have had a selective influence on the predominant species
of bacteria present in the swine waste.

The odor emanating from the bacterial cultures was that typical of swine manure, in
contrast to the algal cultures which had no odor.

Table 70 summarizes the maximum concentrations and the means of the maximum
concentrations of bacterial dry matter as a function of ammonium nitrogen concentration,
temperature, and retention time. Bacterial growth was found to increase with increasing con-
centrations of ammonium nitrogen. Analysis of variance showed the effect of temperature and
the effect of the interactions of temperature with retention time and ammonium nitrogen con-
centrations on the maximum concentrations of bacterial dry matter to be negligibly small. The
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Figure 53. Concentrations of bacterial dry matter as a function of time for different combi-
nations of temperature and ammonium nitrogen concentration at the retention
time of 1.5 days.
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effect of the interaction between the ammonium nitrogen concentration and the retention
time was also small, but statistically significant. However, inspection of the data in Table 70
reveals no logical pattern to the effect of this interaction on the concentrations of dry matter.
Furthermore, the changes in the concentrations of bacterial dry matter as a function of reten-
tion time were very small when compared to the changes as a function of the ammonium nitro-
gen concentration (Table 70). The effect of retention time on the maximum concentrations of
bacterial dry matter was therefore considered unimportant.

Table 70. Maximum concentrations and means of maximum concentra-
tions of bacterial dry matter produced in the liquid phase of
swine manure as a function of ammonium nitrogen concentra-
tion, culture temperature, and retention time.

Influent	 Culture 	 Retention time, days 
NH4-N	 temp.	 1.5	 2	 3	 4	 Mean

mg/I	 C	 	 g/I 	

128	 15	 .87	 .72	 .85	 .75	 .80
20	 .75	 .75	 .70	 .89	 .77
25	 .80	 .75	 .70	 .86	 .78
30	 1.05	 .79	 .95	 .94	 .85
35	 1.02	 .75	 .80	 .86	 .86 

Mean	 .90	 .75	 .80	 .86	 .81

224	 15	 .86	 .69	 .96	 .72	 .81
20	 .95	 .70	 1.05	 .91	 .90
25	 .88	 .67	 .87	 .69	 .81
30	 .83	 .72	 1.08	 1.00	 .91
35	 .83	 .78	 .96	 .80	 .84

Mean	 .87	 .71	 .98	 .82	 .85

386	 15	 1.66	 1.77	 1.65	 1.68	 1.69
20	 1.71	 1.69	 1.64	 1.85	 1.72
25	 1.84	 1.54	 1.60	 2.01	 1.75
30	 1.65	 1.61	 1.73	 1.79	 1.70
35	 1.72	 1.61	 1.95	 1.99	 1.82

Mean	 1.72	 1.64	 1.71	 1.86	 1.73

506	 15	 2:20	 1.79	 1.87	 1.56	 1.86
20	 2.07	 1.90	 1.94	 1.80	 1.93
25	 1.95	 1.75	 1.81	 1.81	 1.83
30	 1.93	 1.93	 1.71	 1.84	 1.85
35	 2.14	 1.71	 2.19	 1.71	 1.94

Mean	 2.10	 1.82	 1.90	 1.74	 1.88

822	 15	 2.50	 3.04	 2.67	 2.74
20	 2.68	 3.16	 2.81	 2.88
25	 2.50	 2.97	 2.93	 2.80
30	 2.53	 3.24	 2.68	 2.82
35	 2.77	 3.06	 2.68	 2.84

Mean	 2.60	 3.10	 2.80	 2.86
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The mean values of the maximum concentrations of bacterial dry matter shown in Table
70 for each retention time were plotted as a function of the ammonium nitrogen concentra-
tion to allow correlation of the data by linear regression. Figure 54 shows the regression line,
its equation, and the coefficient of correlation. The equation

y= 1.62 + 0.0030 (x - 413)

and the coefficient of correlation r = 0.98 were obtained according to Goldstein (1965).
Values of "y" were measured in g/I and values of "x" in mg NH4-N/I. The positive correla-
tion between the data was tested by computing the significance of "r" at P = 0.01. The
calculated value of t = 8.27 was found to be larger than the tabulated critical value of
t = 5.84 (Goldstein, 1965, p. 242), demonstrating that the positive correlation of the data was
significant (P < 0.01) and that 96 percent of the total variance (r2 = 0.96) was due to regres-
sion.

The slope of the regression line (Figure 54) shows that for every 100 mg/I increase in the
concentration of the ammonium nitrogen, the concentration of the bacterial dry matter
increased by 0.3 g/I. However, a doubling in the concentration of ammonium nitrogen did not
double the concentration of bacterial dry matter, although the ratio of C/N in the swine waste
remained fairly constant over the range from 100 to 800 mg of ammonium nitrogen per liter
(Table 69).

Table 71 shows that the recovery of nitrogen by the bacteria actually decreased as the
swine manure became more concentrated. The data were obtained by comparing the concen-
trations of N in the form of ammonium nitrogen in the swine waste with the concentrations of
N recovered in the bacterial dry matter. It was assumed that the bacterial cells contained 10
percent N by weight (N RC, 1956, p. 89). The data are presented graphically in Figure 55.

The decrease in the recovery of N with increasing concentrations of N in the swine waste
demonstrates the influence of some limiting factor on the growth of the bacteria. This factor
was most likely the lack of sufficient oxygen, because aeration was not provided other than
through the action of the paddle wheels: Vigorous aeration may therefore have resulted in
higher concentrations of bacterial dry matter and a regression line with a steeper slope than the
one shown in Figure 54.

In a practical, large scale operation with nutrient recovery by bacteria, the bacterial cells
would best be produced by a continuous culture method in a fermentation vessel or chemo-
stat. Such a unit operates most efficiently when the bacterial cells are maintained in their
exponential phase of growth at a retention time of about 5 h and with vigorous aeration or
oxygenation. In contrast, maximum concentrations of bacterial dry matter are obtained when
the bacterial cells enter their stationary phase of growth. The peak concentrations of bacterial
dry matter recovered from the batch cultures in the outdoor basins and shown in Table 70 and
Figures 53 and 54 are thought to have been measured in or near the stationary phase of
growth. It is recognized that the time interval of 3 h between measurements was fairly long
and thus introduced some uncertainty about the exact phase of growth during which the con-
centrations shown in Table 70 were measured.

For the typical bacterial growth curve, the concentration of bacteria at the mid-point of
the exponential phase of growth is about one-half of the concentration obtained at the
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Table 71 Percentage of N recovered in batch cultures of mixed popula-
tions of bacteria as a function of the concentration of N in
swine waste. The calculations assume that the bacterial dry
matter contains 10 percent N. The concentrations of bacterial
dry matter were obtained from Figure 54.

N
Influent	 Bacterial dry matter 	 N recovered

mg/I 	

128 74 58
224 103 46
386 152 39
506 188 37
822 283 34
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Figure 55. Percentage of N recovered in batch cultures of mixed populations of bacteria as a
function of the concentration of ammonium-N in swine waste.
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stationary phase of growth. The concentrations of bacterial dry matter expected from a
chemostat would therefore be different from those shown in Figure 54. It cannot be said,
however, that the concentrations in the chemostat would be one-half of the concentrations
shown in Figure 54 because growth of the bacteria in the outdoor basins was limited by
oxygen availability and possibly other factors (Figure 55) and because of the uncertainty
about having measured the peak concentrations (Table 70) in the stationary phase of growth.

However, an estimate of the bacterial concentrations in a continuous culture could be
made by assuming the average yield of 0.38 g of cells per g of COD reported in the literature
for pure and mixed cultures of bacteria grown in a chemostat under aerobic conditions and
using ammonia as the source of nitrogen (Payne, 1970; Sykes, 1975). Table 72 shows the con-
centrations of bacterial dry matter expected in a chemostat as a function of the COD of the
swine waste. The COD values shown in Table 69 were adjusted to a constant 5.8 g COD/kg pig
per day under the assumption that the efficiency of removing soluble nutrients from the solid
phase of the manure into the liquid phase is not reduced as the swine manure becomes more
concentrated. Other information, necessary to calculate the adjusted values, was obtained
from Table 11. For example, a COD of 1.1 g/I (Table 69) was measured at a flush rate of
140 I/h or 3,360 I/day using 20 pigs, which weighed an average of 36 kg each or a total of
720 kg (Table 11). The adjusted COD was therefore 5.8 g COD/kg pig per day x 720 kg
divided by 3,360 I/day or 1.24 g/I (Table 72). The concentrations of bacterial dry matter were
then calculated as the product of the adjusted COD and the average yield of 0.38 g cells/g
COD.

Table 72. Concentrations of bacterial dry matter expected from continu-
ous cultures in a chemostat as a function of the COD of the
swine waste. The measured values of the COD shown in Table
69 were adjusted to a constant 5.8 g COD/kg pig per day. The
concentrations of bacterial dry matter were then calculated as
the product of the adjusted COD and the average yield of 0.38
g cells/g COD (Payne, 1970; Sykes, 1975).

COD Concentrations of bacterial dry matter

g/I g/I

1.24 .47
1.86 .71
4.66 1.77
6.30 2.39

15.71 5.97

Regression analysis showed that the concentrations of bacterial dry matter expected in
the chemostat as a function of the COD of the swine waste could be described by the equation

y = 2.26 + 0.38(x - 5.95)

with a correlation coefficient of r = 0.99. The values of "y" are measured in g cells/I and the
values of "x" in g COD/I.
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Yields

Table 73 shows the yields of bacterial dry matter based on the measured COD of the
liquid swine waste. The yields in g cells/g COD ranged from a low of 0.35 to a high of 0.67.
The data are presented graphically in Figure 56 and show that the yields decreased as the
chemical oxygen demand of the swine waste increased, demonstrating that oxygen was indeed
a limiting factor in the growth of the bacteria.

If the yields in g cells/g COD shown in Table 73 and Figure 56 are reduced by 50 percent
to account for the difference between the concentrations of bacterial dry matter in the station-
ary and the exponential phase of growth, the yields would range from a low of 0.17 g cells/g
COD in the concentrated swine waste to a high of 0.33 g cells/g COD in the dilute swine waste.
These values compare with reported theoretical and experimental yields, ranging from 0.29 to
0.42 g cells/g COD and averaging 0.38 g cells/g COD, for pure and mixed cultures of bacteria
grown in a chemostat on substrates as diverse as glucose and benzene (Payne, 1970; Sykes,
1975).

The yield of 0.33 g cells/g COD, projected from the batch cultures in the outdoor basins
to continuous cultures in a chemostat operation, is in good agreement with the average yield of
0.38 g cells/g COD reported in the literature. This result indicates that bacterial growth pro-
ceeded under nearly optimum conditions in the dilute swine waste and that measurements of
the peak concentrations of bacterial dry matter were made when the bacterial populations
were in or near the stationary phase of growth. It seems reasonable to conclude, however, that
an increase in the availability of oxygen to satisfy the COD would result in an average yield of
0.38 g cells/g COD.

Table 74 summarizes the yields of bacterial dry matter from the basins in g/kg pig per day
as a function of the ammonium nitrogen concentration. The calculations assume that a daily
volume of waste water equal to the volume of flush water is processed. The volume of flush
water and the total weight of the pigs corresponding to each concentration of ammonium
nitrogen were obtained from data shown in Table 11. The concentrations of bacterial dry mat-
ter were obtained from the line of regression shown in Figure 54.

The total biomass in g/day was calculated as the product of the daily volume of waste
water and the concentrations of bacterial dry matter.

The yields in g/kg pig per day were obtained by dividing the total biomass in g/day by the
total live weight of the animals.

Figure 57 shows the line of regression which correlates the yields in g/kg pig per day with
the concentrations of ammonium nitrogen. The line is described by the equation

y = 2.26 - 0.0036(x -413)

and has a correlation coefficient r = 0.95. Values of "y" were measured in g/kg pig per day
and values of "x" in mg NH4-N/1. The correlation of the data was found to be significant at
P = 0.01 using the one tail t-test and at P = 0.05 using the two tail t-test (Goldstein, 1965,
pp. 146 and 242).



Table 73. Yields of bacterial dry matter from batch cultures in g of cells
per g of COD. The concentrations of bacterial dry matter were
taken from the regression line in Figure 54. The COD values
were taken from Table 69.

COD	 Concentrations of bacterial dry matter	 Yields

gil
	

gil	 g cells/g COD

1.1 .74 .67
2.1 1.03 .49
3.9 1.52 .39
5.0 1.88 .38
8.0 2.83 .35
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Table 74. Yields of bacterial dry matter from batch cultures in g/kg pig
per day as a function of the ammonium nitrogen concentration
of the swine waste.

Influent	 Waste	 Conc. of	 Weight
NH4-N	 water	 dry matter	 of pigs	 Yields

mg/I	 I/day	 g/l	 kg	 g/kg pig day

128 3,360 .74 720 3.45
224 3,360 1.03 1,080 3.20
386 3,360 1.52 2,700 1.89
506 3,360 1.88 3,650 1.73
822 1,680 2.83 4,550 1.04

The negative correlation of the yield in g/kg pig per day with the ammonium nitrogen
concentration in the swine waste indicates that the conversion of nutrients into bacterial bio-
mass was less efficient in the concentrated than in the dilute swine waste. This is in agreement
with the results shown in Figure 55 and in part explained by the limited availability of oxygen
(Figure 56).

If the oxygen limitation to growth is reduced as much as is technically feasible and a
continuous culture in a chemostat is assumed, one could then estimate yields in g/kg pig per
day on the basis of the average yield of 0.38 g cells/g COD. Table 75 shows the results of the
calculations. The yields for the continuous culture in the chemostat were obtained by dividing
the product of the daily waste volume (Table 74), the measured COD of the waste water
(Tables 69 and 75), and the assumed average yield of 0.38 g cells/g COD by the weight of the
pigs (Table 74).

The data in Table 75 are presented graphically in Figure 58. The graph shows an increase
in the yield to a maximum of 2.49 g/kg pig per day at a COD of 2.1 g/I and thereafter a decline
in yield to 1.12 g/kg pig per day as the COD of the liquid swine waste continues to increase to
8.0 g/I. The reason for the particular shape of the curve becomes clear when one considers the
inefficiency of the gutter flushing system to break up manure solids and to carry nutrients and
COD from the solid phase of the manure into the liquid phase. This was discussed earlier in
this chapter. When the measured values of the COD (Table 75) are adjusted to compensate for
the inefficiency of the flushing system (Table 72), the average maximum yield of bacterial dry
matter in g/kg pig per day becomes a constant for any value of COD, namely 2.2 g/kg pig per
day. For example: 1.24 g COD/I (Table 72) x 1,680 I flush water/day (Table 74) x 0.38 g
cells/g COD divided by 720 kg, or 15.71 g COD/I x 3,360 I/day x 0.38 g cells/g COD divided
by 4,550 kg.

The value of the COD in the liquid phase of the manure should be high for a large scale
production system because the more concentrated the liquid phase can be maintained, the
smaller can be the size of the chemostat and the smaller will be the capital investment and
operating costs. The rate at which oxygen can be supplied to the growing cells will most likely
determine how concentrated the liquid phase of the manure can be prepared for optimum
recovery of nutrients.
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Figure 57. Yields of bacterial dry matter from batch cultures in g/kg pig per day as a function
of the concentration of ammonium-N in the liquid phase of swine manure.
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Table 75. Yields of bacterial dry matter in g/kg pig per day expected
from a continuous culture in a chemostat as a function of the
COD of the swine waste. The COD values are those actually
measured during the bacterial growth experiments in the out-
door basins. An average yield of 0.38 g cells/g COD was
assumed.

COD

g/I 

Yields     

g/kg pig day

1.1 1.96
2.1 2.49
3.9 1.84
5.0 1.75
8.0 1.12
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Figure 58. Yields of bacterial dry matter in g/kg pig per day expected in a chemostat as a
function of the COD of swine waste.
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Crude Protein Content

Table 76 shows the crude protein content (N x 6.25) of the bacterial dry matter
recovered from the swine waste at the time when the peak concentrations of bacteria were
measured (Figure 53 and Table 70). The data demonstrate a marked variability with no con-
sistent correlation to either the concentration of ammonium nitrogen, culture temperature, or
retention time. The crude protein content was most often far below the values of 50 to 75
percent reported in the literature for bacteria grown on various substrates (Heydeman, 1973).
The most probable explanation is that autolysis occurred. This is a common characteristic of
bacteria. During autolysis, bacteria break open and release theiry cytoplasmic protein into the
culture medium thus raising the level of soluble nitrogen. Few cells undergo autolysis when a
bacterial population reaches exponential growth, but autolysis increases towards the stationary
phase of growth. Because the exponential phase of growth can be maintained indefinitely in a
chemostat, autolysis is minimized and the harvested bacteria could be expected to have a crude
protein content of 50 to 75 percent of dry matter.

Even though autolysis can be minimized in a chemostat, the potential for lysis through
phage infection is not eliminated. However, the probability is low that extensive lysis will
occur because the phages will not only have to be specific for each bacterial species present in
the swine waste, but will also have to be virulent. Furthermore, infected bacteria and free
phages in the culture medium will be continuously washed out of the chemostat with the
effluent.

Quality of Centrifuged Effluent Water

The quality of the waste water leaving the basins was examined by determining the
chemical and biological oxygen demands of centrifuged samples. This waste water would be
returned to the system as flush water.

Tables 77 and 78 summarize the reductions in COD and BOD, respectively. The reduc-
tion in COD ranged from a low of 10 percent to a high of 81 percent with the majority of the
values in the 40 to 60 percent range. The reduction in BOD ranged from a low of 4 percent to
a high of 92 percent with the majority of the values in the 50 to 70 percent range. No con-
sistent correlation between the reduction of either COD or BOD and the experimental vari-
ables was found. The most probable explanation is that the COD and BOD were measured at
the end of 24 h sampling periods when the bacterial populations were present in all stages of
development after having passed through the first cycle of growth.

The reduction of COD and BOD in the centrifuged effluent from a chemostat could be
expected to be fairly constant, barring lysis of the bacterial populations due to phage infec-
tion. The extent of the reduction is unknown, but would probably not be sufficient to allow
release of the waste water into receiving streams.



Table 76. Crude protein content of bacterial biomass recovered from
liquid swine waste.

Influent	 Culture 	 Retention time - days 
NH 4-N	 temp.	 1.5	 2	 3	 4

	

mg/I	 C	 	 % of dry matter	

	

128	 15	 40	 35	 56	 34
20	 36	 45	 58	 67
25	 21	 41	 30	 55
30	 56	 57	 34	 49
35	 62	 62	 66	 62

	

224	 15	 50	 25	 22
20	 48	 24	 19
25	 35	 18	 18
30	 12	 28	 34
35	 11

	

386	 15	 33	 19	 16	 13
20	 26	 25	 23	 23
25	 20	 26	 21	 9
30	 26	 19	 19	 26
35	 29	 25	 16	 17

	

506	 15	 20	 26	 24	 24.
20	 29	 32	 16	 6
25	 24	 38	 26	 37
30	 30	 15	 33	 39
35	 21	 39	 13	 34

	

822	 15	 45	 40	 30
20	 38	 26	 31
25	 44	 36	 30
30	 36	 19	 39
35	 17	 20	 22
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Table 77. Reduction in the chemical oxygen demand (COD) of liquid
swine waste as the result of bacterial growth.
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Influent 	 Culture 	 Effluent 
N H 4-N	 COD	 temp.	 1.5	 2	 3

	 mg/1 	 	 C	 	 % COD reduction 	

128	 1,100	 15	 27	 64	 18	 36
20	 36	 45	 27	 64
25	 36	 45	 27	 55
30	 45	 45	 45	 64
35	 36	 55	 27	 64

224	 2,100	 15	 62	 48	 67	 48
20	 62	 43	 67	 57
25	 57	 68	 67	 52
30	 57	 48	 62	 57
35	 43	 --	 43

386	 3,900	 15	 56	 10	 51	 20
20	 59	 10	 54	 28
25	 54	 10	 49	 20
30	 56	 23	 59	 33
35	 51	 28	 51	 49

506	 5,000	 15	 44	 40	 48	 42
20	 42	 42	 52	 44
25	 42	 38	 52	 44
30	 46	 38	 54	 48
35	 42	 42	 56	 50

822	 8,000	 15	 41	 46	 58
20	 38	 50	 59
25	 38	 46	 58
30	 42	 60	 66
35	 49	 64	 81



Table 78. Reduction in the biological oxygen demand (BOD) of liquid
swine waste as the result of bacterial growth.

Influent	 Culture 	 Effluent
NH4-N	 BOD	 temp.	 1.5	 2	 3	 4

	 mg/I 	 	 C	 	 % BOD reduction 	

128	 600	 15	 17	 50	 17	 50
20	 50	 50	 50	 92
25	 33	 50	 33	 67
30	 50	 50	 67	 92
35	 50	 67	 33	 87

224	 1,000	 15	 60	 60	 60	 50
20	 40	 50	 60	 80
25	 50	 60	 60	 70
30	 60	 60	 60	 80
35	 50	 50

386	 2,000	 15	 50	 4	 50	 25
20	 55	 6	 50	 25
25	 50	 10	 45	 20
30	 55	 15	 55	 35
35	 45	 25	 50	 55

506	 2,500	 15	 32	 48	 44	 48
20	 32	 52	 44	 60
25	 32	 44	 44	 60
30	 36	 44	 40	 60
35	 32	 48	 44	 60

822	 4,900	 15	 37	 47	 59
20	 32	 47	 59
25	 24	 47	 57
30	 49	 59	 69
35	 55	 65	 79
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Summary and Conclusions

The bacterial growth experiments showed that batch cultures of mixed populations of
bacteria in dilute swine waste require 3 to 6 h to reach peak concentrations, at which time the
cells could be harvested. Temperatures in the mesophilic range between 15 and 35 C did not
influence the peak concentrations of bacterial dry matter but may have influenced which
species were present in the mixed populations that produced the peak concentrations. The
crude protein content of the peak populations of bacteria was quite variable and often below
the expected values of 50 to 75 percent of the dry matter. This was attributed to the occur-
rence of autolysis.

The recovery of nutrients from swine waste by bacteria would be more efficient in a
continuous culture system which maintains the bacterial populations at an exponential rate of
growth by continually withdrawing a proportion of the culture and replacing it with fresh
swine waste. Autolysis would be largely avoided and a crude protein content of 50 to 75
percent of the dry matter could be expected. Yields of 0.38 g cells/g COD and yields of 2.2
g cells/kg pig per day appear feasible.

The continuous culture of bacteria is probably the simplest biological method of recov-
ering nutrients from swine waste. Many of the different genera and species of bacteria
indigenous to the swine waste tolerate or can adapt to a wide range of pH, temperature, and
nutrient concentrations. The need to control particular environmental and nutritional condi-
tions is therefore reduced to a minimum and the system can be operated throughout the year.
Automated systems for the continuous culture of bacteria are commercially available.

However, there is a great deal of uncertainty about the bacteriological and toxicological
safety of the production process and the safe use of the bacterial biomass as a protein supple-
ment in livestock feed. Given the genera and species of bacteria present in the swine waste, it
is conceivable that toxic substances and organisms which are potentially pathogenic to both
man and animal can be produced. The harvested biomass may therefore have to be processed
to eliminate the potential problems of toxicity and pathogenicity. This aspect of nutrient
recovery by bacteria from swine waste needs support for further research.
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ANAEROBIC DIGESTION OF MANURE SOLIDS

Experimental Design

Technical difficulties with the digester at the outset of the experiments in 1975 forced a
change in plans to operate the digester in series with the algae basins, as discussed in "Methods
and Materials", pp. 45-47. As a consequence, the digester was operated separately from the
basins by closing the overflow pipe from the digester to the nutrient holding tank (Figures 11
and 12).

The digester effluent was pumped from the bottom of tank A (Figure 12) through the by-
pass in the transfer pipe between tank A and tank B (Figure 14) and discharged into the
lagoon. The volume of effluent was then replaced with an equivalent volume of fresh manure
from the sedimentation pit (Figure 11). The digester was loaded at a frequency of 2 to 3 times
each week with volumes of fresh waste ranging from 500 to 1,000 I per feeding.

During the experimental period lasting from August through November, 1975, only the
energy requirements of the digester for heating, mixing, and circulating warm water through
the heat exchanger coils were measured by metering the consumption of electricity.

The digester was shut down in December, 1975 to correct its deficiencies and re-started in
January, 1976. The description which follows applies to the experimental period lasting from
January through April, 1976.

The manure from 50 pigs was used. The animals weighed initially a total of 4,000 kg and
remained in the pens until marketed at a total weight of 5,000 kg. A new group of animals
with the same initial weight of 4,000 kg was then introduced into the pens. The digestion of
the manure solids was monitored by measuring the chemical oxygen demand and the concen-
trations of total solids and volatile solids in the digester influent and effluent as well as the
quantity and composition of the biogas produced. The energy requirements of the digester
for heating, mixing, and circulating warm water through the heat exchanger coils were meas-
ured by metering the consumption of electricity.

Start-Up of Digester

In order to keep the gutter clean, a flush rate of 140 I every other hour was required. This
produced a 1:10 dilution of the manure, which was in excess of the 1:2 to 1:3 dilution neces-
sary to prepare the swine manure for pumping and to avoid ammonia toxicity and excess pro-
duction of volatile fatty acids in the digester (Miner and Smith, 1975). Instead of pumping the
daily volume of 1,800 I of flush water and manure into the digester, the solids were allowed to
settle and fill the sedimentation pit to one-half of its capacity while the liquid in excess of the
pit's capacity overflowed into the nutrient holding tank (Figure 11). The solids were then
mixed with an equal volume of liquid waste and pumped into the digester. In this fashion, the
digester was filled to capacity in approximately 5 weeks. The manure slurry in the digester
had a final solids content of about 7 percent. During the time of loading the digester, no mix-
ing or heating took place. Once the digester was filled, the mixing pump and heating system
were activated. Mixing was then continuous.
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It took approximately 4 days for the digester temperature to stabilize at 37 ± 1 C. Gas
production was measurable 7 days after mixing and heating were started and reached a maxi-
mum level one week later. At this point, regular feeding of the digester was initiated.

Continual Operation of Digester

The settled manure solids were loaded into the digester in batches of 500 to 1,000 I every
second or third day. The pH stabilized at 7.2.

Table 79 shows the chemical oxygen demand and the concentration of total solids and
volatile solids in the digester influent and effluent as well as the quantity and composition of
biogas produced during the month of March, 1976, when detailed data were collected. The
digester was loaded at an average rate of 635 I for each of 14 feedings. This produced a
hydraulic residence time of 47 days. Table 79 shows data for 12 of the feedings; the samples
for March 1 and 6 were not processed because of technical difficulties. The inflow to the
digester had a mean COD/VS ratio of 1.5 which increased to a mean of 2.0 in the digester out-
flow. The mean of the VS/TS ratio remained constant at 0.80 for the inflow and 0.78 in the
outflow. The loading rate of the digester corresponded to 2.3 kg VS/m 3 per feeding or 0.96
kg VS/m3 day (0.06 lb VS/ft3 day).

The mean of the total solids was 39 kg per feeding (61.4 g/I x 635 I x 0.001 kg/g) with
17.6 kg remaining in the digester outflow (27.8 g/I x 635 I x 0.001 kg/g). The digestion
process, therefore, reduced the total solids by 55 percent. The destruction of the volatile
solids averaged 56 percent, and the COD was reduced by 41 percent.

The daily gas production averaged 8.4 m 3 (300 ft3 ), composed of 68 percent CH4 and
32 percent CO2. Expressed on the basis of a 1,000 kg animal unit, this quantity of gas cor-
responded to 2 m3 per day (33.3 ft3/day per 1,000 lb animal). When the destruction of
volatile solids was used as the basis for the calculations (49.4 g/I - 21.7 g/I x 635 I x 0.001 kg/g
= 17.6 kg VS/feeding or 7.9 kg VS/day), the biogas production corresponded to 1.06 m3/kg
VS removed (17.2 ft3/Ib VS). These results are in agreement with those reported in the litera-
ture for laboratory-sized digesters fed with swine manure (Gramms et al., 1971; Miner and
Smith, 1975).

Energy Requirements of Digester

Table 80 shows the energy expenditure for maintaining a constant temperature of
37 ± 1 C in the digester during the warmest and coldest months in 1975-76. The electrical
heaters consumed 15 kWh/day during August, 1975 and nearly 5 times as much during Febru-
ary, 1976. In addition to the seasonally variable heating expense, the digester operation
required a fixed expenditure of 7 kWh/day for circulating the warm water through the heat
exchanger coils and 26 kWh/day for continuously mixing the digester contents.

Table 81 shows the quantities of waste heat and equivalent quantities of biogas needed to
satisfy the heating requirements of the digester. The calculations assume that 1 kWh = 860.5
kcal, that the biogas has a heat value of 6,000 kcal/m 3 (680 Btu/ft3 ), and that the efficiency
of heat transfer in the boiler or hot water heater is 60 percent. The data show that the digester
required 12,900 kcal/day for heating purposes during the summer and 63,700 kcal/day during



Table 79. Digester performance during March, 1976, as measured by a comparison
of chemical oxygen demand (COD), total solids (TS) and volatile solids
(VS) concentrations of influent and effluent, and by the quantity of bio-
gas produced. The settled manure solids from 50 pigs were loaded into
the digester at an average rate of 635 I on 14 occasions.

Date	 Digester influent	 Digester effluent	 Biogas
(1976)	 COD TS	 VS	 COD TS	 VS	 produced CH4/CO2

March	 	  g/I 	 m3/day	 Vol/vol 

	

1	 8.1	 1.9

	

2	 7.4

	

3	 5.9

	

4	 54.7 56.7 43.0	 22.8 23.0 18.5	 5.1

	

5	 7.1

	

6	 8.1

	

7	 6.3

	

8	 58.6 45.6 37.6	 29.4 25.2	 19.9	 7.7	 2.1

	

9	 8.1

	

10	 47.2 44.2 34.4	 27.5 26.9 21.3	 9.3

	

11	 9.5

	

12	 45.8 42.7 34.1	 25.9 25.6 20.5	 10.1

	

13	 8.4

	

14	 7.4	 ---

	

15	 45.2	 35.2	 ---	 27.9	 21.8	 8.7	 2.3

	

16	 ---	 28.2	 22.7	 7.3

	

17	 54.8 71.8 59.6	 29.2 22.0	 16.9	 9.0

	

18	 82.8 23.0	 17.8	 7.3

	

19	 99.2 99.3 78.0	 82.8 24.4 18.7	 8.8

	

20	 6.5
21	 5.6

	

22	 130.4 95.4 78.7	 125.6 24.9	 19.0	 9.7	 2.1

	

23	 ---	 28.5	 21.9	 7.1

	

24	 181.1	 73.0 61.0	 32.4 30.0 23.2	 11.8	 1.5

	

25	 28.6 29.3 22.9	 9.9	 2.3

	

26	 32.8 31.3 24.8	 7.9	 2.3

	

27	 74.1	 80.2 62.5	 30.9 32.9 25.5	 12.7

	

28	 9.8

	

29	 36.4 39.6 31.7	 27.2 30.9	 23.7	 11.1

	

30	 27.2 34.0 27.0	 8.5	 2.1
31	 33.0 43.5 36.9	 25.2 31.9	 24.8	 10.1	 2.1

Mean	 74.1	 61.4 49.4	 43.9 27.8 21.7	 8.4	 2.1
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the winter. If this heat energy had to be provided by the gas produced in the digester, nearly
43 percent of its daily production of 8.4 m3 (Table 79) would have to be returned during the
summer months. During the winter, the digester could provide only about 50 percent of its
own heating requirements. If operated in conjunction with a thermal power plant, however,
from which waste heat were available to maintain the digester temperature, the gas would be
available for alternate uses.

Table 80. Energy requirements of anaerobic digester.

Warm water
Month
	

Heating	 Mixing	 circulation	 Total

	 kWh/day 	
1975

August	 15	 26	 7	 48
September	 15	 26	 7	 48
October	 30	 26	 7	 63
November	 54	 26	 7	 87

1976
February	 74	 26	 7	 107
March	 64	 26	 7	 97
April	 42	 26	 7	 75

Table 81. Heat energy and equivalent quantities of biogas needed to
satisfy heating requirements of digester.

Electricity consumed	 Equivalent	 Equivalent
Month
	

for heating	 heat energy'	 biogas2

kWh/day	 kcal/day	 m3/day 

1975
August	 15	 12,900	 3.6
September	 15	 12,900	 3.6
October	 30	 25,800	 7.2
November	 54	 46,500	 12.9

1976
February	 74	 63,700	 17.7
March	 64	 55,100	 15.3
April	 42	 36,100	 10.0

'1 kWh = 860.5 kcal.
2 Heat value of biogas = 6,000 kcal/m3 (680 Btu/ft3 ); 60 percent efficiency
of heat transfer.
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Conclusions

The energy requirements for heating the digester (Table 81) are exaggerated because of
the unusual arrangement of placing two concrete tanks side by side into the ground and con-
necting them to make a single functional unit, and because the top surfaces of the tanks were
used as work areas and therefore left exposed to the air without insulation. Furthermore, the
level of the ground water reached within 0.5 m of the top surfaces of the tanks during the
winter months. The ground water was free to move past the tanks, thus contributing to the
loss of heat from the digester. However, the soil and gravel around the underground tanks
were dry during the summer months. Nevertheless, it appears that a concrete digester, built
into the ground but above the level of ground water and without further insulation, is not
likely to be energy self-sufficient on a sustained basis, much less produce gas in excess of its
own heating requirements. This conclusion may not hold true for large digesters with a large
ratio of volume to heat-dissipating surface area and for digesters in mild climates.

The productivity of the digester in m3 of gas per m3 of digester volume per day can be
improved by increasing the loading rate and decreasing the retention time. Loading rates up to
3.8 kg VS/m3 day (0.24 lb VS/m 3 day) have been successful with intermittently stirred,
laboratory-sized digesters maintained at retention times of 10 to 15 days and a temperature of
32.5 C (Gramm et al., 1971; Miner and Smith, 1975). A further increase in the productivity of
the digester could be achieved by adding cellulosic waste materials in sufficient quantities to
raise the carbon to nitrogen ratio of the swine manure from about 10:1 up to a maximum of
30:1.

The continuous mixing of the digester contents by the 0.5 hp centrifugal pump was
energy intensive, costing 22,373 kcal/day (26 kWh/day x 860.5 kcal/kWh). In view of the
finding reported by Finney and Evans (1975) that product gases, in particular carbon dioxide,
inhibit growth of the methanogenic bacteria, the cost of continuous and vigorous mixing to
facilitate removal of the product gases from the liquid phase may be unavoidable. However, it
remains to be seen whether the expected increase in gas production justifies the increased cost
for mixing. The use of a type of draft-tube mixer with impeller instead of a centrifugal pump
would be desirable in order to mix the layer of surface scum more effectively with the digest-
ing slurry. The scum consists primarily of cellulose fibers which would be lost to the digestion
process and the production of biogas, if not mixed thorougly with the contents of the digester.
The layer of scum also interferes with the effective removal of the product gases from the
liquid phase.

An important element in the development of the anaerobic digester for farm use is the
acceptance of the technology by the farmer. The probability of acceptance is increased if
(1) the digester system returns a profit, which may not necessarily be a monetary one, (2) if
the digester system is easy to understand, install, and operate, and (3) adequate service is
available. The need for service opens up the opportunity for developing a new type of service
industry.

Ifeadi and Brown (1975) identified the capital-intensive items as the digester tank and
the storage tank for the methane gas, and the operating cost-intensive items as labor and main-
tenance. The authors estimated that a manure production of 10 tons/day (dry matter) is
necessary to recover the capital investment using the presently available technology.
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A comprehensive analysis by Jewell et al. (1976) of reclaiming energy from dairy and
beef cattle manure by anaerobic digestion concludes that dairy farms with 100 cows or less,
which comprise the majority of dairy operations in the United States, cannot produce energy
at a cost competitive with existing alternative energy sources unless other potential benefits
offset the costs such as odor and pollution control, recovery of the fertilizer value of the
digester effluent, and refeeding of the digester residue as a protein supplement to livestock.
On the basis of total solids production (Morris et al., 1975), a 100 cow dairy farm (545 kg live
weight/animal) is equivalent to a pig farm with 1,000 animals (64 kg live weight/pig). On the
basis of biogas production (Morris et al., 1975), only 700 pigs would be needed to match the
gas production of the 100 cow dairy herd.

Pigg (1977) reported that a 120 m3 digester, built and operated by the A.O. Smith
Corporation, Milwaukee, WI, to serve about 100 dairy cows on a farm near Jefferson, WI,
required 74 percent of its gas production for heating during the coldest winter month when
air temperatures averaged -9 C, and 26 percent of its gas production during the warmest sum-
mer month when air temperatures averaged 24 C. The digester was a modified Harvestore silo
with 5.1 cm of sprayed-on urethane foam as insulation. The digester was heated to 35 C and
mixed intermittently for a total of about 6 h/day. The cost of producing the methane gas in
excess of the heating requirements of the digester was estimated at $3 to $3.50 per 252,000
kcal (106 Btu). This cost compared to $2.20 per 252,000 kcal (106 Btu) of natural gas for
home heating in the Milwaukee, WI, area (personal communication, D.L. Pigg, Senior
Advanced Engineer, Research and Development Division, A.O. Smith Corporation, Milwaukee,
WI). The cost of producing methane gas from animal manure would be more favorable in geo-
graphic areas with mild temperatures and in areas where geothermal heat and waste heat from
thermal power plants are available to maintain digester temperatures. It should also be noted
that the price of natural gas varies considerably throughout the U.S. For example, the cost of
natural gas for home heating here in the Willamette Valley of western Oregon is at present
$3.50 per 252,000 kcal (106 Btu) as compared to $2.20 in the Milwaukee, WI, area.

The economic outlook for the anaerobic digestion of animal manures could also be
improved by finding a continuous use for the excess gas production in order to reduce storage
costs. One such use would be the processing of single cell protein recovered from the liquid
phase of the manure and intended as a protein supplement in livestock feed. If yeast or micro-
fungi are grown in the liquid waste, one could also expect to generate considerable quantities
of heat which could be diverted to the anaerobic digester. By coupling the heat producing
aerobic fermentation of yeast or microfungi in the liquid phase of the manure with the heat
requiring anaerobic digestion of the manure solids, the energy requirements normally expected
for cooling of the yeast fermenter can be eliminated while at the same time the energy require-
ments of the digester for heating can be reduced, if not eliminated also.

The recovery of nutrients from swine manure by yeast and microfungi is discussed in
more detail in a later section entitled "Methods of Energy and Nutrient Recovery from Swine
Waste".
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ENERGY BALANCE OF THE BASINS

D.E. Garber and L.R. Davis
Oregon State University

Department of Mechanical Engineering

Introduction

Seven processes contributed to the energy balance of the basins (Figure 59). These were
the net solar radiation, atmospheric radiation, back radiation, convection, evaporation, precipi-
tation, and the addition of cold water to replace losses due to harvesting and evaporation.
Conduction of heat through the sides of the basins was negligible because they were well insu-
lated by 8 cm of polyurethane foam. The rate at which heat was lost and water evaporated
from the basins was also influenced by the position of the basins relative to each other, the
retention time, the culture depth, and the temperature of the cultures. The effects of these
variables on the rate of energy loss and evaporation are discussed in this chapter.

Energy Requirements

The energy required to maintain the basins at a specific temperature was recorded as
outlined in "Methods and Materials." Tables 82 through 87 report results of these meas-
urements as monthly averages. Average evaporation losses, measured as described, earlier by
make-up water requirements, are also shown because of the important role of evaporation in
the overall energy balance.

Table 82 gives the monthly averages of rates of energy loss and evaporation for culture
temperatures of 15, 20, 25, 30, and 35 C during the period of January through April, 1976.

Table 83 gives the same rates averaged for the entire period from January through April
for each culture temperature.

Table 84 gives monthly averages of rates of energy loss and evaporation for 30 C cultures
at retention times of 2, 3, and 4 days during May and June, 1976.

Table 85 gives average rates of energy loss and evaporation for July, 1976, when all cul-
tures were maintained at 30 C and a retention time of 4 days.

Table 86 gives monthly averages of rates of energy loss and evaporation during August
and September, 1976, for retention times of 2, 3, and 4 days.

Table 87 gives monthly averages of rates of energy loss and evaporation for each month
during the period from January through September, 1976, for culture temperatures of 30 C
and culture depths of 10, 15, or 20 cm.

Four factors other than weather conditions also affected the rate of energy loss and
evaporation. These were basin location, retention time, culture depth, and culture tempera-
ture. The magnitude of each is considered in the following discussion.
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Figure 59. Components of the energy balance for outdoor basins.



Table 82. Monthly averages of rates of energy loss and evaporation for
basins with 15 cm deep cultures. Data for different retention
times were averaged. Measurements were made in 1976.

Culture	 Rate of	 Rate of
Month
	

tern perature	 energy loss	 evaporation

1976	 C	 mcal/cm2sec	 mm/day 

January	 15	 7.3	 1.6
20	 13.0	 4.2
25	 17.8	 6.6
30	 24.4	 12.3
35	 30.1	 15.8

February	 15	 9.8	 6.1
20	 14.1	 8.3
25	 19.8	 12.0
30	 27.8	 18.5
35	 36.7	 25.8

March
	

15	 7.2	 6.4
20	 11.0	 8.7
25	 17.1	 12.1
30	 23.7	 17.6
35	 32.6	 24.8

April 1-9
	

15	 4.8	 7.8
20	 8.4	 10.6
25	 13.4	 13.6
30	 21.4	 19.4
35	 27.9	 25.7

Table 83. Average rates of energy loss and evaporation for 15 cm deep
cultures during the period 1 January to 9 April, 1976.

Culture temperature	 Rate of energy loss	 Rate of evaporation

C	 mcal/cm2 sec	 mm/day

15	 7.8	 5.1
20	 12.5	 7.5
25	 18.0	 10.6
30	 25.1	 16.5
35	 32.9	 23.5
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Table 84. Monthly averages of rates of energy loss and evaporation for
30 C cultures as a function of retention time. The culture
depths were 10 cm in the A basins and 20 cm in the B basins.
The rate of energy loss was obtained as an average value for an
A and B basin. The rate of evaporation from the A and B
basins could be measured separately. Measurements were made
during 1976.

Month Basin
Retention

time
Rate of

energy loss
Rate of evaporation
A basin	 B basin

1976 days mcal/cm2 sec 	 mm/day. . . . .

May 1 A/B 2 17.6 19.0 23.4
3 A/B 3 16.6 17.8 19.8
5 A/B 4 17.9 19.8 23.6

June 1 A/B 2 17.2 19.6 25.0
3 A/B 3 16.6 17.2 19.4
5 A/B 4 18.8 17.6 23.2

Table 85. Average rates of energy loss and evaporation for basins with
15 cm deep cultures at 30 C, during July, 1976.

Basin	 Rate of energy loss	 Rate of evaporation

mcal/cm 2 sec	 mm/day 

2 12.5 16.3
3 11.1 15.8
5 11.3 15.6
6 12.6 16.4
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Table 86. Monthly averages of rates of energy loss and evaporation for
30 C cultures at retention times of 2, 3, and 4 days. The cul-
ture depths were 10 cm in the A basins and 20 cm in the B
basins. The rate of energy loss was obtained as an average value
for an A and B basin. The rates of evaporation from A and B
basins were measured separately.	 Measurements were made
during 1976.

Month Basin
Retention

time
Rate of

energy loss
Rate of evaporation
A basin	 B basin

1976 days mcal/m2 sec ...mm/day. ...

August 1 A/B 2 10.7 13.4 16.0
3 A/B 3 10.7 14.8 14.8
5 A/B 4 10.4 14.4 14.8

Sept 1 A/B 2 12.7 15.7 15.9
3 A/B 3 11.8 16.3 17.0
5 A/B 4 11.9 16.5 16.8

Table 87. Monthly averages of rates of energy loss and evaporation of cul7
tures at 30 C. The culture depth was either 15 cm in both the
A and the B basins or 10 cm in the A basins and 20 cm in the B
basins, as indicated. The rate of energy loss was obtained as an
average value for an A and B basin. The rate of evaporation
from the A and B basins could be measured separately. Data
for different retention times were averaged.

Culture depth	 Rate of	 Rate of evaporation 
Month	 A basin B basin	 energy loss	 A basin	 B basin

1976	 	 cm 	 mcal/cm2 sec 	 mm/day 	

January	 15	 15	 24.4	 12.3	 12.3
February	 15	 15	 27.8	 18.5	 18.5
March	 15	 15	 23.7	 17.6	 17.6
April 1-9	 15	 15	 21.4	 19.4	 19.4
May	 10	 20	 17.4	 18.9	 22.3
June	 10	 20	 17.5	 18.1	 22.5
July	 15	 15	 11.6	 16.0	 16.0
August	 10	 20	 10.6	 14.2	 15.2
September	 10	 20	 12.1	 16.2	 16.6
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Basin Position

The positions of the basins relative to each other are shown in Figure 60. It would be
expected that basins receiving the wind first would be subject to higher rates of heat transfer
and evaporation than basins receiving the air after it has passed over other basins. There are
two reasons for this expectation. The mean wind speed is reduced by obstacles such as basins,
paddle wheels, and motor housings (Figures 9 and 60). Evaporation from the upstream basins
increases the wet bulb temperature of the air above the downstream basins, which in turn
reduces evaportation.

Figure 60. Position of basins relative to each other. See also Figure 9.



189

Table 88 shows comparisons of evaporation rates from basins at positions relative to each
other for the period April 26 through June 10, 1976. It is evident that the rate of evaporation
from the basins in the center of the row (Figure 60, basin 3) was slightly less than from the
basins on the ends (Figure 60, basins 1 and 5), probably because of shielding from the wind.
However, this difference was not confirmed by measurements during other time periods.
Tables 85 and 86 show no consistent difference in the rate of evaporation between basins on
then ends and basins near the center. In general, the effect of basin position was small and
considered to be negligible for the purposes of this analysis. These effects might become
important where large ponds are considered. The magnitude of position effect on rates of heat
transfer and evaporation would be determined in part by the size and spatial arrangement of
individual ponds.

Table 88. Comparison of rates of evaporation from basins at different
positions relative to each other and with different culture
depths.	 Measurements were made during the period April 26
through June 10, 1976. 	 The culture temperature was 30 C.

Basin Culture depth Rate of evaporation

cm mm/day

1A 10 19.2
3A 10 17.6
5A 10 19.4
1B 20 23.8
3B 20 19.8
5B 20 23.8

Retention Time

Varying the retention time did not appreciably change the net energy requirements of the
basins (Tables 84 and 86). The energy loss due to addition of cold water to replace losses due
to evaporation was small in comparison with other terms of the energy balance. Later it will
be shown that the net energy loss increased only 3 percent when the retention time was
decreased from 4 to 2 days at 30 C. This was so in May, June, August, and September (Tables
84 and 86).

Culture Depth

Shielding of the water surface from the wind was a function of culture depth and wind
direction. Cultures 10, 15, and 20 cm deep left 20, 15, and 10 cm of rim above the water sur-
face. Tables 87 and 88 show differences in the rate of evaporation with respect to culture
depth and position. Table 86 indicates that shallower cultures generally had slightly less
evaporation during. August and September than deeper cultures. However, the differences
were very small. The effect of culture depth on the rate of energy loss is therefore considered
negligible for the purposes of the analysis here.
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Culture Temperature

The temperature of the cultures had the largest effect on the net rates of energy loss and
evaporation. Figure 61 indicates that the heat loss increased with culture temperature. An
increase in culture temperature resulted in increased rates of net energy loss by all of the heat
transfer mechanisms, namely radiation, evaporation, convection, precipitation, and the
addition of make-up water.
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Figure 61. Average rate of energy loss from outdoor basins as a function of culture tempera-
ture.

Analysis of Heat Balance

Seven processes contributed to the energy balance of the basins (Figure 59). These were
the net solar radiation, atmospheric radiation, and back radiation, convection, evaporation,
precipitation, and the addition of cold water to replace losses due to harvesting and evapora-
tion. Conduction through the sides of the basins was negligible because they were well insu-
lated by 8 cm of polyurethane foam. Each of the components of the energy balance is
discussed below and equations used to develop the energy balance are presented.
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Nomenclature

Cb	- Brunt coefficient
• - Specific heat of water (J/kg K)
ht	- Energy required to vaporize water at Tw (J/kg)
mw	- Mass rate of make-up water (kg/m2 sec)
mp	- Mass rate of precipitation (kg/m2 sec)
N - Number of days over which energy loss was averaged

- Water vapor pressure in the air (N/m2)Pa
PBAR - Barometric pressure (N/m2)
Precip - Rainfall (mm)
Pw	- Saturation pressure of water at temperature T w (N/m2)
Q - Heat transfer rate (W/m2)
Qm	- Experimental energy loss values (W/m2)

- Incident solar short wave radiation (W/m2)Qs
Ta	- Air temperature (K)
Tp	- Precipitation temperature (K)
Tmw - Make-up water temperature (K)
Tw	- Basin water temperature (K)
U b	- Wind speed (m/sec)
W - Humidity ratio (kg vapor/kg dry air)
a	 - Wind velocity correction factor
• - Surface emissivity (assumed constant at 0.97)
3 - Kinematic viscosity of air at T a (m2/sec)
a	 - Stefan-Boltzman constant (5.729 x 10-8 W/m2 K4)

Solar Radiation

The fraction of the radiant energy from the sun with a wavelength of 4 pm or less which
reaches the earth's surface is called the incident short wave or solar radiation. The rate of
short wave radiation per unit area is a function of the solar altitude, cloud cover, and time of
day. It is more accurately measured than calculated. For the model presented in this report,
measured rates of daily radiation were used. These measurements were made at the meteoro-
logical station maintained by OSU, Agricultural Experiment Station, in cooperation with the
NOAA (Bates and Calhoun, 1977).

Atmospheric Radiation

The major portion of the energy radiation by the atmosphere is found in the wave length
interval of 4 to 80 pm (Maughan, 1966). This radiation is called atmospheric long wave radia-
tion. Atmospheric radiation depends primarily on the temperature and the water vapor con-
tent of the air. The rate increases with an increase in either of these two quantities (Hogan,
Leipins, and Reed, 1970).
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Atmospheric radiation is not usually measured by Weather Bureau stations. Instead,
atmospheric radiation is determined by using one of several empirical equations. The expres-
sion used in this analysis has been extensively evaluated by Brunt (Edinger and Geyer, 1965)
and was presented by Koberg (1964). The expression is:

Qatm  = ueTall [Cb + 2.686 x 10-3(Pa)119

The Brunt coefficient "Cb" is a function of air temperature and cloud cover (Figure 62).
For Oregon, the Brunt coefficient usually has values ranging from 0.68 to 0.74. Values of
clear sky solar radiation used in determining the Brunt coefficient are given in Figure 63.

AIR TEMPERATURE, C

Figure 62. Brunt coefficient as a function of air temperature. (After Koberg, 1964).
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Figure 63. Clear sky solar radiation. (After Koberg, 1964).

Back Radiation

Water radiates long wave radiation almost like a perfect black body. Back radiation is a
function of the water temperature and emissivity of the water surface. In this analysis, the
emissivity was assumed constant at 0.97. The expression used for back radiation is:

Qbr = aeTw4

Convection and Evaporation

Convection and evaporation are the most difficult terms of the energy balance to deter-
mine accurately. These two mechanisms usually account for the largest part of the net heat
transfer. Convection and evaporation depend primarily upon wind speed, water surface tem-
perature, viscosity of the air, and water vapor pressure in the air. Numerous empirical relations
have been developed to predict evaporation and convection from water surfaces. Hogan,
Leipins, and Reed (1970) proposed the expression used in this analysis. It is applicable to
bodies of water which are several degrees above ambient temperature. The expression is:
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Qc + Qe = (3.545 x 10-10)(1/«)2/8(Ub2/8/P7/18)(Tarrw)

[

TwPBAR. 1/8	1.458 x 108 Tw-Ta 
ht

Ta (P BAR-Pw)(1+W)	 (Pw-Pa)	 h t	( Pw-Pa

The wind speed correction factor "a" is the ratio of wind speed at a given elevation to the
free-stream wind speed. In general, "a" varies with the free-stream wind speed and location.
Figure 64 shows the value of "a" measured above open grassland.
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Figure 64. Wind velocity correction factor as a function of elevation of measuring point above
open grassland. (After Lima, 1936).
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Precipitation

The energy lost by precipitation is a function of the amount and temperature of the pre-
cipitation. The energy lost due to precipitation is given by:

Qprec = mpcp(Tw-Tp)

When the precipitation rate is greater than the evaporation rate, overflow from the basins will
occur. Overflow was not measured, and energy loss due to overflow was considered to be
negligible in this analysis.

Replacement of Water Lost Due to Evaporation and Harvesting

The net energy exchange due to the addition of water to replace the daily harvest volume
and the water lost by evaporation is a function of the temperature of the make-up water.
Make-up water temperatures were not measured. For this analysis it was assumed that the
temperature of the make-up water was the same as the temperature of the soil at a depth of
1.5 meters at the experimental site. Ground temperatures at this depth are shown in Figure
65. The expression for the net energy exchange due to make-up water is:

Q = m c (T Tmw)w

Figure 65. Temperature of the soil at depth of 1.5 m at experimental site.
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Development of Computer Model

The methods and/or expressions used to determine the rate of heat transfer by each
significant mechanism, given in the previous section, were used to predict the energy require-
ments of outdoor basins under varying environmental conditions. The net sum of the energy
terms gives the rate at which energy must be supplied to maintain the cultures at a specified
temperature. A computer program, entitled PUDDLE, was written which used the above
expressions to calculate the net energy requirements of the basins. Program PUDDLE is
described in Table 89 and input variables for PUDDLE are listed in Table 90. Variables which
changed daily were averaged over a period of one day. Variables which remained fairly con-
stant were averaged over periods of one month.

The necessary meteorological input variables are recorded daily at U.S. Weather Bureau
stations. Data used in this report were recorded at the Hyslop Farm Agricultural Station
(Bates and Calhoun, 1977) located approximately 10 miles from the basins. Solar radiation,
average air temperature and precipitation were probably not significantly different between
the experimental site and the weather station. However, the wind speeds could be consider-
ably different, depending upon local topography. Average wind speeds which are different in a
consistent manner may be accounted for by the wind velocity correction factor "a" (Figure
64). In this analysis, it was assumed that the daily mean wind speeds were the same at the
weather station and at the basins, and the value of "a" was obtained from Figure 64.

Validation of Computer Model

Table 91 gives energy requirements predicted by PUDDLE for January through Septem-
ber, 1976. The measured values given in earlier tables are repeated for comparison. Energy
requirements predicted by PUDDLE were within 10 percent of the experimentally measured
values for 78 percent of the experimental periods, or within 15 percent, 86 percent of the
time. PUDDLE predicted consistently high values in August and September for cultures at
30 C and low values for cultures at 15 C in January through April. The reasons for these devia-
tions were not determined.

The percentages contributed to the energy balance by radiation, convection and evapora-
tion, precipitation, and addition of make-up water were also calculated. Nominal results are
given in Table 92. Table 93 gives the average contribution by each heat transfer mechanism
for monthly periods.

Tables 92 and 93 indicate that evaporation and convection were by far the most impor-
tant mechanisms of heat transfer from the basins. Energy losses by evaporation and convec-
tion for 30 C cultures ranged from 76 percent of the net energy loss in January to 115.5
percent in July (Table 92).

Radiation accounted for an average of 2.6 percent of the net energy loss from January
through September (Table 93). During the months when incoming solar radiation was quite
low, as much as 17 percent of the net energy loss was due to radiation for 30 C cultures. Dur-
ing July, when incoming solar radiation was at a maximum, radiation accounted for a net
energy gain of 20.3 percent (Table 92). The net heat transfer due to radiation was positive for
30 C cultures in May, June, July, and August (Table 92).

Make-up water accounted for an average of 5.6 percent of the net energy loss, and energy
losses due to precipitation were negligible (Table 93).
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Table 89. Program PUDDLE. This program calculates the energy required to maintain
outdoor culture basins at a specified temperature under varying environmental con-
ditions. The calculated energy loss is compared to the experimental loss, and the
percent of net energy loss due to radiation, evaporation and convection, precipita-
tion, and make-up water is calculated.

PROGRAM PUDDLE( INPUT, OUTPUT)
DIMENSION QM( 40)
REAL MW
DATA OSNET, QCNET,CIANET ,OMUTONET,PREC / 	 ,o,o,a,o/
DATA 3/G1CP/5.729E-8,4186.01
WRITE 1.4

C	 READ THE MONTHLY AVERAGED INPUT VARIABLES
READ 10,Ci5, Tw,ALPHA,N,HT,MW,GNU,TMU

C	 CALCULATE THE BACK RADIATION
DBR=0.97*SIG*TW4*4
T=N
111BRT=GIBR*T

C	 READ EXPERIMENTAL ENERGY LOSS VALUES
READ 12, (QM(K) K=1,N)
DO 20 JI=1,N

C	 READ THE DAILY AVERAGED INPUT VARIABLES
READ 11,QS,TA,PA,U9,PRECIP
ONT=QMT+QM(JI)

C	 CALCULATE THE SOLAR RADIATION
CISN =0 • 97*QS
QSNET=OSNET+GISN

C	 CALCULATE THE ATMOSPHERIC RADIATION
QA=SIG*9.97*TA* 4 4*(C8+2.686E-3*SQRT (PA ) )
QANET=QANET+0 .97*CIA

C	 CALCULATE THE VAPOR PRESSURE OF THE BASIN WATER
014=2864.64144.8 4 (TW-296.7)
IF* (TW•GE.296,7) PW=2864.6+290.*(TW-296,7)

C	 CALCULATE THE HUMIDITY RATIO
W=0.6224tPA/(1C1348.–PA)

C	 CALCULATE THE EVAPORATION AND CONV ECTION ENERGY LOSS
A=?./5.
B=7 ./15.
ALP= (1./ALPHA)* A
AA=tTW*111348.0/(TA*(101348 .0 –P ) 4 (1.4W)) 1.)" .2
BEI=TA/TW
CC=1.4+56E9/HT4 (TW–TA )/ (P W–PA)
EM=3. 545E-1C* ALP#U3**A/GNU**8 *AA*B8 *(PW–PA)
QCN=E 11 4-(1. +CC )4HT
OCNET=QCNET+QCN

C	 CALCULATE THE ENERGY LOSS DUE IC MAKEUP WATER
QIU=MW*CP*(TW–TMU)
DMUT=QMUT+QMU

C	 CALCULATE THE ENERGY LOSS CUE TO PRECIPITATION
C	 CONVERT RAINFALL IN m4 /24HRS TO KG/METERS–SQUARED–SEC

/WRFC IP=PRECI P / (24.'1.36030
QPRECI P=APREC IP + (TM–TA)*CP
IF( TA ,GE.TW)0PRECIF'=–OPRECIP

29 0RECN=PRECN+QPRECIP
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Table 89. Continued.

CALCULATE THE NET ENERGY LOSS
OTOT=Q8RT—QSNET—DANET+OCNET+QMUT+PRECN

C	 CALCULATE THE PERCENTAGE OF ENERGY LOSS DUE TO EACH
C	 MECHANISM

PRAD=( (QBRT—QSNET—CIANETT/OTOT)*100.
PCONEV=(QCNET/QTOTI*103.
PMU=OMUT/OTOT*100.
PPREC=PRECN/OTOT*100.
CALCULATE THE RATIO OF THE PREDICTED TO EXPERIMENTAL

C	 ENERGY LOSS
RATIO=W0T/WIT

C	 CALCULATE THE AVERAGE ENERGY LOSS IN MCAL/CM—SQUARED—SEC
AVG=QTOT*2.39E-2/FLOAT(N)
WRITE 13,AVG
WRITE 15.RATIO

WRITE 16
WRITE 17,PRAD.PCONEV,PMU,PPREC

10 FORMAT(F4.2,3X,F5.1,3X,F4.2.3X,12,3X,F9.00X.
iE7.2,3X,E7.2,3X,F5.1)

11 FORMAT(F6.113X.F5.1.3X.F6.1.3X9F3.10X.F4.1)
12 FORMAT(14F4.G)
13 FORMAT(IX,2THE AVG. ENERGY LOSS IS *,F4.1.

2* MCAL/CM—SQUARED—SEC*/)
14 FORMAT(5X9* ► * * (MONTH,BASIN,TEMP) * * **//)
15 FORMAT(iX9*THE RATIO BETWEEN PREDICTED AND ACTUAL*

3* ENERGY LOSS ISt,6F5.2//)
16 FORMAT(1X,*PREOICTED PERCENTAGE OF TOTAL ENERGY LOSS*

4* BY EACH MECHANISM*/)
17 FORMAT(1X,*RADIATION*,F23.19/1Xl*EVAPORATION AND *

5*CONVECTION*,F6.11/1X*MA KE UP WATER*,F19.1,/1X,

6*PRECIPITATION*,F19.1//)
CALL EXIT
END
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