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Conclusions and Recommendations

Energy requirements for outdoor basins at 30 C ranged from an average of 27.8 mcal/
cm 2 sec in February to an average of 10.6 mcal/cm 2 sec in August. Energy requirements for
15 C cultures ranged from 9.8 mcal/cm 2 sec in February to 4.8 mcal/cm2 sec in April. The
15 C basins were not tested after April because ambient temperatures exceeded 15 C during
the day. Variations in retention time, culture depth, and basin position had little effect on the
net energy requirements compared to the effect of variations in culture temperature.

A model was used which predicted energy requirements within 10 percent for 78 percent
of the conditions tested. The model indicated that 76 to 115 percent of the net energy loss
was due to convection and evaporation for the 30 C cultures. Heat transfer by radiation varied
from net energy gains of 20.3 percent in July to net energy losses of 17 percent in January for
30 C cultures. An average of 5.6 percent of the net energy loss was due to addition of make-
up water, and the effect of precipitation was negligible under the conditions tested.

The model used here should be further tested with meterological data taken at the basin
site. In particular, wind velocities should be used which are obtained at the basin site, because
such a large percentage of the net energy loss is due to evaporation and convection.

Table 90. Input variables for program PUDDLE.

Variable	 Averaged time period

N

a

Tw

ht

C b	Monthly

Monthly

DailyQs
Ta	Daily

Pa	Daily

Precip.	 Daily

U b	Daily

Mw	Daily

Tmu	 Daily
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Table 91. Predicted and measured rates of energy loss from outdoor basins for the year 1976.

Culture	 Retention	 Rate of energy loss

Month
	

temp.	 Basin	 time	 Predicted	 Measured	 Ratio

1976
	

days	 . . . mcal/cm 2 sec. . . .

January	 15	 6.9	 7.3	 0.95
20	 11.7	 13.0	 0.90
25	 17.2	 17.8	 0.97
30	 23.5	 24.4	 0.96
35	 31.8	 30.1	 1.06

February	 15	 7.7	 9.8	 0.79
20	 13.1	 14.1	 0.93
25	 19.2	 19.8	 0.97
30	 26.3	 27.8	 0.95
35	 33.4	 36.7	 0.91

March	 15	 6.4	 7.2	 0.89
20	 11.8	 11.0	 1.07
25	 17.7	 17.1	 1.04
30	 24.7	 23.7	 1.04
35	 31.8	 32.6	 0.98

April (1-9)	 15	 3.4	 4.8	 0.71
20	 8.3	 8.4	 0.99
25	 13.8	 13.4	 1.03
30	 20.2	 21.4	 0.94
35	 26.8	 27.9	 0.96

May	 30	 2	 18.1	 17.6	 1.03
30	 3	 17.6	 16.6	 1.06
30	 4	 17.4	 17.9	 0.97

June (1-10)	 30	 2	 15.8	 17.2	 0.92
30	 3	 15.4	 16.6	 0.93
30	 4	 15.2	 18.8	 0.81

July	 30	 2	 11.5	 12.5	 0.92
30	 3	 11.5	 11.1	 1.04
30	 5	 11.5	 11.3	 1.02
30	 6	 11.5	 12.6	 0.91

August	 30	 2	 12.6	 10.7	 1.18
30	 3	 12.3	 10.7	 1.15
30	 4	 12.2	 10.4	 1.17

September	 30	 2	 13.6	 12.7	 1.07
30	 3	 13.3	 11.8	 1.13
30	 4	 13.1	 11.9	 1.10
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Table 92. Contribution to the energy balance by several heat transfer mechanisms as predicted
by program PUDDLE. Results are presented in percent of total loss.

Culture	 Retention	 Evaporation	 Make-up
Month
	

temp.	 time	 & convection	 Radiation	 Precipitation	 water

1976	 C	 days

January	 15	 65.9	 28.7	 0.6	 4.8
20	 71.0	 22.3	 0.4	 6.4
25	 73.8	 19.2	 0.3	 6.7
30	 76.1	 17.0	 0.2	 6.7
35	 78.1	 14.6	 0.2	 7.1

February	 15	 75.3	 19.9	 0.5	 4.3
20	 77.8	 16.6	 0.3	 5.3
25	 79.4	 14.9	 0.2	 5.5
30	 80.8	 13.6	 0.2	 5.4
35	 81.6	 12.9	 0.1	 5.4

March	 15	 82.7	 11.8	 0.4	 5.1
20	 82.0	 11.9	 0.2	 5.9
25	 82.2	 11.7	 0.1	 6.0
30	 82.0	 11.3	 0.1	 5.7
35	 83.2	 11.1	 0.1	 5.6

April (1-9)	 15	 106.7	 -15.1	 0.4	 8.0
20	 90.7	 1.6	 0.1	 7.6
25	 87.0	 5.9	 0.1	 7.0
30	 85.9	 7.6	 0.1	 6.4
35	 85.2	 8.5	 6.3

May	 30	 2	 92.6	 -0.4	 0.1	 7.7
30	 3	 95.1	 -0.4	 0.1	 5.2
30	 4	 96.3	 -0.4	 0.1	 4.0

June (1-10)	 30	 2	 95.0	 -2.9	 7.9
30	 3	 97.6	 -3.0	 5.4
30	 4	 98.9	 -3.0	 4.1

July	 30	 115.5	 -20.3	 0.1	 4.7
August	 30	 2	 95.5	 -2.9	 0.2	 7.2

30	 3	 97.8	 -3.0	 0.2	 5.0
30	 4	 99.0	 -3.0	 0.2	 3.8

September	 30	 2	 92.5	 0.7	 0.1	 6.7
30	 3	 94.6	 0.7	 0.1	 4.6
30	 4	 95.7	 0.7	 0.1	 3.5



Table 93. Relative contribution to total energy loss by each heat transfer mechan-
ism, averaged over monthly periods, as predicted by program PUDDLE.

Evaporation	 Make-up

Month	 & convection	 Radiation	 Precipitation	 water

1976

January	 73.0	 20.4	 0.3	 6.3

February	 79.0	 15.6	 0.3	 5.1

March	 82.5	 11.6	 0.2	 5.7

April 1-9	 91.1	 1.7	 0.1	 7.1

May	 94.7	 -0.4	 0.1	 5.6

June 1-10	 97.2	 -3.0	 5.8

July	 115.5	 -20.3	 0.1	 4.7

August	 97.5	 -3.0	 0.2	 5.3

September	 94.3	 0.7	 0.1	 4.9

Average	 91.6	 2.6	 0.2	 5.6
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METHODS OF ENERGY AND NUTRIENT RECOVERY FROM SWINE WASTE

Forword

This chapter describes the flow of energy and materials through systems which can be
used for the biological recovery of nutrients and energy from swine manure. The assembly of
energy balances and materials balances was deemed necessary to put the research described in
previous chapters in the proper perspective.

The analyses were not performed for the purpose of making final choices about the
relative merits of the methods. Those choices require information about additional factors
including costs, manageability by the farmer, and reliability. Information about these factors
has not been provided here.

Introduction

Several findings of the research reported in previous chapters suggested the need for
further development of the proposed integrated system for the biological recovery of nutrients
and energy from swine manure. These findings included the need to dilute the fresh manure
from a volume of 3 I per pig to a volume of 150 I per pig before its liquid phase can be used as
a substrate for algal growth; the need to find a method of harvesting the algae which is less
expensive than centrifugation; the need to improve the nutritional value of the algae.

Several methods for the recovery of nutrients and energy from swine manure are consid-
ered in this chapter. An energy balance and a materials balance is developed for each method.
The methods consist of different combinations of several bioconversion processes.

The liquid waste may be pretreated by first using it as a substrate for the growth of
selected heterotrophs such as yeast and microfungi. The heterotrophs grow independently of
light, so that the liquid phase of the manure can remain highly concentrated. This pretreat-
ment method would eliminate the need for large volumes of dilution water and would remove
the turbidity from the waste water following separation of the yeast or microfungi. This
increases the availability of light when the waste water is subsequently used for algal growth.
The algal pond can be small in this mode of operation.

The use of a polyculture of fish is proposed as an alternative to harvesting the algae by
centrifugation. This procedure would also avoid the cost of processing the algae to improve
the low digestibility of the protein and the low availability of lysine. Fish are easy to harvest
and present a source of high quality protein which has already been accepted as a supplement
in livestock feed.

The proposed biological conversion processes can be arranged into several systems or
options for the management of swine waste. An architectural prespective of the arrangement,
which includes all of the conversion processes discussed in this chapter, is shown in Figure 66.
The plan view of the arrangement is presented in Figure 67. Later diagrams show the perspec-
tive views and plan views of the individual systems.
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The systems, hence described as OPTIONS A, B, C, D, and E have in common that the
solids are treated by anaerobic digestion to recover biogas, to solubilize nutrients, and to
decrease the volume of solids by 40 to 60 percent. Some of the water used for flushing or
dilution is conserved by reusing it after harvesting the product(s) from it. The harvested pro-
tein is recycled as a supplement in livestock feed. The options discussed in this report are
listed below.

OPTION A: Methane and Fertilizer

The manure is digested to produce gas and a biologically stabilized waste for use as a
fertilizer.

OPTION B: Methane and Algae

The manure is digested to produce gas and to solubilize plant nutrients. The nutrients in
the liquid phase of the digested manure are recovered by algae.

OPTION C: Methane, Yeast, Microfungi, and Algae

The manure solids are digested to produce gas. Yeast, microfungi, and algae are culti-
vated in the liquid phase of the manure.

OPTION D: Methane and Fish

The manure is digested to produce gas. The digester effluent is used as a source of
nutrients for fish.

OPTION E: Methane and Bacteria

The manure is digested to produce gas from the solids. The liquid portion of the manure
and the supernatant liquid from the digester are treated in aeration basins, operated to maxi-
mize production of bacteria.

Energy and Material Balances

The discussion of each option is based on the feed energy needs and waste discharge of
100 pigs. Efforts were made to obtain energy and material balances based on our own meas-
urements and experience as well as on the concensus of available literature information (N RC,
1971; Meek et al., 1975; Midwest Plan Service, 1975; Miner and Smith, 1975).

It is assumed that the pigs weigh 50 kg each, consume a total of 300 kg of feed per day,
and produce about 300 I of fresh manure per day with a solids content of 15 percent (v/v).

The diet is based on corn and soybean meal. The ration has a crude protein content of 14
percent (42 kg protein/100 pigs per day), a gross or combustible energy content of 4,220 kcal/
kg (1.27 Mkcal/100 pigs per day), and a digestible energy content of 3,400 kcal/kg of feed
(1.02 Mkcal/100 pigs per day). About 60 percent of the daily protein requirement, namely 25
kg/day, is contributed by the corn and 40 percent, or 17 kg/day, by the soybean meal.
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Figure 66. Perspective view of possible uses for swine manure assembled in a management sys-
tem. Uses include bioconversion of the manure to gas, single cell protein (algae,
yeast, microfungi), and fish protein.
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Figure 67. Plan view of the components shown in Figure 66.
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The protein digestibility of the diet is 75 percent (N RC, 1971) so that the 100 pigs
excrete 1.7 kg of nitrogen/day (42 kg x 0.25/6.25) in the feces. This nitrogen is primarily tied
up in partially digested feed and in bacterial biomass. Another 50 percent of the absorbed pro-
tein, or 2.5 kg of nitrogen (42 kg x 0.75 x 0.5/6.25), is discharged in the urine, mostly in the
form of urea, which- is readily converted to ammonia by bacterial activity. Therefore, a total
of 4.2 kg of N/day may be available for single cell protein production or for use as a fertilizer.

Measurements made of the amount of nitrogen discharged by pigs during this investiga-
tion (Table 35), showed that in the operation of a 100 pig unit one could expect as much as
3.6 kg of total Kjeldahl nitrogen/day in the liquid phase of the manure (0.24 g/I TKN x 3,000
I/day x 0.001 kg/g x 100 pigs/20 pigs). The constituents of the TKN would be 2.6 kg of N in
the form of ammonium nitrogen, 0.4 kg of dissolved organic nitrogen, and 0.6 kg of organic
nitrogen tied up in suspended organic solids. The TKN of the settled manure solids was not
measured. The high proportion of ammonium nitrogen to organic nitrogen in the liquid phase
of the manure indicates that the waste management, practiced in the experimental facility,
favored the process of bacterial ammonification. Gramms (1971) reported that 21 percent of
the total nitrogen in fresh swine manure was present in the form of NH3_N and 79 percent as
organic-N.

The manure discharged by the 100 pigs each day contains 0.4 to 0.7 kg of phosphorus (P)
and 1.1 to 1.5 kg of potassium (K). The range in values is based on published information
(Meek et al., 1975; Miner and Smith, 1975).

Option A: Methane and Fertilizer

Process Description

The simplest mode of operation is to route all of the fresh manure into an anaerobic
digester to maximize solubilization of plant nutrients and the production of biogas. A per-
spective view of this system of management for swine waste is shown in Figure 68. A plan
view of the same system is presented in Figure 69. The flow of energy and materials through
the system is summarized in Figure 70.

The 300 I of fresh manure produced each day by the 100 pigs must be diluted with about
300 I of water to make the manure easier to pump and to reduce the content of solids to about
8 percent. A range of 7 to 9 percent is recommended for optimum operation of the digester.
It may be necessary to dilute the manure with about 600 I of water per day to obtain a 3-fold
dilution (Miner and Smith, 1975) in order to avoid ammonia toxicity which occurs at concen-
trations of ammonia N above 1,200 mg/I and to avoid excess production of volatile fatty acids
(kgVS/m 3 day < 5.9). The total volume of dilution water, ranging from 300 to 600 I/day, is
not sufficient to operate a gutter flushing system. The pigs would, therefore, be housed on
slatted floors with the manure collecting in a pit below. The manure can be mixed with water
in the pit and then pumped into the anaerobic digester.

Optimum digestion is obtained by leaving the manure in the digester for 10 to 17 days.
The digester volume must be large enough to store the manure produced during this period,
namely 6,000 to 15,300 I. The size is determined by the preferred volume of dilution water.
Leaving the manure in the digester for 10 to 17 days and still have continuous operation is
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accomplished by adding 600 to 900 I of fresh material each day and allowing an equal volume
of digested waste to flow into a storage tank or holding pond.

The anaerobic digester must be an air-tight container. A frequently used arrangement is a
concrete or steel tank with an inverted metal cylinder which is partially submerged in the
digesting manure and floats on the gas produced by the digestion process. The cover makes a
gas-tight seal and its weight provides a constant backpressure on the gas. The entry of air into
the gas compartment must be avoided because it would form an explosive mixture of methane
and oxygen. The backpressure also sustains flow to the gas outlets. The cylinder moves up
and down along guides as the methane is produced and consumed.

Product Yields

The manure discharged by the 100 pigs each day contains from 16 to 36 kg of volatile
solids (Meek et al., 1975). Half of these are destroyed by the anaerobic digestion process.
The digestion may be expected to yield 1 to 1.4 m 3 of biogas per kg of VS removed (Miner
and Smith, 1975). The biogas contains usually about 60 percent methane and 40 percent
carbon dioxide by volume. One can, therefore, expect between 5 and 15 m 3 of CH4 and

between 3 and 10 m 3 of CO2 per day. Separating the CO 2 from the CH4 would increase the
heating value of the biogas from 5,330 to 8,800 kcal/m 3 (600 to 990 Btu/ft3 ). However, the
separation is economically feasible only at very large flow rates in excess of 280,000 m3/day
(107 ft3/day). Absorption in monoethanolamine or hot potassium carbonate (Benfield proc-
ess) at operating pressures of 14 to 34 atm (200 to 500 psi) are the techniques most widely
used in chemical plants or gas field operations to separate CO2 from other gases. Adsorption
of the CO2 on a molecular sieve manufactured from natural zeolite is being evaluated as the
most cost effective separation process at flow rates of less than 280,000 m3/day (Mandeville,
1976). Drying of the methane gas is accomplished through contact with activated alumina,
silica gel, or triethylene glycol.

Clean-up of the biogas is essential, if the gas is sold to utility companies and injected into
their existing network of pipelines. If the biogas is converted into heat, steam, or electricity
for on-site use or distribution by a utility company, then it may be more economical to
modify the necessary equipment such as boilers and generators. This would be particularly
true for small scale digesters on farms.

On farms, the biogas would best be used for cooking, heating of water and buildings,
refrigeration, or generation of electricity. Use for farm machinery does not seem to be
practical. For example, a 100 hp tractor operating for 10 h would require 450 m3 of biogas or
a cylindrical fuel tank, 16 m long with a diameter of 6 m. Compressing the gas is therefore
necessary. A standard sized fuel tank for a 100 hp tractor holds 227 I of diesel fuel. A high
pressure tank of this size would hold 0.23 m3 of biogas at a pressure of 204 atm (3,000 psi).
This quantity could run the 100 hp tractor for 1 h. If the pressure is reduced to a more man-
ageable 20 atm (300 psi), the tractor would run for only 6 min.

The digestion process requires some energy to heat and mix the contents of the digester,
pump influent and effluent, and perhaps compress the gas for storage. The largest share is
needed for heating of the digester and its contents. This heating requirement is determined by
the outside temperature, the operating temperature of the digester, and the insulation used for
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Figure 68. Perspective view of the management system consisting of anaerobic digestion for
the recovery of biogas and use of the stabilized manure for fertilization of crop-
land.
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Figure 69. Plan view of the system for management of swine waste shown in Figure 68.



100 PIGS

FEED MANURE

Feed : 300 kg/day Manure : 300I/day
Combustible Energy : 1.27 M kcal Combustible Energy : 0.25 M kcal

Digestible Energy : 1.02 M kcal Dry Matter : 45 kg
Protein : 42 kg N : 4.2 kg

a. From Corn : 25 kg P : 0.4-0.7 kg
b. From Soybean Meal : 17 kg K : 1.1-1.5 kg

300-600I/day

Dilution Water

END PRODUCTS/DAY

Methane	 : 5-15 m 3 (8,800 kcal/m3)
Carbon Dioxide : 3-10 m3
Fertilizer

a. Liquid : 600-9001
b. Dry Matter : 23 kg

c. Fiber Residue: 8-9 kg (3,700 kcal/kg)
d. Protein	 : 4.6 kg (4,760 kcal/kg cells)
e. N	 : 4.2 kg (17,600 kcal/kg)
f. P	 : 0.4-0.7 kg (3,200 kcal/kg)
g. K	 : 1.1-1.5 kg (2,200 kcal/kg)

Energy
a.Combustible : 0.12-0.21 M kca I
b. Digestible	 : 0.04 M kca I
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ANAEROBIC DIGESTER

Volume : 6-15 m3
Retention : I0-17days
Temp. : 37C

Figure 70. Flow of energy and materials through the system for management of swine waste
utilizing anaerobic digestion to recover biogas and fertilizer. The numbers in
parentheses indicate energy content or energy required for production of the com-
pound.
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the tank. Heating to at least 30 C and preferably to 37 C and mixing are necessary to provide
optimum conditions for the growth of the bacterial populations in the digester. As much as 75
percent of the biogas production may be needed to heat the digester during cold winter
months, with average minimum temperatures below 0 C, and about 25 percent of the biogas

may be needed during the summer.

The liquid overflow from the digester contains valuable plant nutrients and is a good soil
conditioner. All the nutrient elements originally present in the fresh manure are still present in
the digester outflow. In fact, the availability of the nitrogen to plants has been increased
because of the reduction in carbon molecules which escaped as CH4 and CO 2. The daily out-
flow of 600 to 900 I contains about 23 kg of dry matter which consists of 9.2 kg of bacterial
cells with a crude protein content of 50 percent by weight, 4.2 kg of total nitrogen (N) includ-
ing 0.7 kg of organic N in the bacterial cells (9.2 kg x 0.08), 0.4 to 0.7 kg of phosphorus (P),
and 1.1 to 1.5 kg of potassium (K), for a total of 14 to 15 kg. The remaining dry matter of 8
to 9 kg consists of fiber residues which could not be solubilized by the bacteria in the digester
but would be utilized by fungi in the soil and would function as soil conditioner. About 50
percent of the total nitrogen in the effluent is in the form of ammonia N and 50 percent in the
form of organic N (Gramms, 1971). When spread on fields as liquid manure, each ton of
digester effluent would provide 7 kg N, 0.4 to 1.2 kg P, and 1.2 to 2.5 kg K.

Evaluation

The anaerobic digestion of the manure produced each day by 100 pigs results in the
recovery of the following quantities of end products per day:

(1) 5 to 15 m3 of methane gas with an energy value of 44,000 to 132,000 kcal,

(2) 3 to 10 m3 of carbon dioxide,

(3) 600 to 900 I of fertilizer containing 4.2 kg N, 0.4 to 0.7 kg P, 1.1 to 1.5 kg K, and 8
to 9 kg of fiber residue.

These materials have a potential value of $845 to $1,342 per year, namely $180 to $545
for the methane gas, and $665 to $797 for the fertilizer. These estimates are based on prices
of 28 0/therm (1 therm = 25,200 kcal), 29 0/kg of N, 40 0/kg of P 205, and 18 0/kg of K20.
The value of the digester effluent does not include the benefits of increased crop yields derived
from the supply of trace elements and improvement of soil structure. No allowance was made
for the loss of nitrogen during application to the soil. Proper application techniques can limit
the loss to 5 percent.

If the energy content of the methane gas (44,000 to 132,000 kcal/day), the bacterial
cells in the effluent of the digester (4.6 kg protein/day x 100/50 x 4,760 kcal/kg of cells
= 43,800 kcal/day, where the fraction 100/50 converts the protein to whole cells on a w/w
basis), and the fiber residue (8 to 9 kg/day x 3,700 kcal/kg = 29,600 to 33,300 kcal/day) are
considered, the digestion process recovers 117,400 to 209,100 kcal of combustible energy per
day. This is 47 to 84 percent of the combustible energy in the fresh manure of the 100 pigs.
The energy content of the fiber residue is assumed to be equivalent to that of cellulose. It is
realized that the actual heat value may be lower because 40 to 60 percent of the cellulose and
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hemicellulose may be converted to biogas.

In addition to the combustible energy recovered from the digester, the N, P, and K recov-
ered from the system saves the energy that would otherwise have to be expended in the min-
ing, production, and processing of equivalent quantities of fertilizer. The production and
processing of N requires 17,600 kcal/kg, the mining and processing of P and K requires 3,200
kcal/kg and 2,200 kcal/kg, respectively (Pimentel et al., 1974). The recovery of N, P, and K
from the digested manure of the 100 pigs therefore saves the equivalent of 77,600 to 79,500
kcal of energy per day.

Returning the bacterial cells to the animals as a protein supplement would recover about
3 percent of the digestible energy (DE) in the original feed ration (4.6 kg protein/day x 100/50
x 3,108 kcal DE/kg = 28,600 kcal DE). It is assumed here that the bacterial cells have a pro-
tein content of 50 percent and the same digestible energy of 3,108 kcal/kg as listed for the
yeast Toru/opsis utilis (N RC, 1971, p. 757). However, dewatering and sanitizing the solids in
the digester effluent will probably not be economical on a small scale. Furthermore, the bulk
of the solids consists of fiber residues which are not digestible by pigs. Dewatered solids from
the digester would be a better feed supplement for ruminants. The most economical use of the
digester effluent from a small scale swine waste management systems would probably be direct
application to fields as a fertilizer and soil conditioner.

The yields of biogas and bacterial cell mass could be increased substantially by adding
cellulosic wastes to the digester, such as grass and cereal straws and other crop residues. The
theoretical maximum yield of methane gas per kg of cellulose is 0.44 m3 (7 ft3/Ib; Fraser,
1977). The addition of cellulosic waste to the swine manure requires a careful balancing of the
C/N and C/P ratios in order to support the growth of bacteria necessary for the optimum uti-
lization of the cellulose.

Pure cellulose is readily digested under anaerobic digestion. However, in its natural state
it is chemically bound to hemicelluloses and lignin in a complex structure, which is largely
inaccessible to the extracellular enzymes of the bacteria present in the digester. Pretreatment
of the cellulosic waste is therefore essential. The use of strong acids and alkali, chemical pulp-
ing, steeping in hot water or steam, irradiation with high-energy electrons, enzymatic hydroly-
sis by wood rot fungi, and mechanical grinding into fine particles and fibers have been
investigated (Millet, 1974). For a small scale swine waste management system grinding in a
ball mill is probably the most practical approach. It remains to be determined, however,
whether the increase in biogas production can justify the energy consumption of the grinding
process.

The rate at which properly pretreated cellulosic wastes can be added to the digester is
probably limited by the kinetics of methane formation. The anaerobic digestion process of
organic materials is essentially a three-phase biological process with sequential biochemical
reaction steps of hydrolysis, acidification, and methanation. Complex organic molecules such
as cellulose, starch, proteins, and lipids are first hydrolyzed by mixed populations of non-
methanogenic bacteria into simpler soluble molecules such as glucose, peptides, amino acids,
and long chain fatty acids to be metabolized into cell mass. The extracellular metabolic end
products are primarily short chain fatty acids such as acetic, propionic, and butyric acids,
aldehydes, alcohols, hydrogen, and carbon dioxide. These serve as substrates for the growth of
methanogenic populations of bacteria, which in turn generate their own extracellular end pro-
ducts, primarily methane and carbon dioxide.
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The anaerobic digestion of organic wastes is thus mediated by two distinct groups of
bacterial populations, which are believed to differ from each other in growth characteristics
and sensitivity to environmental stress. There is evidence that the methane producers are more
sensitive to changes in temperature and pH than the acid producers, and that the rate limiting
step in the overall digestion process is the rate of formation of methane from the volatile fatty
acids and carbon dioxide. For example, the loading rate of a well mixed mesophilic digester is
restricted to avoid the accumulation of volatile fatty acids in excess of 5.9 kg VS/m 3 day (0.37
lb VS/ft3 day) or else the resulting drop in pH inhibits growth of the methanogenic bacteria.
This limitation makes it necessary to operate digesters at long retention times, thereby increas-
ing the need for capacity and associated capital investment and operating costs.

Separating the acidogenic and methanogenic populations of bacteria and permitting them
to grow in separate reactors under environmental and nutritional conditions most suitable for
each group, may optimize the anaerobic digestion of organic matter. Recent studies on two-
phase anaerobic digestion have been encouraging (Ghosh and Klass, 1977). The maximum
conversion of glucose to methane was found to require 4 h for the acid-phase and 4 days for
the methane-phase digestion. The conversion of cellulose to methane was found to require
more time, namely 1 to 2 days for the hydrolysis and acid-phase digestion and 5 to 8 days for
the methane-phase digestion. Production rates and yields of methane were also found to
exceed those for conventional, single-stage digesters. Phase separation may thus be expected
to provide substantial benefits, including reduced digester volume and capital cost require-
ments.

The following example illustrates the potential for improving the yield of biogas and
protein from swine manure by adding cellulosic waste to the anaerobic digester. A conven-
tional mesophilic digester is assumed. The 300 I of manure generated by 100 pigs per day con-
tain about 45 kg TS and 36 kg VS. The waste has a COD of 43 kg/day and a nitrogen content
of 4.2 kg/day as calculated previously. Assuming that the COD of the swine manure approxi-
mates its carbon content, the C/N ratio in the manure is therefore 10. The production of bio-
gas with a high fuel value is favored when the C/N ratio is near 30. Raising the C/N ratio to 30
would permit the addition of 83 kg COD/day to the digester (30 x 4.2 - 43 kg COD/day) and
increase the yield of biogas by 42 m 3/day (36 kg VS/day x 0.5 x 1.2 m 3 biogas/kg VS
removed x 83 kg COD/43 kg COD).

Assuming a 60/40 mixture of CH4 and CO2 in the biogas, a cellulose/hemicellulose con-
tent of 64 percent w/w in straw with-a digestibility of 45 percent (Han et al., 1975), and a
yield of 0.44 m3 CH4/kg of cellulose and hemicellulose (Fraser, 1977), approximately 200 kg
of straw per day would be needed (42 m3 biogas x 0.6 CH4 = 25.2 m 3 CH4; 25.2 m3 CH4
divided by 0.64 x 0.45 x 0.44 m3 CH4/kg cellulose).

The enzymatic hydrolysis of the straw would yield 57 kg of a mixture of 5-carbon
(arabinose, xylose) and 6-carbon (glucose, mannose) sugars which serve as a source of energy
for the synthesis of non-methanogenic acid producing bacteria in the digester. Assuming a
theoretical yield of 0.18 g cells/g sugar under anaerobic conditions with ammonia as the source
of nitrogen (Sykes, 1975), 10.3 kg of cells/day would be added to the biomass in the digester.

The fermentation of the sugars results in a variety of metabolic end products, primarily
organic acids such as acetic acid, which then serve as a source of energy for the synthesis of
methanogenic bacteria. The acids are fermented to CH4 and CO2. Yields of cell mass have



215

not been established as yet because of the difficulty in isolating and culturing methanogenic

bacteria.

Option B: Methane and Algae

Process Description

Option A was designed to maximize the yield of methane gas. The use of the nutrient
resource of the manure was secondary to this objective. The nutrients available in the digester
effluent were used as a fertilizer in liquid or solid form.

The possibility exists to recover part of the nutrients by using the liquid portion of the
manure as a medium for the growth of algae. Figure 71 shows a perspective view of the system
designed to recover algae from the liquid waste in addition to the recovery of biogas from the
solid portion of the manure. A plan view of the same system is presented in Figure 72.

Two treatments for the manure are possible. The fresh manure may be separated into
solid and liquid fractions to be used separately for anaerobic digestion and as a substrate for
algae, respectively, or the entire manure stream may be routed to the digester first, with the
digester effluent to be used subsequently as a substrate for algae. The manure may be stored
and diverted to fields to serve as a fertilizer in case of failure of the digester and/or the algae
pond. This path is also indicated in Figure 72.

In the first method, the solids are solubilized in a digester and biogas as well as sludge
with a low fertilizer value are recovered. The liquid phases from the fresh manure as well as
from the digester are used as a substrate for algal growth. The flow of energy and materials
through this system is shown in Figure 73. The process requires confinement of the pigs on a
solid concrete floor and collection of the manure by a gutter flushing system. Only part of the
fresh manure is routed through the digester. Therefore its size can be somewhat smaller,

namely 5 to 9 m3 , than the size required for the digester under Option A. The algae pond has
to be large enough to hold 120 to 240 m 3 of liquid waste due to the large volume of water
needed to dilute the fresh manure. The large volume of dilution water is needed to reduce the
turbidity and the organic carbon concentration in the liquid phase of the manure so that the
growth of algae over the growth of bacteria is favored in the outdoor pond.

In the second method, all of the manure is routed through the digester. The liquid phase
of the digester is then used as a substrate for algal growth. The flow of energy and materials
through this system is shown in Figure 74. This process allows confinement of the pigs on
slatted floors and collection of the manure in a pit. As all of the fresh manure is routed
through the digester, its size is 6 to 15 m 3 as compared to 5 to 9 m3 for the digester in the
first treatment process. On the other hand, the algal pond has to hold only 4.8 to 14.4 m 3 of

liquid waste, as compared to 120 and 240 m3 for the pond in the first treatment process.

Method I : Gutter Flushing System

Process Description. The volume of water needed for dilution of the manure makes it

feasible to use flushing as the method for transporting the manure. A facility for 100 pigs may
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be visualized as consisting of separate pens with a concrete floor sloping towards a common
gutter. Water released by a dump tank flushes the gutter once every hour. We have found that
110 to 140 I/h would be sufficient to keep the gutter clean. Flushing has the advantage that
it breaks up the solids and brings nutrients and organic matter into solution.

The flushing stream is routed to a sedimentation pit labelled "sump" in Figure 72. In
this tank the settleable solids separate from the liquid portion by gravity. At this stage, the
300 I of fresh manure produced each day by 100 pigs will have been diluted with about 3,0001
of flush water. As the manure enters the pit, the liquid already present is displaced and flows
through an overflow into a storage tank labelled "liquid" in Figure 72, while the large solid
particles settle towards the bottom of the pit.

The solids which accumulate in the lower part of the sump (Figure 72) are pumped to the
anaerobic digester. As the 100 pigs produce 45 I of solids per day (15 percent v/v of 300 I of
fresh manure/day), about 500 I of water are needed per day to bring the slurry to be pumped
into the digester to the recommended solids content of about 8 percent. Given a retention
time of 10 to 17 days, the digester needs to be large enough to hold 5,000 to 9,000 I. The
digester discharges about 550 I of effluent per day into a storage tank from which clarified
liquid overflows into the algae pond. Settleable solids would accumulate in the storage tank as
sludge. These would need to be removed occasionally. The sludge consists primarily of fiber
residues and bacterial biomass. The fertilizer value is undetermined but is expected to be low
because the anaerobic digestion process solubilizes the plant nutrients available in the fresh
manure. The clarified liquid which overflows from the storage tank into the algal pond does
not have to be diluted because most of the organic carbon, that would support high concentra-
tions of bacterial cells, has been removed as biogas.

In contrast, the untreated effluent from the sedimentaion pit or sump (Figure 72) con-
tains much organic carbon to favor bacterial growth over algal growth. Furthermore, the
turbidity of the medium is too high to permit sufficient light penetration for algal growth, so
that further dilution of this liquid is necessary. Judging from our experience with the manure,
from 20 pigs (Tables 11 and 35), the daily volume of fresh manure must be diluted with about
48 volumes of water for a 1 to 49 dilution before the untreated liquid phase is suitable for
algal growth. This means that the 3001 of fresh manure/100 pigs per day must be diluted with
14,400 I of water per day (300 I/day x 48). The flush water provides about 3,000 I per day so
that the liquid phase of the manure leaving the sedimentation pit or sump (Figures 72 and 73)
must be mixed with another 11,400 I of water before it can be pumped into the algal pond
(Figure 73). At this point then, a total of about 15,0001 of liquid waste per day are available
for algal growth, containing approximately 173 mg of N in the form of ammonium nitrogen
per liter (2.6 kg NH4-N/15,000 1 x 106 mg/kg). The 11,4001 of dilution water would have to
be provided only once as fresh water. Thereafter, the waste water from the algal pond would
be recycled as flush water and dilution water after removal of the biomass.

However, losses due to evaporation would require make-up water. Figure 35 shows that
the rate of net evaporation at ambient temperatures was 18 cm/month during September,
1975 and July, 1976 at the site of the algal growth experiments discussed in this report. The
highest rates of evaporation at ambient temperatures usually occur in July. The monthly aver-
age rate of evaporation for July during the period 1953 through 1976 was 20.1 cm (Bates and
Calhoun, 1977). Evaporation rates from outdoor basins maintained at a constant temperature
of 30 C averaged 16 mm/day during July, 1976 or 49.6 cm for the entire month (Table 85).
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Figure 71. Perspective view of the management system for swine waste consisting of anaerobic
digestion for the recovery of methane gas and basins for the growth of algae to
recover nutrients and harvest solar energy.
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100 PIGS

FEED MANURE

Feed	 : 300 kg/day Manure : 3001/day

Combustible Energy	 :	 1.27M kcal Combustible Energy :	 0.25M kca 1

Digestible Energy	 :	 1.02 M kcal Dry Matter : 45 kg

Protein	 : 42 kg N :	 4.2 kg

a. From Corn	 : 25 kg

b. From Soybean Meal :	 17 kg

P : 0.4-0.7 kg

:	 .1-1.5 kg

ANAEROBIC DIGESTER ALGAE POND

Volume : 5-9 m3

Retention : I 0-17days

Temp.	 : 37C

Depth	 : 10-15 cm
Retention : 4-8 days
Area	 : 2400 m2
Volume : 120-240 m3

5501/day

LIQUIDS

3,000 l/day

3,000 I/day 11,400I/day

550I/day
SOLIDS

250 l/day
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END PRODUCTS/DAY

DIGESTER ALGAE POND

Methane	 : 3.5-10 m 3 Algae	 : 10-16 kg
(8,800 kcal/m 3 ) (5,870 kcal/kg)

Carbon Dioxide : 2.5-7m3 Protein	 : 5-8 kg
Fiber Residue	 : 8-9 kg

(3,700 kcal/kg)
Energy

Energy a.Combustible : 0.06-0.09 M kcal

a.Combustible : 0.06-0.12 M kcal b. Digestible	 : 0.03- 0.05M kcal

Figure 73. Flow of energy and materials through the management system for swine waste con-
sisting of anaerobic digestion for the recovery of methane gas and algal basins for
the recovery of nutrients. The numbers in parentheses indicate energy content or
energy required for production of the compound. The flow chart refers to Method
1: Gutter Flushing System.
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100	 PIGS

FEED MANURE

Feed : 300 kg/day Manure : 3001/day
Combustible Energy : 1.27 M kcal Combustible Energy :	 0.25 M kcal

Digestible Energy : 1.02 M kca I Dry Matter : 45 kg

Protein : 42 kg N :	 4.2 kg

a. From Corn : 25 kg P : 0.4-0.7 kg

b. From Soybean Meal : 17 kg K :	 1.1-1.5 kg

300-6001/day

Dilution Water

ANAEROBIC DIGESTER

Volume : 6-15 m3

Retention : I0-17days

Temp.	 : 37C

ALGAE POND

Depth	 : 10-15 cm

Retention : 4-8 days

Area	 : 144m2

Volume : 4.8-14.4m3

END PRODUCTS/DAY

DIGESTER ALGAE POND

Methane	 : 5-15 m 3 Algae	 : 7.8- 13kg
(8,800 kcal/m3) (5,870 kcal/kg)

Carbon Dioxide	 : 3-10 m3
Fiber Residue	 : 8-9 kg

(3,700 kcal/kg)

Protein	 : 3.9-6.5kg

Energy

Energy a.Combustible : 0.04-0.08 M kcal

a.Combustible : 0.07-0.16 M kcal b. Digestible	 : 0.03-0.04 M kca I

Figure 74. Flow of energy and materials through the management system for swine waste with
recovery of methane gas from manure solids and algal protein from the digester
effluent. The numbers in parentheses indicate energy content or energy required
for production of the compound. The flow chart refers to Method II: Slatted
Floor—Open Pit Confinement.
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This was equivalent to 496 1/m 2 month, demonstrating that the requirements for fresh make-

up water can be substantial if the algal pond has a large surface area.

The rate at which the waste liquids can be pumped into the pond is determined by the
growth rate of the algae, which in turn depends on temperature, length of day, and intensity of
solar radiation. In practical terms this means that less surface area is required during the sum-
mer than during the other seasons to treat the same volume of waste. In July, for instance, a
20 m x 20 m pond, 15 cm deep, operated at a retention time of 4 days, and maintained at a
temperature of 30 C, would probably be sufficient to handle the daily output of 15,000 I of
liquid waste. But when the length of day becomes less than 12 h and the radiation intensity
less than 2,000 kcal/m 2 day, the depth of the pond may have to be reduced to 10 cm or less.
This means that the pond area needs to be increased in order to treat the same amount of
waste each day. Furthermore, the algae will grow slower as well, so that the retention time
may have to be increased to 8 days or more, again requiring an increase in the pond area. The
total area required would then be 1,200 m 2 instead of the 400 m 2 indicated above (400 m 2 x

15 cm/10 cm x 8 days/4 days).

It may be desirable to limit the growing season to 6 months, namely from April to the
end of September because of the limited availability of light during the other months. In that
case, about 2,400 m 2 of land (0.24 ha or 0.6 acres) are required to handle the output of liquid
waste from the 100 pigs (Figure 73; volume = 15,000 I/day x 8 day retention x 0.001 m3/I x
12 months/6 months = 240 m 3 ; area = 240 m3/0.1 m culture depth = 2,400 m 2 ). Such a deci-
sion may be based on a cost comparison between storing the manure for 6 months, which
would require a minimum of 54 m 3 of storage space (300 I/day x 180 days x 0.001 m3/I), or
building a larger basin for algal growth to compensate for reduced growth during the months
with limited availability of light.

Year-round operation of algae ponds at a fixed culture depth and retention time may be
feasible in Florida, the southwestern states, southern California, and Hawaii, all of which have
high annual averages of rates of solar radiation in excess of 4,500 kcal/m 2 day.

Product Yields. In this mode of operation, the digester receives the same amount of
solids but less dissolved organic matter than was the case in the procedure which emphasized
methane production. As a result the yield of biogas will be lower. The decrease in the weight
of volatile solids in the digester is expected to range between 50 and 60 percent and the biogas
production will be 0.7 to 0.8 m3/kg VS removed (Gramms et al., 1971). At a biogas composi-
tion of 60 percent CH4 and 40 percent CO2, the anaerobic digester would recover 3.5 to
10 m 3 of methane gas/day. This compares with 5 to 15 m3 of methane/day in Option A.

The maximum quantity of algal protein which can be produced is determined by the
amount of nitrogen present in the waste and available to the algae. Actual measurements dur-
ing our investigation showed that the diluted waste contains an average of 177 mg of ammo-
nium nitrogen per liter (Table 35) or 2.6 kg/day (0.177 g/I x 15,000 1/day).

If the 2.6 kg of N per day were converted, the system could recover 32 kg of algae/day
containing 16 kg of crude protein. Under the experimental conditions of this investigation, 30
to 50 percent of the available nitrogen was converted into biomass (Table 29), so that a mini-
mum of 5 kg (2.6 kg N x 6.25 x 0.3) and a maximum of 8 kg (2.6 kg N x 6.25 x 0.5) of crude
protein would be produced per day. Improvements in the percent conversion of nitrogen to
algal biomass could probably be accomplished by controlling the pH of the medium and by



222

decreasing the ratio of wall to surface area, as discussed earlier in this report.

Assuming that methods can be developed to improve the digestibility of the algal protein
to be equal to that of soybean meal (Table 68), the 5 to 8 kg of crude protein produced per
day would be equivalent to 29 to 47 percent by weight of the soybean meal protein in the
swine ration (5 to 8 kg/17 kg x 100). At a market price of 66 0/kg of soybean meal protein,
the algal protein would have a value of $1,204 to $1,927 per year.

Evaluation. This management system separates solids from liquids and recovers several
useful end products. Part of the dissolved nutrients in the liquid portion are converted into
algal biomass with a high content of protein. The solids are routed through an anaerobic
digester and produce methane gas and carbon dioxide. The system recovers per day:

(1) 3.5 to 10 m3 of methane gas with an energy content of 31,000 to 88,000 kcal,

(2) 2.5 to 7 m3 of carbon dioxide,

(3) 10 to 16 kg of algae with a crude protein content of 50 percent of the dry matter and
a combustible energy content of 58,700 to 93,900 kcal (5,870 kcal/kg of algae; NRC,
1971, p. 65).

Assuming a digestion coefficient of 0.59 for the algae (NRC, 1971, p. 65), the digestible
energy of the recovered algae ranges from 34,600 to 55,400 kcal/day. This is 3 to 5 percent of
the digestible energy in the original feed ration.

As discussed earlier, the settleable solids in the digester effluent consist primarily of fiber
residues and bacterial cells which are recovered as sludge from the waste management system.
It is undertermined how much bacterial biomass, nitrogen, phosphorus, and potassium would
be contained in the sludge, so that the energy, attributable to the fertilizer value of the sludge,
is also undetermined. However, it is reasonable to assume that the quantity of fiber residue in
the sludge is similar to that in Option A, namely 8 to 9 kg/day (Figure 70). The fibers would
represent the recovery of 29,600 to 33,300 kcal of combustible energy per day (8 to 9 kg/day
x 3,700 kcal/kg).

The total combustible energy recovered from the system therefore ranges from 119,300
to 215,200 kcal/day. This is 48 to 86 percent of the combustible energy in the fresh manure.

Method II: Slatted Floor-Open Pit Confinement

Process Description. It is also possible to first route all of the fresh manure into an
anaerobic digester as was proposed under Option A (Figure 69), but now the effluent from the
digester is clarified in a storage tank by allowing settling to occur and then used as a substrate
for algal growth. This mode of operation is applicable to swine production units which use
slatted floors. A large digester, as described in Option A, is required. But the volume of efflu-
ent from the digester to be used for algal growth is only 600 to 900 I/day (300 I/day of fresh
manure and 300 to 600 I/day dilution water) as compared to the 15,000 I/day available for
algal growth when a gutter flushing system is used and the fresh manure is separated into solid
and liquid phases for treatment. As a consequence, the size of the algal pond needed to handle
the daily volume of clarified digester effluent can be much smaller. Instead of 2,400 m2
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(Figure 73) only 144 m2 of surface area are required (Figure 74). The calculation of the
surface area is based on a daily volume of 900 I, a retention time of 8 days, a culture depth of
10 cm, and use of the pond during 6 months each year.

One could expect an estimated 50 percent of the total nitrogen in the fresh swine manure
to be present in the digester effluent as NH4-N (Miner and Smith, 1975, Table 23, p. 51). The
liquid waste pumped into the algae pond might therefore be expected to have a concentration
of 2,333 mg of NH4-N per liter (4.2 kg N/900 I x 106 mg/kg x 50/100). This concentration is
considerably higher than the 173 mg/I in the waste water produced by Method I: Gutter
Flushing System. However, inhibition of algal growth due to ammonia toxicity is not
expected as long as the pH is maintained below 8 (Abeliovich and Asov, 1976).

The major share of the total N, P, and K will be in the liquid phase of the digester efflu-
ent. The fertilizer value of the settled solids will therefore be fairly small in comparison with
the fertilizer value of the combined digester effluent.

Product Yields. The digestion process removes about half of the total solids in the fresh
manure. The digester effluent therefore contains about 23 kg of solids/day (300 kg/100 pigs
per day x 0.15 solids x 0.5). On a dry matter basis, these solids contain 20 percent crude pro-
tein or 4.6 kg/day in the form of bacterial cell mass. Of the 4.2 kg of total N/day in the
digester effluent, 2.1 kg are tied up as organic nitrogen and not readily available to the algae.
The remainder of 2.1 kg N/day is present in the form of ammonium nitrogen and could yield
26 kg of algae containing 13 kg of protein (N x 6.25), assuming all nitrogen is used. A conver-
sion of 30 to 50 percent was measured under field conditions so that a yield of 7.8 to 13
kg/day of algal material may be expected or 3.9 to 6.5 kg of crude protein per day.

Evaluation. In this mode of operation, the management system would recover per day:

(1) 5 to 15 m3 of methane gas with an energy value of 44,000 to 132,000 kcal,

(2) 3 to 10 m 3 of carbon dioxide,

(3) 7.8 to 13 kg of algae with a crude protein content of 50 percent and a combustible
energy content of 45,800 to 76,300 kcal.

The digestible energy of the recovered algae ranges from 27,000 to 45,000 kcal or 3 to 4
percent of the digestible energy in the original feed ration.

As in Method I, the energy savings attributable to the fertilizer value of the sludge from
the digester effluent are undetermined. But the 8 to 9 kg of fiber residue contribute 29,600 to
33,300 kcal/day in combustible energy.

The total combustible energy recovered from the waste management system therefore
ranges from 119,400 to 241,600 kcal/day. This is 48 to 97 percent of the combustible energy
in the fresh manure of the 100 pigs.



224

Algal Harvesting

One of the most efficient and reliable methods of harvesting microalgae such as Chlorella
is by chemical flocculation with coagulants such as aluminum sulfate (alum), aluminum
chloride, ferric sulfate, lime, and organic polyelectrolytes. It is the preferred method of
removing algae from oxidation ponds of waste water treatment systems. However, coagulation
is the most expensive means of harvesting algae, with the possible exception of centrifugation.
Furthermore, the algal product is greatly contaminated with the coagulating chemical, usually
alum. The use of the algae as a feed supplement in livestock rations, therefore, becomes ques-
tionable because of possible toxicity effects as well as reduced digestibility and palatability.

The least expensive but also the least efficient methods of harvesting algae are sedimenta-
tion, autoflocculation, and filtration through microstrainers. The efficiency of microstrainers
could be improved significantly by growing filamentous algae instead of single-celled or
colonial algae such as Chlorella and Scenedesmus and by increasing the concentration of the
filamentous algae. Treatment ponds with continuous flow-through of waste water usually con-
tain mixed populations of algae. At short retention times, single-celled or colonial type green
algae predominate over slower growing, filamentous blue-green algae such as Oscillatoria. By
lengthening the retention time and recycling a portion of the harvested algae to the pond it
may be feasible to establish the slow growing filamentous algae as the predominant species
over the fast growing unicellular algae. This method of recycling the algae to control the pre-
dominance of desired species and to increase the concentration of the desired species is analog-
ous to the activated sludge process used in sewage treatment plants.

The selection of filamentous algae for the purpose of decreasing the cost of harvesting has
several disadvantages, however. Filamentous algae are most often blue-green algae, many of
which are known to produce potent toxins lethal to both man and animal. Strict operational
controls as well as product quality controls must therefore be maintained to ensure the safe
use of the final product as a protein supplement in livestock rations. Furthermore, the long
retention time needed to assure the predominance of filamentous algae, as compared to the
short retention time needed to maintain the predominance of unicellular algae such as
Chlorella, will require a correspondingly larger surface area of the algae pond in order to treat
the same volume of waste water each day.

Thus trade-offs have to be considered in evaluating the cost of harvesting algae. Micro-
straining filamentous blue-green algae is less costly-than centrifuging unicellular green algaesuch
as Chlorella and Scenedesmus, but some blue-green algae are known to produce deadly toxins
whereas green algae are not known to produce toxins and, given a fixed volume of waste which
needs to be treated each day, the filamentous algae require more surface/land area for growth
than the unicellular algae because of the difference in growth rates.

Option C: Methane, Yeast, Microfungi, and Algae

Process Description

When the liquid phase of fresh swine manure is used as a substrate for algal growth, its
high turbidity and concentration of dissolved organic matter favors the growth of bacteria
indigenous to the waste. To favor algal growth, the daily volume of fresh manure must be
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diluted about 50-times, so that the liquid phase contains no more than 150 to 200 mg of
ammonium nitrogen per liter (Table 35).

A considerable reduction in the concentration of organic carbon may be achieved by first
utilizing the liquid waste as a substrate for the growth of yeast or microfungi. These organisms
remove most of the organic carbon which can be assimilated by heterotrophs to produce cell
mass. Harvesting of the cell mass clarifies the waste water so that conditions for photoauto-
trophic growth would be greatly improved without having to resort to a high dilution of the
fresh manure. Because the heterotrophs grow independently of light, the liquid phase of the
manure can remain highly concentrated. As a consequence, the size of storage tanks and the
surface area needed for algal growth are also reduced, which minimizes the capital costs for a
large-scale operation.

Figures 75 and 76 show perspective and plan views of the management system. Figure
77 shows the flow of energy and materials through the system.

If a gutter flushing system is used to transport the manure from the animal quarters, a
flush rate of 110 to 140 1/h is necessary to keep the gutter clean. This volume of water dilutes
the fresh manure from the 100 pigs about 10-fold. The diluted manure is collected in a sedi-
mentation pit labeled "sump" in Figure 76 where the solids are separated from the liquids by
settling and pumped into an anaerobic digester as described in Option B. The liquids overflow
into a holding tank labeled "liquid" in Figure 76 from which they are pumped to a fermenta-
tion vessel for the continuous growth of yeast or microfungi under aerobic conditions. After
harvesting the yeast cells from the yeast fermenter, the clarified liquid is stored in a holding
tank labeled "liquid" in Figure 76. The clarified effluents from both the digester and the
fermenter then are used as a substrate for the growth of algae. After removal of the algal bio-
mass the waste water is reused as flush water.

Product Yields

The data in Tables 11, 35, and 43 indicate that the liquid phase of the manure will have a
COD of 8,000 mg/I and contain 1,230 mg/1 of total Kjeldahl nitrogen, 885 mg/I ammonium
nitrogen, 135 mg/1 dissolved organic nitrogen, and 205 mg/I organic nitrogen tied up in solid
matter. Figure 78 shows a schematic diagram of the major steps in the recovery of yeast and
microfungi from this liquid waste. The diagram is based on recent developments in fermenta-
tion technology and the culture of single cell organisms (Forss et al., 1974; Humphrey, 1974;
Meyrath, 1975).

It is assumed that 3,000 I of swine waste are supplied to the fermenter per day in a con-
tinuous flow. Conventional processes of yeast manufacture require a residence time of 3-5 h
for the culture medium. At a residence time of 5 h, the volume of the fermenter would be
625 I (3,000 1/24 h x 5 h). To allow for the expansion of the substrate due to gassing and
foaming, the volume of the fermenter should be increased by 200 percent to about 2,000 I.
The substrate will have a chemical oxygen demand of 24 kg/day (3,000 I/day x 0.008 kg
COD/I) and will contain '2.6 kg N/day in the form of ammonium nitrogen (3,000 I/day x
0.000885 kg NH4-N). It is assumed that only the ammonium nitrogen is readily assimilated by
the yeast or microfungi.
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If all of the oxygen demand is attributed to organic carbon that can be assimilated by the
organisms, then a theoretical yield of 0.38 g of cells/g of COD is possible (Sykes, 1975) or 9.1
kg of yeast or microfungi per day (24 kg COD/day x 0.38 kg biomass/kg COD). The quantity
of nitrogen recovered in the biomass depends on the organism which is used. In general, the
nitrogen content ranges from 8 to 10 percent of the dry matter so that about 0.8 kg N/day are
recovered, leaving 1.8 kg N/day for algal growth. The yeast or microfungi would produce
about 5 kg of crude protein per day (N x 6.25).

The pigs consume an average of 300 kg of feed per day with a crude protein content of
14 percent, or a total of 42 kg of protein. In a typical swine ration of grain and soybean meal,
about 60 percent of the protein is contributed by the grain, namely 25 kg/day, and 40 percent
is contributed by the soybean meal, or 17 kg/day. The single cell protein (SCP) produced in
the fermentation vessel is therefore equivalent to about 29 percent of the daily requirement of
the pigs for soybean meal (5 kg SCP/17 kg soybean meal protein x 100).

If the unused quantity of N in the form of ammonium nitrogen, namely 1.8 kg/day, is
also converted into yeast or fungal protein by the addition of appropriate quantities of
assimilable organic carbon, then another 11 kg of protein could theoretically be harvested each
day (1.8 kg N/day x 6.25). On the basis of the organic carbon available to the organisms in the
liquid phase of the swine manure about 5 kg of crude protein per day can be harvested to
replace 29 percent of the daily protein supplied by the soybean meal. On the basis of the
ammonium nitrogen content of the waste and a source of additional carbon, a total of 16 kg of
feed protein/day (2.6 kg N/day x 6.25) can be obtained which would replace 95 percent of the
requirement for soybean meal protein.

Converting all of the available ammonium nitrogen into yeast and fungal biomass has dis-
tinct advantages over supplying the excess nitrogen to outdoor ponds for algal growth. The
growth of yeast and fungi does not depend on solar radiation and growth rates are much faster
than for the algae. The retention time for the heterotrophs is usually from 3 to 5 h, whereas
this study found that the retention time for the algae is at least 24 h under field conditions.
As a consequence, the growth of yeast and fungi requires less physical space than the growth
of algae in outdoor ponds. Furthermore, better control over the quality of the product can be
exercised. Quality control over the yeast and fungal product is also enhanced by the availabil-
ity of highly automated fermentation systems.

The production of yeast and fungi is feasible on a year-round basis, whereas the produc-
tion of algae in outdoor ponds may be practical only for 6 months in most areas of the United
States. However, solar radiation provides a free source of energy for the growth of algae,
whereas the energy for the growth of yeast and fungi must be provided in the form of organic
carbon.

The feasibility of converting all of the nitrogen in the liquid phase of the manure into
yeast and fungal biomass depends on access to sources of carbon in addition to the carbon pre-
sent in the swine waste. Obvious sources, such as the wastes from the sugar, canning, dairy,
and grass seed industries, are not likely to be dependable because the industries are either sea-
sonal in nature or are making increasing use of their own waste products. For example, the
whey from dairy industries is already finding applications in food products and candies or is
spray-dried and sold as a feedstuff for livestock. Furthermore, many of the operations in these
industries tend to be small and scattered throughout a region, so that collection of their waste
products is too expensive.
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Figure 75. Perspective view of the management system for swine waste consisting of anaerobic
digestion for the recovery of biogas and the culture of yeasts, microfungi, and algae
for the recovery of nutrients and the harvest of solar energy.
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Figure 76. Plan view of the management system for swine waste shown in Figure 75.



100 PIGS

FEED MANURE

Feed	 : 300 kg/day Manure : 300 I/day

Combustible Energy	 : 1.27 M kcal Combustible Energy : 0.25 M kcal

Digestible Energy	 : 1.02 M kcal Dry Matter : 45 kg

Protein	 : 42 kg N : 4.2 kg

a. From Corn	 : 25 kg P : 0.4-0.7 kg

b. From Soybean Meal : 17 kg K : 1.1-I.5 kg
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3,000 l/day

LIQUIDS
	 3,0001/day

550 l/day	
SOLIDS
	 250 I/day

ANAEROBIC DIGESTER YEAST FERMENTER

Volume	 : 5-9 m3

Retention : I0-17days
3,5501/day

Retention : 1-5 h
Temp.	 : 25-45C
pH	 : 3-4.5••••--

Temp.	 : 37C Volume : 0.4-2 m3

ALGAE POND

Depth	 : I0-15cm
Retention : 4-8 days
Area	 : 568 m2
Volume : 28-57 m3

.	 -
END PRODUCTS/DAY

DIGESTER ALGAE POND YEAST FERMENTER

Methane	 :3.5-10m3 Algae	 :7.8 - 13kg Yeast	 : 9.1 kg
(8,800 kcal/m3 ) (5,870 kca I/kg) (4,760 kcal/kg)

Carbon Dioxide : 8-12.5m3 Protein	 :3.9-6.5kg Protein	 : 4.5 kg
Fiber Residue	 :8-9 kg

(3,700 kcal/kg) Energy Energy

Energy a.Combustible: 0.05-0.08M kca I a.Combustible: 0.04 M kcal

a.Combustible: 0.06-0.12 Mkcal b. Digestible	 : 0.03-0.04 M kcal b. Digestible	 : 0.03 Mkcol

Figure 77. Flow of energy and materials through the management system for swine waste with
recovery of biogas from manure solids and single cell protein (yeast, microfungi,
algae) from the liquid phase of the manure.
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100 PIGS HARVESTING

3,000 I/day Liquids pH: 3-4.5 Flocculation

24 kg/day COD Temp:25-45C Back Feed Settling

2.6 kg/day NH4-N Drum Filtration

ORGANISM

Yeast
Microfungus

V
OXYGEN Retention Time: 5 h BIOMASS YIELD

2 g/l/h Culture Volume:	 6251 9 kg/day based on

1.07 kg/kg Yeast Fermenter Volume: 2,000 I COD
32 kg/day based on

N

Figure 78. Flow chart for the recovery of yeast and microfungi from the liquid phase of swine
manure.

The most abundant source of carbon available on a farm are the cellulose and hemicellu-
loses in crop residues. However, a low cost technology for the conversion of these cellulosic
wastes to reducing sugars by chemical or enzymatic hydrolysis has not yet been developed
(Spans, 1976).

Maximum yields of 50 g of yeast from 100 g of carbohydrate are feasible (Worgan, 1973).
Assuming a protein content of 50 percent of dry matter, a total of 45 kg of carbohydrate per
day would have to be supplied to the yeast fermenter to convert the excess ammonium nitro-
gen of 1.8 kg/day in the swine waste to biomass (100 g sugar/50 g yeast x 1.8 kg N/day x 6.25
x 100/50). Glucose yields averaging 50 percent of the weight of cellulose in cellulosic waste
materials have been obtained by acid or enzyme hydrolysis (Mandels et al., 1974; Spans, 1976;
Brenner et al., 1977). Assuming that crop residues such as grass and cereal straws contain
about 35 percent cellulose by weight (Woodward, 1952; Han et al., 1975), 257 kg of straw
would thus be needed to yield 45 kg of glucose per day (45 kg/day x 100/50 x 100/35). The
efficient utilization of the glucose and nitrogen will depend on the rate at which oxygen can be
supplied to the growing yeast cells. The technical limitations of efficient oxygen transfer to
the cells have not yet been overcome.

V 
PROCESSING

Washing

Drying

a. mechanical
b. heat
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Selection of Organism

The selection of either yeasts or microfungi for the recovery of nutrients from the swine
waste depends in part on economic considerations. First, sterilizing the waste would be pro-
hibitively expensive. The organism(s) must therefore be able to tolerate hydrogen ion concen-
trations in the range of pH 3 to 4.5 in order to reduce or eliminate bacterial growth in the
unsterilized substrate. Secondly, the organism(s) should be able to tolerate elevated tempera-
tures of 40 to 45 C to reduce cooling costs. The production of 1 kg of dry yeast matter
releases approximately 4,000 kcal of heat when using carbohydrates as a source of carbon and
energy. Present methods of manufacturing yeast require a temperature range of 28 to 33 C.
Cooling costs contribute substantially to the overall manufacturing costs. Thirdly, the
organism(s) should have a strong tendency to aggregate or flocculate to facilitate harvesting by
gravitational settling or filtration. This avoids the need for centrifugal separation which is
expensive. Yeast strains with these desired properties have been isolated (Meyrath, 1975).
Some are available from the American Type Culture Collection, such as Candida acidothermo-

philum (ATCC No. 20381).

We propose the use of the microfungus Paecilomyces varioti. This organism is used suc-
cessfully in Finland for the production of so called "PEKILO" protein from sulfite liquor of
pulp mills (Forss et al., 1974). A 10,000 ton/year plant has been built by United Paper Mills,
Ltd., at Jamsankoski in central Finland and has been in operation since 1974. The PEKILO
protein is sold in Finland and other European countries as an ingredient in animal feedstuff for
calves, pigs, and poultry (personal communication, Mr. Tapio Kokko, the Wilbur-Ellis Com-
pany, Portland, Ore.; Dr. A.W. Anderson, Department of Microbiology, Oregon State Univer-
sity).

The microfungus, Paecilomyces varioti, has several distinct advantages over the Candida

or Torula yeast conventionally grown on the sulfite liquor from paper mills. Its crude protein
content is in the range of 55 to 60 percent, whereas the Candida yeast contains 45 to 50 per-
cent by weight. The microfungus can be harvested inexpensively by drum filtration because of
its mycelia! structure while the small cell size of the Candida yeast requires expensive centri-
fugal separation. The use of strains of yeast with the strong ability to flocculate (Meyrath,
1975) could negate this advantage of the microfungus by allowing harvesting of the yeast by
gravity settling. The microfungus, however, has the further advantage that its fibrous nature
allows the removal of large amounts of water by mechanical pressing to a solids content of 30
to 40 percent. This feature is of great economic importance because mechanical dewatering is
much cheaper than drying entirely by heat as is necessary for the yeast.

Partial Recycling of Harvested Biomass

The proposed scheme for the recovery of yeast or microfungal protein from swine waste
includes recycling some of the harvested biomass slurry to the main fermentation vessel (Fig-
ure 78). This feature of recycling or back-feeding has the purpose of increasing the productiv-
ity per unit fermenter volume (g/I h) for a substrate which is fairly low in yeast-utilizable
organic matter. This is analogous to the activated sludge process in sewage treatment plants.

The consequences of back-feeding are several-fold. The productivity can be adjusted
almost at will because it is controlled by the concentration of the biomass in the fermenter,
the feed rate of the substrate into the fermenter, and the oxygen transfer capacity of the
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fermenter. When the concentration of the biomass is increased through back-feeding, the rate
at which fresh nutrient substrate can be added to the culture volume may be increased also,
because more yeast cells are available to assimilate nutrients. As a consequence, the productiv-
ity in g/I h can be very high and the size of the fermentation vessel can be reduced substan-
tially.

The possibility of increasing the dilution rate through the mechanism of back-feeding
means that the size of the fermentation vessel shown in Figure 78 can be reduced. The size of
the vessel required for the hypothetical pig farm with 100 animals is based on a dilution rate of
0.2/h. The calculations further assume a volume of 3,000 I of liquid waste/day and a conven-
tional retention time of 5 h for yeast cultures. This means that 625 I of the culture volume
inside the fermentation vessel must be replaced once every 5 h, or one-fifth every hour (dilu-
tion rate = 0.2/h), to handle the 3,000 I of liquid waste produced by the 100 pigs. A dilution
rate of 1.0/h, made possible through back-feeding, would mean that the culture volume could
be reduced from 625 I to 125 I and the total volume of the fermentation vessel (culture vol-
ume x 200 percent to allow for expansion by gassing and foaming) would have to be only
400 I instead of 2,000 I.

The mechanism of back-feeding, therefore, allows the efficient recovery of nutrients from
waste waters with low concentrations of utilizable organic carbon and contributes substantially
to a reduction in the size and cost of the fermentation facility.

Cooling Requirements

The yield of 9.1 kg of yeast per day, calculated on the basis of 24 kg of COD/day, gen-
erates about 36,000 kcal of heat energy. If the 3,000 I of diluted waste are used simultane-
ously as a substrate for yeast and as cooling water, a temperature difference of about 12 C
must exist between the yeast culture and the cooling water to maintain a constant temperature
in the fermenter. If the culture temperature is held at 40 to 45 C to take advantage of the
flocculating characteristics of the selected strain of yeast, then the cooling water should be no
warmer than 28 to 33 C. During the course of this investigation, the liquid swine waste in the
nutrient holding tank (Figure 9) was found to have a temperature as low as 5 C in the winter
and as high as 25 C in the summer. This indicates that the addition of the swine waste to the
fermenter may provide adequate cooling of the culture during the summer, whereas supple-
mental heating may be necessary during the winter.

The heat generated in the production of yeast or microfungi under aerobic conditions
could be put to use by transferring it to the heat requiring, anaerobic digestion of the manure
solids. The cost of a heat exchanger as well as the heat losses associated with a heat exchanger
could be avoided by making the yeast fermentation vessel a part of the anaerobic digester.

The 9.1 kg of yeast produced per day could not be expected to provide more than a
fraction of the heating requirements of the digester, perhaps as much as 25 percent under
favorable assumptions. However, the production of yeast and the accompanying generation of
heat could be increased by methods discussed earlier to match the total heat requirements of
the digester. Thus, by coupling the heat producing aerobic process with the heat requiring
anaerobic process, the high costs of cooling and heating usually associated with either can be
eliminated. In addition, the net production of biogas is increased and the processing of the
single cell protein may provide an opportunity for the continuous use of the gas and thus
reduce its storage costs.
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Culture of Algae

The effluents from the digester and the fermentation vessel provide about 3,550 liters of
waste water per day with 3.4 kg of total nitrogen for the growth of algae (4.2 kg N/day in
manure - 0.8 kg N/day removed by yeast or microfungi). To handle this volume of waste,
568 m 2 (0.05 ha or 0.1 acre) of surface area are required. This calculation is based on a maxi-
mum retention time of 8 days, a culture depth of 10 cm, and the use of the ponds for the cul-
ture of algae during 6 months per year.

Of the 3.4 kg/day total nitrogen entering the algae pond, 2.1 kg/day would be expected
as ammonium N and readily available for assimilation by the algae (4.2 kg total N in manure
- 3.6 kg total N in liquid phase = 0.6 kg total N in digester; 0.6 kg N x 0.5 = 0.3 kg NH 4-N in
digester effluent; 2.6 kg NH 4-N in liquid phase - 0.8 kg N in yeast or microfungi = 1.8 kg
NH4-N in fermenter effluent).

If 30 to 50 percent of the ammonium N is incorporated into algal biomass, as was meas-
ured under field conditions during this investigation, one could expect to recover from 7.8 to
13 kg of algae per day or from 3.9 to 6.5 kg of algal protein.

After removal of the algal cells, the waste water is recycled to flush the manure from the
animal quarters.

Evaluation

The management system proposed under Option C would recover per day:

(1) 3.5 to 10 m3 of methane gas with an energy content of 31,000 to 88,000 kcal (see
Option B),

(2) 2.5 to 7 m3 of CO2 from the anaerobic digestion process of the manure solids as
well as 5.5 m3 of CO2 from the production of yeast. This calculation is based on
the conversion of one-third of the assimilated carbon to CO 2 assuming glucose as the
carbon source,

(3) 9.1 kg of yeast or microfungi,

(4) 7.8 to 13 kg of algae.

The total biomass recovered from the system ranges from 16.9 to 22.1 kg/day and could
replace 50 to 65 percent of the soybean meal in the ration. The combustible energy recovered
from the system ranges from 149,500 to 240,900 kcal/day, including the combustible energy
of 8 to 9 kg/day of fiber residue in the sludge from the digester effluent as discussed in
Methods I and I I of Option B. This is 60 to 96 percent of the combustible energy in the fresh
manure of the 100 pigs.

The digestible energy of the yeast is 28,300 kcal/day (9.1 kg/day x 3,108 kcal/kg), that
of the algae from 27,000 to 45,000 kcal. The digestible energy of yeast and algae combined
ranges from 55,300 to 73,300 kcal/day or from 5 to 7 percent of the digestible energy in the
original feed ration.
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Option D: Methane and Fish

Process Description

Addition of manure to fish ponds is a traditional method in much of the world to
increase the abundance of natural foods in the ponds and as a result to increase the yield of
fish (Prowse, 1966; Wolny, 1967; Hickling, 1968; Bardach et al., 1972).

In the system proposed here, the manure is first passed through an anaerobic digester for
recovery of energy and to solubilize the plant nutrients. The effluent stream is then used as a
fertilizer for extensive and/or intensive aquaculture systems. Figures 79 and 80 show perspec-
tive and plan views of such a system for the management of swine waste. Figure 81 shows the
flow of energy and materials through the system.

Product Yields

Anaerobic Digester. The anaerobic digestion of the manure requires a digester, 6 to
15 m3 in size, as described under Option A. It is expected to yield between 5 and 15 m 3 of
methane gas/day with an energy content of 44,000 to 132,000 kcal/day. It discharges 600 to
900 I of effluent/day for the aquaculture system.

Extensive Aquaculture. Extensive aquaculture is defined here as the culture of several
species of fish in outdoor ponds with no environmental controls other than the addition of the
digested swine manure to enrich the natural food supply of bacteria, phytoplankton, zooplank-
ton, and chironomids. Except for tropical and subtropical climates, this type of aquaculture
system is limited to a growing season of 150 to 200 days, requiring extra storage capacity for
the manure produced during the remainder of the year. Fish yields of 0.1 to 0.5 tons/ha are
achieved using primarily milk fish and species of carp and tilapia either as mono- or polycul-
tures in ponds fertilized with swine, cow, and poultry manure (Hickling, 1962; Gaudet, 1966;
Hepher, 1966; Ling, 1966; Bardach et al., 1972). When swine manure is used, each kilogram
gain in fish weight requires the addition of 30 to 40 kg of manure (Wolny, 1967).

For a pig farm with 100 animals and a rate of manure production of 300 kg/day, one
could expect to harvest about 2.7 to 3.6 tons of fish annually. At 22 percent dry matter and
18 percent crude protein (wet weight basis) for raw carp (N RC, 1971), a total of 490 to 650
kg of high quality fish protein could be harvested. As was pointed out earlier, the 100 pigs
require about 42 kg of crude protein per day, 60 percent of which, namely 25 kg, is provided
by the grain in the diet and 40 percent, or 17 kg, by a protein supplement, such as soybean
meal. Calculations indicate that the fish meal recovered from the swine manure could provide
about 10 percent of the soybean meal requirement (650 kg divided by kg/day x 365 days =
0.10). The surface area required for the extensive aquaculture system is estimated to be about
7 ha (3.6 tons divided by 0.5 tons/ha). Extensive fish culture has been found to improve the
quality of the waste water to a higher degree than can be accomplished with a conventional
oxidation ditch (Schroeder, 1975).

Intensive Aquaculture. Intensive aquaculture is defined here as culturing fish under
totally controlled environmental conditions including constant temperatures of 25 to 28 C,
aeration, and circulation of water. Food is supplied by establishing a controlled food chain
through intensive manuring and enhancing phytoplankton production through artificial



Figure 79. Perspective view of the management system for swine waste consisting of anaerobic
digestion for the recovery of biogas and aquaculture for the recovery of fish pro-
tein.
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Figure 80. Plan view of the management system for swine waste shown in Figure 79.



100 PIGS

FEED MANURE

Feed : 300 kg/day Manure :	 3001/day

Combustible Energy :	 1.27 M kca 1 Combustible Energy :	 0.25 M kcal

Digestible Energy :	 1.02 M kcal Dry Matter : 45 kg

Protein : 42 kg N :	 4.2 kg

a. From Corn : 25 kg : 0.4-0.7 kg

b. From Soybean Meal : 	 17 kg K :	 1.1-1.5 kg
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300-600 I/day

Dilution Water

ANAEROBIC DIGESTER

Volume : 6-15 m3

Retention : 10-17 days

Temp.	 : 37C

AQUACULTURE

Area

a. Extensive: 7 ha

b. Intensive : Unknown

END PRODUCTS /DAY

DIGESTER AQUACULTURE

Methane	 : 5-15 m 3 Fish

(8,800 kcal/m3 ) a. Extensive : 7-10 kg

Carbon Dioxide : 3-10 m3
b.Intensive :Unknown

Protein
Energy (CH4) a. Extensive : 1.3-1.8 kg

a.Combustible : 0.04-0.13M kca I b. Intensive : Unknown

Figure 81. Flow of energy and materials through a management system for swine waste utiliz-
ing anaerobic digestion and aquaculture to recover energy and protein.
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lighting when needed. This food source may be supplemented with commercial, pelletized feed
to optimize fish yields. To facilitate environmental control, the proposed system should be
under cover. Water is recycled to reduce water demand and to eliminate pollution problems.
Reducing water consumption is increasingly important as other demands for water resources
continue to increase.

The technology for this type of intensive aquaculture system and techniques for its man-
agement have not been developed. The ratio of feed/gain for fish is about 2:1 or even lower
when intensive manuring provides an additional food source (Bardach et al., 1972; Tal, 1974).
Such systems have the potential to supply a large proportion of the protein needs for animal as
well as human consumption in the United States and other countries.

Perhaps the most systematic, step by step approach towards optimizing the components
of intensive fish culture is being conducted in Israel as a matter of national policy (Tal, 1974).
Monocultures of common carp and tilapia, raised commercially on pelletized feed in fresh
water ponds during a growing season of 200 days, have in the past yielded a national average of
2.5 tons/ha (Sarig and Marek, 1974).

Shortages of land area and growing water deficits have forced research into methods for
improving the yields in the available ponds. The simple technique of oxygen enrichment via
aeration has since raised the yields of carp to 10 to 25 tons/ha and for tilapia to 12 to 29 tons/
ha (Rappaport and Sarig, 1975; Rappaport et al., 1976), primarily by allowing much higher
stocking densities. This technique is practiced extensively in the highly developed trout
industries of the United States and Europe.

Other techniques of raising pond productivity, such as fertilizing with animal manures,
use of several species of fish, circulating and heating the pond water with waste heat from
power generating plants, are all under investigation (Schroeder, 1974; Reich, 1975; Spataru,
1976).

The incorporation of these various techniques into one system promises very high yields
of fish protein. The practice of some of these techniques is already well established in the
trout industry where yields of 2,000 tons of fish per ha are achieved.

Evaluation

The swine waste management system proposed under Option D utilizes anaerobic diges-
tion as a pretreatment process to solubilize plant nutrients. Energy in the form of methane gas
is recovered. The effluent stream from the digester is applied to extensive and/or intensive
aquaculture systems to enhance the natural food supply to the fish populations.

Ponds with a combined surface area of at least 7 ha are required to handle the daily waste
from 100 pigs in an extensive aquaculture system. The area required for intensive aquaculture
is unknown. Water is recycled as dilution water for the fresh manure in the system for inten-
sive aquaculture. Any biomass not consumed by the fish, e.g., phytoplankton, would contrib-
ute to the energy production of the digester.

The system recovers per day:
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(1) 5 to 15 m 3 of methane gas with a combustible energy content of 44,000 to 132,000
kcal, or 16 to 52 percent of the combustible energy in the fresh manure,

(2) 3 to 10 m3 of carbon dioxide,

(3) 7 to 10 kg of fish (wet weight) from extensive aquaculture, providing 1.3 to 1.8 kg
of protein per day. This amount of protein could replace 8 to 10 percent of the soy-
bean meal protein in the daily ration of the 100 pigs.

The fish yields from the intensive aquaculture system are unknown but may range from
10 to 1,000 tons/ha per year. The yield will depend on the degree of environmental control
applied to the system, the type and quantity of feed supplement, and the species and stocking
densities of fish.

To replace all of the soybean meal protein in the diet of the 100 pigs with fish meal pro-
tein, about 34 tons of fish would have to be produced annually. The calculation assumes that
fish contain 18 percent protein on a wet weight basis (17 kg soybean meal protein/day x 365
days = 6.2 tons of protein/year; 6.2 tons x 100/18 = 34.4 tons of fish/year).

Option E: Methane and Bacteria

J. K. Koel I i ker
Department of Agricultural Engineering

Oregon State University

The production of bacterial protein, methane, and fertilizer from the solids of the manure
can be maximized according to the schematic diagram shown in Figure 82. Manure is collected
from a conventional flush gutter system and placed in a liquid-solids separation tank. The
liquid, containing particles with a maximum length of less than 35 pm, is separated from the
solids and pumped to an aeration basin. The remaining solids and associated liquid are added
to an anaerobic digester. The digester is operated as described previously in this report where
separation takes place before digestion. The supernatant or liquid portion of the effluent from
the digester is added to the aeration basin following gravity settling to remove digested solids.
The digested solids and associated liquid are stored for use as fertilizer.

The aeration basin is operated to maximize the production of bacterial solids from the
liquid waste. A much shorter retention time than used in conventional waste treatment sys-
tems is required which means that less oxygen and energy are needed. The basin is operated at
optimum solids concentration by returning a portion of the bacterial solids to the aeration
basin. The effluent from the aeration basin flows to a solids-liquid separator.

To harvest the solids, a filter which retains particles longer than 5-10 pm and gravity
settling are used. The liquid removed from the separator is recycled for use as flush water in
the system. The settled solids are removed as a slurry to be added to the feed supply. This
slurry is expected to contain about 4 percent solids (w/w) and about 60 percent (w/w)
bacterial solids. These cells are expected to contain approximately 60 to 75 percent protein.
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Figure 82. Schematic of system to recover biogas and fertilizer from manure solids and bac-
terial protein from the liquid phase of the manure.

The slurry of bacterial cells is mixed with the dry feed ingredients to eliminate the need
for drying. This requires a liquid feeding system for the pigs. The total volume of slurry plus
feed is expected to equal the daily requirement for water and dry feed combined.

Bacterial cell protein is a relatively high quality protein for swine feed. Some research has
been done on feeding such slurries from oxidation ditches to the animals that produce the
waste. No disease problems have been noted to date. This system is expected to produce 4.5
kg per day of protein in 250 I of slurry which represents 26 percent of the supplemental pro-
tein required in the ration. This figure compares favorably with other options in this report.

The energy produced by the anaerobic digester can be used to run a generator to supply
electricity to the aerator in the aeration basin. Waste heat from the generator would be used
to heat the digester. This system is not subject to sunlight limitations as was the algae system.
No pH adjustment of the waste is required as is needed for the yeast fermentation system. No
unmanageable health problems have occurred during research with direct feeding of bacterial
protein slurries to the animals that produced the waste. Bacterial protein is a high quality pro-
duct that may replace soybean meal protein on at least a 1:1 basis.

The flow of energy and materials through the management system described here is
shown in Figure 83. The feed inputs have been modified to incorporate the bacterial protein
into the ration. The manure produced is considered to be similar to that in the other options.
The BOD 5 is included in the description of the manure. MWPS-18 (1975) would estimate the
BOD 5 for the 100 head of 50 kg pigs to be 10 kg/day. A range of values from 9 to 18 kg/day



100 PIGS

FEED MANURE

Feed : 300 kg/day Manure : 300 I/day
Combustible Energy :	 1.21-1.25 Combustible Energy : 0.25 M kcal

M kcal Dry Matter : 45 kg

Digestible Energy : 0.98-1.00
N
P

: 4.2 kg
: 0.4-0.7 kg

M kcal K :	 1.1-1.5 kg
Protein : 35-39 kg BOD E : 9-I8kg

3,000 l/day

BOD 5=7.5-I5 kg/day
N	 =2.8 kg/day

AERATION BASIN

BOD 5 =0.5-1.0 kg
N	 =0.7kg

550 I /day 

BOD5= IA-2.8 kg/day
N	 =1.4 kg/day

ANAEROBIC DIGESTER

Volume : 5-9 m3

Retention : I0-I7days
Temp.	 : 37C

250 I/day

SOLIDS

Volume	 : I.7m3
Retention : 6h
Energy Reqld : 0.06-0.12

M kcal

LIQUIDS

2,850-3,150 I/day
300 l/day	

90-400 l/day
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Water
	 300 l/day	 300 I/day

END PRODUCTS/DAY

DIGESTER AERATION BASIN

Methane	 : 2.5 -7.5 m 3 c.N	 : 0.7kg Bacteria	 :4.8-9.6kg
(8,800 kcal/m 3 ) (17,600 kcal/kg) (4,700 kcal/kg)

Carbon Dioxide: 1.6-5 m3 d.P	 : 0.3-0.5kg Protein	 : 3.7-7.4 kg
Fertilizer (3,200 kca I/kg) Energy

a. Liquid	 :3001 e.K	 : 0.8-1.2 kg a.Combustible :0.025-0.05
b. Fiber (2,200kcal/kg) Mkcal

Residue	 :8-9 kg Energy b.Digestible	 :0.02-0.04
(3,700 kcal/kg) a.Combustible : 0.05-0.10M kca I Mkcal

Figure 83. Flow of energy and materials through the management system for swine waste with
recovery of biogas and fertilizer from manure solids and bacterial protein from the
liquid phase of the manure.
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is included to compare to other ranges of manure production considered for the other
materials in this report, specifically N, P, and K.

The anaerobic digester volume, retention, and temperature requirements would be the
same as for other options where only solids are fed to the digester. Production characteristics
for methane and fertilizer would also be similar.

The production of bacterial protein in the aeration basin would most probably be limited
by the BOD 5 supplied to it. Total BOD 5 into the aeration basin would range from 8 to 16
kg/day. Excess nitrogen would be added to the aeration basin, but the loss of ammonia nitro-
gen during the aeration process would be expected to bring the system to an equilibrium level.
The aeration basin would be operated to produce about 0.6 kg of suspended solids (micro-
organisms) per kg of BOD5 added. This would require approximately 6 h of retention time
and a theoretical volume of about 850 I. The volume shown in Figure 83 is twice the theoreti-
cal volume to include space for the foaming and overload. The energy required for aeration
would be about 750 kcal/kg BOD5 (1.5 kg 02/kg BOD5 added).

The suspended solids produced are expected to be nearly all bacterial protein with a
chemical formula of C5 H 7 02N. Based on this formula, the protein content of these cells
would be about 77 percent. The protein produced per day would be 3.7 to 7.4 kg/day (8.0 to
16 kg/BOD/day x 0.6 x 0.77). The bacterial protein could replace from 22 to 44 percent of
the protein provided by the soybean meal supplement.

Evaluation

The system recovers per day:

(1) 2.5 to 7.5 m 3 of methane with an energy value of 22,000 to 67,000 kcal,

(2) 4.8 to 9.6 kg of bacterial solids with a protein content of 77 percent and a com-
bustible energy content of 22,600 to 45,200 kcal (4,700 kcal/kg x 4.8 to 9.6 kg/
day),

(3) 300 I of fertilizer containing 0.7 kg N, 0.3 to 0.5 kg P, 0.8 to 1.2 kg K.

If the combustible energy of methane, bacterial solids, and fertilizer are considered, the
total energy recovered is 52,600 to 129,000 kcal/day which is 21 to 52 percent of the com-
bustible energy in the fresh manure from the 100 pigs.

Returning the bacterial protein to the animals as a protein supplement would replace
about 2 percent of the DE in the original feed ration (5.4 kg protein per day x 100/75 x 3,108
kcal DE/kg = 22,400 kcal DE).
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