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HE advent of water carriage as-a method -

for transporting sewage permitted the easy

removal of such organic wastes from man’s
immediate environment. As cities and industries
have expanded, however, it has become increasingly
difficult to carry out the ultimate disposal of this
organic matter as necessary to protect the public
health, maintain the quality of natural waters, and
prevent nuisances,

Engineers have continually improved the effi-
ciency of known methads of waste disposal and
have given considerahle attention to the develop-
ment of mare economical processes. Primary sedi-
mentation followed by biological treatment invalv-
ing aeration on a trickling filter or in an activated
sludge tank, and by anaerobic digestion of the un-
oxidized arganic solids, have in most instances pro-
vided effluents satisfactory for discharge into
water courses. For economic reasons, commeon treat-
ment methods have not been designed to recover
any appreciable quantity of the approximately 5
million tons annually of organic and other nutri-
ents contained in American domestic sewage. Sew-
age treatment, therefore, represents a loss of the
energy and fertility values in sewage, besides in-
vaolving the expenditure of considerable sums of
money for treatment plant operation.,

Conventional secondary sewage treatment on
trickling filters or by the activated sludge process
depends upon mechanical means to supply the ox-
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ygen: necessary for bactericlogical removal and sta-
bilization of the orgamic material. For more than
25 years engineers have attempted to reduce the
cost of providing this oxygen by using sewage oxi-
dation ponds, These have customarily heen de-
signed to detain the sewage long enough to allow
sufficient oxygen for stabilization of the organic
matter to enter by slow diffiusion from the atmos-
phere.

Algae are frequently observed near the outlet of
oxidation ponds where the sewage is usually well
oxidized, but there has been little information on
their growth in such an environment, and until re-
cently there was considerable difference of opinion
on whether algae would grow in relatively strong
sewage or polluted waters in sufficient numbers to
provide significant amounts of oxygen.

The possibility that algae might supply oxygen to
sewage less expensively or mare efficiently than me-
chanical devices or diffusion can supply it from the
atmosphere led the Sanitary Engineering Research
Labaratory of the University of California to initi-
ate studies designed to determine whether algae
could be effectively grown in sewage and other or-
ganic wastes and to explore the basic factors influ-
encing algal growths on such mediums. Some of
these studies, previously reported by us (7-4),
have shown that when proper environmental condi-
tions are maintained, certain green algae will grow
in large numbers simultaneously with bacteria in
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fresh organic wastes or sewage. When such growth
is taking place, hiological oxidation and photosyn-
thetic reduction proceed rapidly, each process aid-
ing the other.

This report (5) deals primarily with pilot-plant
experiments, designed to show whether, under prae-
tical outdoor conditions, algae can be grown in
sewage simultaneously with bacteria, not only for
purifying sewage, but also for harvesting the algae
to reclaim a part of the enormous quantity of ma-
terials now being wasted. Laboratory-scale studies
are included only to introduce some of the results
obtained from the less rigidly controlled pilot-plant
experiments.

Photosynthatic Oxygenation. The simultaneous
growth of bacteria and algae in organic wastes such
as sewage is illustrated in Fig. 1. The liquid wastes
containing considerable amounts of organic matter,
phosphorus, magnesium, and micronutrients are de-
tained in a growth tank an optimum length of time
for the organic material to be broken down by bac-
teria and the nutrients thus released assimilated
into algal cell material. The bacteria normally pres-
ent in sewage in large numbers (up to 1 x 10%/ml
or more) decompose same of the organic matter,
releasing carbon dioxide, ammonia, and other algal
growth essentizls, before the sewage reaches the
tank. This influent sewage is then seeded with algae
by recirculating some of the tank effluent. In the
presence of light, these algae flourish, producing
the oxygen needed by aerabic bacteria, which, in
continuing to stahilize the organic matter, make
mare carbon dioxide and ammonia available to the
algae.

The relative amounts of materials utilized in dif-
ferent aspects of the process are suggested by the
width of arrows in Fig. I. Thus, it is seen that most
of the organic matter undergoes bacterial decom-
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Fig. 1. Schematic diagram of the interaction of bacteria
and algae in organic wastes.
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position, an unknown amount of the influent ma-
terial is utilized directly in algal synthesis, and
some inorganic compounds and humus pass un-
utilized into the effiuent. The algal cell material
produced may exceed the original organic content
of the sewage. Some oxygen escapes to the atmos-
phere and some carbon dioxide enters the liquid
from the atmosphere, particularly when the algae
have produced a high pH'in the liquid. Relatively
large amounts of stable organic matter (that is,
highly oxidized) and inorganic compounds are
present in the effluent liguid.

For illustration, the basic reactions Included in
bacteria)l oxidation and photosynthetic reduction
may be shown in the form: '

Organic matter bacteria,
> and other + oxygen —C0:+ NH, + HO
nutrients in
sewage

Green plants +light

or represented by the reversible reaction:

algae +light

CO: + HO CH:O + O

bacteria
*——__——.-

These reactions take place simultaneously and rep-
resent the basic concept of the process. The reac-
tion

bacteria

CHO + O, —» €O+ HO

represents in part the action of bacteria upon the
dead organic matter (CH,O) in the sewage. Assum-
ing an adequate and diverse bacterial flora, the
amount of substrate oxidation depends on the con-
centration of substrate and the availability of oxy-
gen. Since oxygen from the atmosphere is very
limited because of its low solubility, oxygen must he
produced by the algae at a high enough rate and in
sufficient amounts te permit rapid oxidation by bac-
teria of the organic material in the sewage sub-
strate.
In the simplified photosynthetic equation

algae + light
CO:+ H.O

(CHLO) + O,

the oppaosite of bhacterial oxidation, the CH,O rep-
resents living algal cells. The algae liberate oxygen
to act as the hydrogen acceptor for continued hac-
terial oxidation. The action of light upon the chlor-
oplastic tissue of the algal cells drives this reaction.
The rate is determined by the growth of algal cells,
which will depend principally upeon the availability
of CO. and the amount of light. Carbon dioxide is
frequently the limiting factor in sewage, and algae
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may then obtain carbon by reducing the alkalinity,
thus producing a substrate of high pH.

The requirements of the process for cultivating
algae in waste organic liquids differ considerably
from those for growing algae in an inorganic sub-
strate to which carbon dioxide is fed (6, 7).
Some of the major differences are as follows. (i)
The food concentration and volume of substrate
can be controlled when inorganic chemicals are
used but will be variable for sewage. (i1} The liquid
effiuent from inorganic substrates can be reused in
the process. In the case of sewage, however, large
volumes must be handled and the liquid efluent
must be continuously and satisfactorily discharged
into a natural water course without creating a
nuisance or public health problem. (iii} Sterile cul-
tures are preferred in the inorganic process, whereas
bacteria present in large numbers in the sewage
substrate are necessary for growing algae on sewage.
{iv} A greater degree of algal species control can
he exercised when an imorganic chemical substrate
is used than when a sewage substrate is used. (v)
The bacteria actively decompose organic matter
either in light or darkness; hence, the algae must
supply enough oxygen to maintain aerobic condi-
tions during the period of darkness. {vi} The op-
erating time for harvesting algae can be controlled
in the inorganic chemicals processes, but removal of

Fig. 2. Autotnatic continuous-grawth unit used in laboe-
ratory experiments,
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algae must be practically continuous when sewage
is used as a substrate. {vil) There may be plant
growth nutrients in sewage that would be difficult
and costly to supply to the inorganic substrate.

Laboratory experiments. Lahoratory studies per-
taining to growth characteristics of pure cultures of
Euglena gracilis, Chlorella pyrenoidosa, Scenedes-
mus obliquus, Chlamydomonas algloeformis in a
substrate of sewage that had been sterilized and
inoculated with. sewage bacteria were conducted in
1-ht eontinuous-growth units with fluorescent light-
ing simnilar to the units shown in Fig. 2 (8). The
same organisms were grown in sewage, milk wastes,
animal manures, and cannery wastes in nonsterile
50-ml batch cultures. Euglena gractlis has been the
species studied most extensively, because it has a
slower regeneration rate and, hence, smaller
amounts of sterilized constant strength sewage,
which is difficult to prepare and maintain, are re-
quired, Five factors—substrate strength (erganic
materials and other nutrients) ; detention period;
light (intensity, periodicity, and intermittency) ; gas
exchange in closed units; and temperature—have
been investigated for E. gracilis. Individual tests
have been made with other organisms in order to
check or correlate their growth with E. graeilis.

Pilot-plant experiments, To translate the labora-
tory data obtained with fluorescent lighting and
sterilized wastes inoculated with sewage bacteria to
plant operation with natural lighting and normal
variable quality sewage, a continuous-flow pilot-
plant growth tank was used. This tank is 80 ft long,
3 ft (average) wide, and 3.5 ft deep. The 3.5t
depth was selected because it has been the usual
practice to build oxidation ponds at least 3 ft deep.
This tank is shown in Fig. 3, along with a wider and
shallower tank that has more recently been put into
service. Both tanks are equipped with automatic
devices to control rate of sewage inflow, liquid
denth, and rate of recirculation of effluent to seed
the incoming sewage. The effluent may be pumped
to a centrifuge for harvesting the algal cells on an
experimental scale. Normal outdoor lighting is
used. Under this condition the only factors that are
controllable are the detention period, depth of
sewage in the tanks, which affects the light avail-
ahle to the algae, and the rate of recirculation of
effluent for seeding.

The detention period, or time the liquid is held
in the continuous-flow growth tanks, may be de-

fined as D =K, where [} is the detention period ex-
2]

pressed in days, V is the volume of the culture, and
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Fig. 3. Cantinuous-flow growth tanks used in pilat-plant
experiments.

o is the daily feed or withdrawal volume. Four dif-
ferent detention periods were studied for each of
three different depths—2, 6, and 12 in-——as is
shown In the operational schedule, Table 1.

The tanks are oriented in a north and south di-
rection; hence, the time that the water surface at
shallow depths receives direct sunlight each day is
approximately the same in all seasons, although the
light intensity increases and decreases from the sal-
stices. The experiments with a 2-in. depth in the
pond were begun on 10 June 1953 and extended
until 27 July. Hence, they were made in the peried
of maximum annual light intensity. This study was
followed consecutively hy other studies of equal
duration at the 6-in. and 12-in. depths, which con-
tinued until 19 October 1953. Thus, in judging the

results, it 16 necessary to bear in mind that the ex-
periments at the two greatest depths were made in
a period of decreasing light intensity.

The total daily visible light was determined by a
pyroheliometer which continuously records the
total solar energy as British thermal units per square
foot. One-half of the area under the recorded curve
provides the approximate total visible light energy
per day. Light intensity was also measured daily
with a Weston light meter calibrated in standard
foot-candles. Since, when the sun was shining, the
3.5-ft high sides of the tank shaded the substrate
surface in the early morning and late afternoon, it
was necessary to determine by tests how much light
énergy was received by the cultures. It was found
that approeximately 0.6 of the total daily visible
light determined from the pyroheliometer = was
available to the substrate surface. '

Ambient temperatures were recorded continu-
ously, and temperatures of the liquid were observed
twice daily.

Chemical determinations. The chemical charac-
ter of the influent sewage, of the algae, and of the
efluent after the removal of the algal cells, was
determined. “Biochemical Oxygen Demand”
(BOD) {9) was used as an index of the organic-
matter content of the sewage because it is a widely
used mass bioassay method for determining the
strength of sewage or its organic nutritional charac-
ter for bacterial growth (18). Values were reported
for 5-day incubation at 25° C. The volatile solids
determination was used to ascertain the total
amount of organic matter,

Spectrographic and standard methods were used
for the determination of organic and inorganic ni-

Table 1. Operational schedule far pilat-plant experiments.

Nominal Diaily in- . .
Date . Pond Pond detention ﬂueﬁt at Recwcutlauan
started Series Run d?pth volume periad effiuent valume ( ;?/Er)
{in) (gal) (days) (gal) 8

6/10 I 1 2 251 2.5 101 10
6/23 I 2 2 251 .75 335 24.5
773 I 3 2 251 1.25 200 16.6
7714 I 4 2 251 5.0 © 50 : 4.2
7/28 1T T 6 756 5 151 ° 12.6
8/7 11 2 & 756 3 252 21
8/20 11 3 [ 756 2 378 323
8/28 II 4 6 756 1 756 63
9/9 II1 I 12 1566 7 224 18.6
9/19 I11 2 12 1566 5 313 26.0
/50 111 3 12 1566 3 522 43.6
10/12% 11T 4 12 1566 1.5 38.0

1044

* Campleted 19 QOect. 1953
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trogen, phosphorus, sulfur, calcium, magnesium,
potassium, sodium, iron, manganese, boron, zine,
alkalinity, and pH. Carbon and hydrogen in the
sewage and algal cells were measured by a stand-
ard carbon and hydrogen train apparatus. The
chlorophyll content of the algae was determined by
the method of Mackinney (11).

Nutrient qualily of sewage. Very little data are
available concerning the exact organic composition
of sewage. Considerable data on the elementary
analysis of sewage have been accumulated in these
studies, but they provide little information on the
actual organic compounds present. Sewage con-
tains a wide variety of organic materials, together
with considerable quantities of caleium, magne-
sium, sodium, potassium, phosphorus, and traces of
most of the elements found in foods. Table 2 shows
an elementary analysis of sewage compa_red with
standard inorganic culture medium. It is seen that
chemical quality of the two substrates differ con-
siderably,

Figure 4 shows the yield of E. grasilis with batch
and continuous cultures in sewage of different 3-
day, 25°C BOD values. The batch culture shows
that with a 7-day detention period the yield of algae

Table 2. Comparative composition of a settled sewage
and a synthetic medium for algal growth.

Composition of medium in ppm of-
indicated element

Element
Standard pilot  Settled Richmond

plant® sewaget
C 1 1768
N 3441 50%
F 248 11
5 335 14
K 1350 14
Mg 248 22
Na 5.5 62
Ca 150 17
Fe 0.15 < 1.0
B 5 . <0.5
Mn 5 .2
Zn .05 Trace
Cu 02 <0.05
Mo ' .01 Trace
BOD 212

* From “Pilot Plant Studies in the Production of
Chloreils” (7).

t Mean va.lues from 10 or more analyses. The eocfﬁ-
cient of variation is less than 20 percent when samples
are collected at approximately the same time each day.

i Carbon supplied from 5 percent CQ, in air.

§ Including organic carbon and carbon contained in
alkalinity.

I Nitrate nitrogen.

# Including 13 ppm organic N, 37 ppm ammonia N,
and traces of nitrate N,
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Fig. 4. Effect of detention period on equilibrium popula-
tions of sewage bacteria and various species of algae.

increased directly with BOD up to a value of about
300 ppm. Thereafter a slight decrease accurred.
The continuous culture shows a higher yield than
the batch culture without any evidence of reaching
a maximum. These and other data for algal growth
an milk wastes, animal manure, and abattoir wastes
indicate that the yield of algae is about proportional
to the strength of the waste if other nutrients are
not limiting., Carbon has usually heen found to he
the limiting element. It is possible that at times
phosphorus might become limiting, particularly at
long detention periods when considerable phos-
phorus may become bound up in bacterial and algal
cells. When the vigorously growing algae have
raised the pH to 10, some of the phosphorus may be
precipitated, hence limiting that available to the
algae.

Comparative yields for C. pyrencidese and §.
obliguus in the same substrates for similar condi-
tions have invariahly been larger than for E. gracilis.

Table 3 shows the comparative composition of
fresh-water and sewage-grown algae. The mean
values for the quantities of different elements in
sewage-grown algae are similar to those of fresh-
water algae, except that the percentage of carbon
in the sewage-grown algae is below the range for
fresh-water algae, This may be due to the fact that
carbon is usually a limiting element in sewage.

If the usual method of multiplying the nitrogen
content by 6.25 to estimate the protein Is applied,
it is seen that algae grown in sewage average 55
percent protein.

Detention period. The effect of varying the de-
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tention period (D) on the cell population of differ-
ent species of algae under laboratory conditions is
shown in Fig. 4. The critical detention period (D*)
at which the maximum equilibrium population ac-
curs differs with the species, being shortest for the
smallest organisms studied. Tn previous reports
(2,4), it was shown that for the condition D greater
than D’ the algal cells are old, grow slowly, and
hence produce little more or even less oxygen than
they use in respiration. When D is less than D’ algal
growth 15 in the logarithmic phase, and oxygen is
produced in excess of the needs of all organisms in
the system.

The detentien period (D) for maximum popula-
tion does not coincide with the detention period
(D"} for maximum yield of photosynthate. Figure
3, based an previous laboratory studies of E. gracilis
and C. pyrencidasa, shaws that D" is less than DY/
for maximum yield of dry cell material, For periods
shortér than D" the yield decreases rapidly because
the cells do not multiply as fast as they are removed
from the system. A minimum detention period at
whiclr an equilibrium reproduction rate can be
maintained is thus imposed by the regeneration time
of thé species, and a practical lower limit is set on
the ecanomy of growing algae in growth tanks on a
continuous basis.

Since bacteria multiply more rapidly than algae,
their regeneration time does not limit the detention
period. The BOD that they exert during the deten-
tion period, however, must be satisfied by axygen

Table 3. Comparative composition of fresh-water and
sewage-grown algae.

Percentage of total dry weight in

Element Fresh-water Sewage-grown
algae algae
Carbon 49.51-70.17* 44.9%
Oxyzen 17.40-33.20% 25.7%
Hydragen 6.57-10.20% 7.69%
Nitrogen 1.39-10.98* §.92¢
Sulfur 0.91% 1.11%
Phosphorus 0.94- 1.510 1.00§
Calcium 0.00~ 1,551 1.2#
Magnesium 0.26— L.51l 4.35%
Manganese 001#

* Spochr and Milner as reported by Kraus (12].

t Mean values based on 10 or more analyses of alzae
in piat plant; coefficient of variation less than 10 percent.

I Kraus (12},

§ Mean values based on 10 or more analyses of algae in
pilot'plant; coefficient of variation approximately 60 per-
cent.

Il Seott as reported by Kraus (12).

# Mean of five analyses from laboratory cultures of
E, gracilis,
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Fig. 3. Laboratory yields of algal cell material grown in
sewage at various detention periods.

made available by the algae. If a high degree of
sewage treatment is to he accomplished, excess
oxygen is required and the detention period should
approach I, even though a greater yield of algae
might be ohtained at D",

In the outdoor pilot-plant studies the relation of
detention periad to cell population of different spe-
cies was not determined because artificial control
of species is impossible. A growth tank inoculated
with 20 gal of E. gracilis culture was rapidly over-
grown by Chlamydomonas, which in turn soon gave
way to CGhiorella and Scenedesmus. These latter
two organisms were numerically dominant in the
experiments summarized in Table 4. These data
show the Chiorella population increasing with de-
tention peried and decreasing with tank depth,
while the Scenedesmus population increased with
both detention and depth. Chlzmydomonas and
Euglena were endemic in the culture but were un-
ahle to compete with the more rapidly growing spe-
cies. At longer detention periods such as 7 days at
the 12-in. depth {Table 4} Euglena increased until
the mass of its cell material was as great as that of
ather species in spite of its numerically small popu-
lation.

Figure 6 shows the relationship between deten-
tion period and average daily yield of algae at dif-
ferent tank depths. The dispersion of the curves
may be exaggerated somewhat because -sludge
settled to the bottom of the tank at the 6- and 12-
in. depths, leaving. the algae in an impoverished
liquid medium, whereas at the 2-in. depth there
was little opportunity for food stratification or
anaerobic bacterial decomposition of the settled
sludge, since it remained in the light and, hence,
was subject to photosynthetic oxygenation.

The variation in chlorophy!l content of the cell
material with detention period for various tank
depths is shown in Fig. 7. At the 2- and é-in. depths
the chlorophyll content increaged to a maximum,
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Table 4. Algal counts, total and by gehera at various depths and detention periods,

Algal population by species (cells/ml » 107)

Denth D;;i?{;:?n Total count Chiorella Scenedesmus  Chlamydomaonas Euglena
{in.} (days) {cells/ml x 10°%) . 8p. ip. sp.
2 0.75 4.06 3.54 0.40 0.12
1.25 3.00 1.68 L1 21
2.50 15.10 14.60 48 10 0.0l
5.00 4.99 3.80 .96 A4 04
g 0.92 1.56 0.52 1.04
210 2.62 1.34 1.28
310 4.80 0.90 3.90
5.15 8.62 3.80 4.62 20
12 1.50 1.72 0.98 0.49 .20 .01
3.00 1.82 1.08 72 .32
4.90 3.64 1.60 1.92 .06 .06
7.18 3.58 1.32 1.66 30 30

then drapped off, prohably owing to a combination
of photo-destruction of chlorophyll and decrease in
nutrients as detention periad increased bheyond 2
eritical point. This is consistent with the results of
laboratory experiments {3) using pure eultures of
C. pyrenoidosa at constant light intensity. The
continued increase, instead of a decrease, of chloro-
phyll at the 12-in. depth as the detention period
increased was probably due in part to light limita-
tions. Inasmuch as the 12-in. study was the last of
the series it was made in September and October,
when the amount of light is diminished. It is diffi-
cult to carrelate the yield shown in Fig, 6 for the 12-
in. depth and 1.5-day detention with the small
amount of chlorophyll contained by the cells grown
under these same conditions, as is shown in Fig. 7.
There is evidence, however, that at detention pe-
riods less than 2 days bacterial cell material may
contribute an appreciable part of the apparent
yield of algal cell material.

Observations to determine the effect of detention
period on BOD removal were made hoth in the
laboratory and in the growth tanks. In the labora-
tory BOD removal was not significantly affected by
detention period except at very high BOD loadings
corresponding to extremely short detention periods.
Under these conditions photosynthetic oxygenation
is limited. Pilot-plant results shown in Fig. 8 indi-
cate, however, that at the greater depths there may
be an optimum detention period for maximum
BOD removal. Maximum removal at the 2-in.
depth occurred at the shortest detention period
studied, but for greater depths larger detention
periods were required, probably because light be-
came limiting.

Light, depth, and energy conversion. Laboratory
studies have been previously reported (4) on the
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effect of varying light intensity in growing E. gra-
cilis at 25°C under a 7-day detention period in 2
sewage that had been sterilized and inoculated with
sewage bacteria. The findings included the observa-
tion that maximum algal population and maximum
dry weight yield of cells occurred at light intensities
between 400 and 1200 ft-ca. Chlorophyll per cell
was greatest for light intensities less than 400 ft-ca
and decreased rapidly to low amounts at intensities
above 800 ft-ca. Since cultures were developed
under unilateral llumination, and E. gracilis has an
elongated shape such that when it is pointed toward
ar away from the light source only a small portion
of the cell receives light, these values would seem
to be consistent with the values near 400 ft-ca sug-
gested by Myers (13, 14) as representing the satura-
tion intensity for single Chlovella cells—that is—the
intensity above which no further benefit is evident.

The apparent photosynthetic efficiency in pilot-
plant investigations was calculated by dividing the
light energy incident to a unit volume of culture, as
measured by the pyroheliometer, by the energy
bound up in the algal cells grown per unit volume.
Shading of the substrate surface by the high side
walls of the tank excluded about 40 percent of the
total daily light energy. The available portion of the
remainder averaged 103, 82, and 58 cal/em® per
day for the 2-, 6-, and 12-in. depths, respectively.
The energy content of the algal cells was deter-
mined by standard calarimetric methods.

Figure 9 shows the average apparent photosyn-
thetic efficiency in relation to detention period for
different depths. Each of the plotted- points repre-
sents from 4 to 7 determinations of the dry weight
of algae. It is possible that the high apparent photo-
synthetic efficiency at the shortest detention periods
may be deceptive because of direct assimilation of
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 Fig. 6. Average daily pilot-plant yields of algae as af-
fected by detention period and depth,

organic nutrients from the sewage by the algae as
well as hy the bacteria. A replot of the data of Fig.
9 in relation to depth is shown in Fig. 10, which
illustrates that the efficiency of solar-energy utiliza-
tion increases with depth.

The yields of algae shown in Fig. 6 for 2-) 6-, and
12-in. depths and different detention periods are
converted to energy yields and shown in Fig. 11 for
detention periods of 2, 3, 4, and 3 days. The energy
vield in the form of algae per cubic foot of sewage
1s greatest for the shortest detention period and the
shallowest depth. The algal cell energy vield de-
creases rapidly with both increasing depth and de-
tention, Comparing Figs. 10 and 11, it is seen that
maximum photosynthetic  efficiency occurs at
greatest depth, and maximum energy vield occurs
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at minimum depth. Thus, maximum efficlency in
utilization of light is obtained at sacrifice of effi-
clency in utilization of nutrients, and vice versa.
For maximum sewage treatment where the abject
is efficient utilization of nutrients, therefore, light
should not be limiting.

Yield of algae. The algal yields in sewage on an
acre basjs are quite high compared with normal
crop yields of plants on agricultural land. Figure 12
shows the vield in tons per acre per year for 2-, 6-,
and 12-in. depths and varying detention periods.
For the shortest detention periods at the 6- and 12-
in. depths, the respective yields are 336 and 33.6
tons/acre per year. The maximum yield at the 2-in.
depth is 22.3 tons/acre per year, which is consider-
ably below that for the two greater depths. It is
believed that if a detention of about 1 day instead
of 0.75 day at the 2-in. depth had been used, the
maximum yield might have been considerably
higher.

The yield of algae per unit area increases directly
with the loading of organic matter per unit area
until light becomes limiting. At the 6- and 12-in.
depths the rate yields were approximately 13
tons/acre per year for a BOD loading of 100
Ib/acre per day, and 35 tons/acre per year for the
maximum loading investigated of 420 lb/acre per
day. The high yields and loadings were near the
upper limit for light and detention time in the ex-
periment, but the degree of sewage treatment ac-
complished was reduced.
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If the yield per acre per year is analyzed in terms
of loading in pounds of BOT) per acre per day, it
will be seen that the yield increases with loading un-
til the light becomes limiting and the algae do not
increase sufficiently to provide the oxygen required
to keep the culture aerohic.

- There is evidence that yields can be improved by
keeping the substrate sufficiently turbulent to pre-
vent flocculent particles of organic food material
from settling to the bottom of the tank. This would
keep the bacteria and nutrients in close contact
with the algae and prevent anaerobic decomposi-
tion with its release of methane, which is not a
source of carbon for algae. Also, greater agitation
may improve the light utilization by the algae, as
concluded by Kok (13) in his studies of light inter-
mittency through turbulence.

Harvesting of algae. In the experimental inves-
tigation, centrifuging has been used for harvesting
the algae needed for the various studies. Present
centrifuge equipment does not appear to be satis-
factory from an economic standpoint for separating
the algae from the large volumes of liquid used in
growing algae in sewage. In laboratory experiments,
algae have been readily precipitated with alum as
a coagulant, forming an aluminum hydraxide-al-
gal floc. Studies are in progress to determine the
feasibility of separating and recovering the alumi-
num floc. Since the alum dosage required is rela-
tively large, this is desirable both because the mix-
ture would have decreased nutritive value, and be-
cause the recovered aluminum could be reused. It
is also possible that some flotation process might
permit separation of the algae from the water to an
extent such that spray drying might be accom-
plished.

Discussion. The information reported here, to-
gether with other laboratory data, shows that algae
will grow abundantly in sewage, utilizing nutrients
made available by aerobic hacteria which oxidize
the organic matter in sewage. Furthermore, this
algal growth will supply sufficient oxygen for the
bacteria and will produce large yields of cell mate-
rial high in protein content. It is evident, therefore,
that sewage may have important possibilities as a
low-cast nutrient for industrialized photosynthesis.
Assuming that algal cells can be economically
separated from the liquid, the growing of algae in
sewage would provide adequate sewage treatment
while reclaiming a large part of the organic mate-
tial contained in such a waste. The process, how-
ever, loses much of its value as a method of sewage
treatment if the algal cells are not removed. Pre-
sumably, efiluent containing large numbers of such
cells could be emptied into some watercourses
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where the rheological environment is such that the
cells will continue to live unti] reaching the ocean,
hut in general the practice would be impractical. In
some rivers, and in lakes or ponds, the load of de-
compasing organic matter occasioned by the death
of algae might place an excessive burden on the
oxygen resources of the water. The situation is made
particularly acute by the fact that there may be
more organic matter in algal cells than was in the
original sewage.

The exact amount of algal cell material] that can
be produced on sewage or other wastes depends
upon a number of factors, including the average
strength of wastes, amount of light available, the
temperature of the waste, and the depth and de-

tention period in the growth units. Present informa- '

tion indicates that growth units designed for from
1.5- to 3-day detention periods, depending on the
season of the year, can be operated satisfactorily
for the purpose of converting organic and other
nutrients into algal cell material. Evidently depths
should be quite shallow, probably from 6 to 12 in.
in winter in moderate climates, and from 12 to 18
ir. or possibly deeper in summer. The most eco-
nomical detention period and depth would he re-
lated to land values as well as to conditions for apti-
mum algal production.

To what extent algae <uuld be grown in sewage
during the winter in cold climates is not known,
although it seems certain that growth would be
small where growth units were subject to freezing.
It is known that climatic conditions would permit
year-round growing of algae on the Pacific Coast
and in the southern half of the United States, and
it is helieved that algae could be grown in sewage
during 6 months of the year in most other sections
of the country.

The value of algal cell material is an important
item in evaluating the process of treating sewage by
growing and harvesting algae, At the present time
the degree of sewage treatment necessary to pro-
duce an effluent of the quality obtainable by growing
and harvesting algae costs from 23 to 60 dollars per
million gallons of sewage. It is estimated that algal
cell material might be worth approximately 2
dol/ton per percentage unit of protein as a protein
supplement for animal feed. At 50 percent protein,
this amounts to 100 dol/ton. If, as it now seems
possible, from %4 to 1 ton of algae can he produced
per million gallons of sewage under good operating
conditions, there would be around 150 dollars per
million gallons to pay for treating the sewage and
marketing the algal product. 1t is estimated that
growth units could be built for much less than other
sewage treatment facilities, the major problem then
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Fig. 12. Yield of algae per acre of land area as a fune-
tion of detention period for varigus depths.

being the development of an economical method
for remaving the algae from the liquid.

Estimates (76} indicate that the total annual
land photosynthate in the United States has an
energy content of about 15 x 1('* kw hr. Of this
2.32 10" kw hr is processed for all purposes, in-
cluding 1.25 % 10** kw hr processed for foed pro-
duction. Of that pracessed for food only 0.13 x 102
kw hr is actually consumed. About 0.06 x 102 kw
hr is disposed of as domestic sewage, although this
quantity is increasing as the growing use of garbage
grinders has the effect of transferring greater
amounts of food wastes from the refuse can to the
sewer. In addition, the amount of organic matter
in industrial processing wastes probably approaches
that of human wastes. The foregoing values in
terms of energy do not represent the total enery
content. By utilizing the fertility value of these
organic materials as substrate. for algal growth,
much additional arganic matter is created by photo-
synthesis, Moreover, this organic matter has a
greater energy content per unit of weight than had
the waste organic materials. Thus, the resultant
material has a total fizxed energy content much
greater than the original waste from which it was
produced. One indication of the fertility of the
material discharged in American domestic sewage
each year is its content of fixed nitrogen and phos-
phorus. This amounts to some 2.3 % 10% b of nitro-
gen worth about a quarter of a billion dollars, and
perhaps ene-quarter as much phosphorus annually.

In the viecinity of metropolitan areas land suitable
for sewage reclamation by algal culture may impose
economic limitations on the process. It is possible
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that algal growth umits could be developed on
waste land such as tida] flats or swamp areas. How-
ever, since potential vields of algae are from 10 to
20 times those now obtained from cultivated land,
it may not be difficult to justify the use of rather
expensive land for this process.

Sewage and organic industrial wastes represent a

siologists, Boston, 29 Dec. 1953, Qther papers on
this same general subject will appear in subsequent
issues. The study reported in this article was aided
by a grant fram the National Institutes of Health,
U. 8. Public Health Service, together with funds
pravided by the University of California. The authaors
express their gratitude to P. H, McGauhey, Edwin
W. Lee, Richard Hee, Carol Lopas, Jerome F.
Thomas, Gerbard Klein, and M. B. Allen for their
gererous assistance.
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source of valuable raw materials, the quantity of g,
which will inerease in parallel with the growth of {1953]
the earth’s population. In a world that is poor in 7
proteins, with untold millions of undernourished s,
people and declining fixed energy sources, it would 9
seem that the reclamation of arganic wastes by algal ‘
culture has a hopeful future.
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Transition
O, insatiate breast af
Mother Earth,
Giger of life in myriad forms,
Receive with infinite care
This part of him
We knew as father—friend
Ta all thy children.
This part of him transmute
In your magic crucible,
Returning him to us
In sunset, flower, tree
And eloud.
Tha rest of him
Wil rest with us
Forever undistilled.
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