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Chapter 6

MANAGEMENT OF AUTOTROPHIC MASS CULTURES OF
MICRO-ALGAE
D.F. TOERIEN, J.U. GROBBELAAR and RD. WALMSLEY

called “clean cultures”, or on wastes or effluents.
In the latter case the product contains not only
algae, but also other organisms, notably bacteria,
and is referred to as algal—bacterial biomass (Soe
der, 1980). The “clean culture” systems may fur
ther be sub-divided according to their mode of
growth as autotrophic (production by photosyn
thesis alone), mixotrophic (production by photo
synthesis and heterotrophy) and heterotrophic
modes (production by heterotrophy alone) (Sten
gel, 1970). We are limiting this discussion to auto
trophic “clean culture” systems.

INTRODUCTION

Interest in the mass cultivation of micro-algae as
feed and foodstuff has existed since the turn of the
century (Robinson and Toerien, 1982). Experi
ments using algae in photosynthetic research (Warburg, 1919) also led to an appreciation of the
rapidity of growth of certain micro-algae. Algal
mass-culture research was initiated in the 1940s,
first in Germany (Harder and Von Witsch, 1942)
and later in many other countries including The
Netherlands (Wassink et al., 1953), Japan (Ta
miya, 1957), Czechoslovakia (Necas and Lhotsky,
1967), Rumania (Vendlova, 1969), the Soviet
Union (Gromov and Pinevich, 1972), France
(Clement, 1975), Belgium (De Pauw et al., 1980),
India (Becker and Venkataraman, 1980), Israel
(Shelef et al., 1980), Italy (Balloni et al., 1980),
Mexico (Durand-Chastel, 1980), Peru (Castillo
et al., 1980), South Africa (Toerien and Grobbe
laar, 1980), Taiwan (Soong, 1980) and the United
States (Oswald, 1982).
Current interest in algal mass cultivation is not
confined to the production of single cell protein
but also includes the use of algae in waste-water
treatment (Oswald and Golueke, 1968; Shelef
et al., 1976), in aquaculture (Persoone and Clause,
1980), in closed life-support systems as in space
travel (Oswald et al., 1965), in the production of
fine chemicals (Aaronson et al., 1980) and health
food (Kawaguchi, 1980), and in the bioconversion
of solar energy (Goldman and Ryther, 1977; Ashare et al., 1978).
Algal mass-cultivation technology varies from
the extremely unsophisticated to the highly sophis
ticated (Soeder, 1980). Mass cultivation systems
are operated on defined or semi-defined media

TYPES OF MICRO-ALGAE

Certain micro-algal species tend to dominate in
mass-culture systems, regardless of which algae are
used as inocula (Goldman, 1979a). These include
the “weed” species of the genera Chiorella, Micrac
linium and Scenedesmus in fresh-water systems and
Phacodaclylum and Skeletonerna in marine systems
(Goldman and Ryther, 1976; Goldman, 1979a,
1980). However, in “clean culture” systems a single
algal type can be maintained over extended periods
as, for example, Scenedesmus obliquus (Stengel
and Soeder, 1975), Coelastrum probiscideum (Soe
der, 1978; Mohn, 1982) and Spirulina platensis
(Vonshak et al., 1982). For instance, Coelastruin
probiscideum was cultured continuously on a semitechnical scale in Germany for at least seven years
(Soeder, 1978).
The use of extreme environmental conditions
tends to select for specific algae. For example,
—
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Dunaliella is produced in highly saline conditions
(Aaronson et al., 1980), and Spirulina in highbicarbonate environments (Clement, 1975; Durand
Chastel, 1980). High temperatures could select for
thermotolerant algae, although mesophilic algae
such as Scenedesinus acutus, which have a laboratory
temperature limit of 34 to 35°C, can survive shortterm heating to 42°C (Stengel and Soeder, 1975).

DESIGN OF CULTURE UNITS

Culture units currently in use vary from small
experimental units (Goldman and Ryther, 1975;
Grobbelaar, 198 Ia) to large ponds of several or
many hectares in area (Shelef et al., 1978; Durand
Chastel, 1980). Whereas early work was concerned
with the reliability of cultivation units, the empha
sis is now on energy-saving designs (Soeder, 1981).
Designs include horizontal raceways (Shelef
et al., 1978), sloping cascade systems (Setlik eta!.,
1970), sloping raceways (Heusler eta!., l978a),
circular ponds (Kanawawa et al., 1958; Goldman
and Ryther, 1975), long troughs with flat or zig-zag
bottoms (Morimura eta!., 1955; Clement et al.,
1980), U-shaped ponds (Ben Amotz and Avron,
1980), tubular systems (Burlew, 1953), and ponds
covered with transparent plastic (Walmsley et al.,
1981).
Two most important considerations in the de
sign of mass algal cultures are culture depth and
agitation. Circulation or turbulence prevents sedi
mentation, allows contact of cells with nutrients,
and improves light utilization (Persoone eta!.,
1980). For autotrophic production a water depth
of 15 to 20 cm and paddle-wheels for agitation are
recommended (Soeder, 1981). Pumping is more
suitable for deeper cultures (Setlik et al., 1970;
Goldman and Ryther, 1976).
Algal mass-culture units are designed and oper
ated to maximize the utilization of sunlight energy
(Soeder, 198!). A major disadvantage in algal
biomass production is the low-energy flux of sun
light (Myers, 1977), Photosynthesis is limited by:
(1) its dependence on visible light (photosyntheti
cally active radiation or PAR) which is about 45%
of total solar radiation; (2) reflectance losses
(10—20%); (3) a maximum possible quantum effici
ency (about 25%); and (4) metabolic losses. A wide
variety of pond designs are thus used in mass

cultivation of autotrophic algae. No clear coi
sus exists at present about an optimal d
(Robinson and Toerien, 1982).

FACTORS AFFECTING PRODUCTIVITY

A multitude of factors determine the prodt
ity of algae in algal mass-cultivation sys
(Goldman, 1979a,b, 1980). The success of
mass cultivation is dependent upon yield optir
tion.
Yields
Average yields of IS to 25 g m2 day~ a
weight in open ponds are now common, comj
with yields of about 2 to 15gm”2 day”’ att~
in the !950s and early l960s (Goldman, 197
1980; Soeder, 1980). Maximum yields att~
over short periods are in the range of 30 to
m”2 day”1 (Goldman, 1979b, 1980) but yiel
up to 54g m”2 day’ have also been rep
(Heusler eta!., l978a; Grobbelaar, l98la, I
Bassham (1977) suggested that higher maxi
yields are still possible.
A distinction must be made between gross
which is the increase in algal biomass per
surface area per unit time, and net yield,
represents the actual yield in terms of final pr
per unit surface area per unit time (Soeder, I
The difference may be from 25 to 30% of the
yield for pond areas of 0.1 to 0.2 ha and 10’
pond surfaces of 6 ha (Soeder, 1980). Operal
losses during harvesting and processing, par
infections, and unavoidable standstill p~
needed for maintenance and/or cleaning are c
of this difference (Soeder, 1980).
The yields of “closed” ponds, covered
transparent plastic (Fig. 6.1), were investigat
Walmsley and Shillinglaw (1984). A por
lOOm2 operated for a year with a fixed retc
period of four days gave a mean yield of 10
day 1, whilst the average of peak value~
approximately 15 g m’2 day”’. In minip
they found that yields ranged from 7.9 g
day”’ (retention period = 12 days) to 16.6
day
(retention period = 2 days) for sy
covered with a single layer of plastic.
The net yields that may therefore be ext
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light intensity. Productivities of “closed” ponds
were consistent with an I, value of 0.02 cal cm2
min
Van Vuren and Grobbelaar (1982) re
ported I, values of about 7% of full sunlight for
green algae selected for use in “open” algal ponds.
Similarly, the roles of photorespiration, light
inhibition and respiration as factors controlling
productivities should be clarified (Goldman, 1980).
Shelef et at. (1978) postulated that respiration
losses are probably negligible, while Grobbelaar
(l981b) suggested that they may exceed 10% in
some cases.
Photoinhibition and photorespiration might not
be overly important in algal mass cultures (Gold
man, 1980), but structural changes were detected in
the thylakoids (lamellar photosynthetic structures
within the algal chloroplasts
see Fig. 6.2) of
green algae in “closed” ponds after a few hours of
exposure to sunlight (SN. Shillinglaw, unpubl.
data). Ryther (1956) estimated that light inhibition
was detected in marine algae at approximately
10% of full sunlight intensity. Studies of primary
production by ‘4C assimilation assays suggested
that photoinhibition can occur at the surface of
algal mass cultures when static assays2 are used.
However, the highly turbulent conditions in such
systems could prevent photoinhibition from occur
ring, and some dynamic ‘4C assays should be
performed to test this hypothesis.
The use of a number of “closed” miniponds,
which could be covered with varying layers of
plastic material, enabled interesting studies of
light—production relationships (RD. Walmsley,
unpubl. results). Enclosure of a pond with one
layer of “Uvidek” plastic reduced production only
fractionally (less than 3.5%), despite a 20% reduc
tion in light supply. The light saturation character
istics of the algal photosynthetic system could have
been the cause of this phenomenon.
~.

Fig. 6.1. “Closed” algal ponds at the University of the Orange
Free State, Bloemfontein, South Africa. Left:
m1 pond;
right: some of the miniponds.

too

from “open” autotrophic algal ponds range from
25 to 80 t ha’ yr1 (Soeder, 1980). Enclosing
ponds with plastic will apparently not adversely
affect yields because production is stimulated by
enclosure which elevates the water temperature.
Light
The productivity of algae in autotrophic masscultivation systems should be a function of ir
radiation. Castillo et al. (1980) found a linear
relationship between yield of Scenedesmus and
irradiation. Significant linear relationships were
also found for “open” (Mostert, 1982) and “closed”
systems. Goldman (I 979b, 1980) developed a model
of productivity and irradiation (see also Tamiya
et al., 1953) which suggests a non-linear relation
ship between yield and irradiation, with yields
levelling off at high irradiances. Application of the
Goldman model to the results with “closed” ponds
resulted in an excellent agreement between
predicted (I) and observed (1’) production values
(Y= 0.911+ 1.29, ii = 11, r2 = 0.97) (Walmsley
and Shillinglaw, 1984). More data are needed to
resolve the linearity or non-linearity of the relation
ship.
Goldman (1980) pointed out that his model is
sensitive to the magnitude of I,, the light saturation
constant used in the model1. Goldman (1979b,
1980) used values ranging from 0.02 to 0.06 cal
cm2 min’ for I,, and he suggested that too little
is at present known about this constant; it should
be estimated from data on the relationship between
growth rate and light intensity, or productivity and

—

‘Saturation light intensity (1,) is the maximum light intensity
that can be accommodated by the photosynthetic apparatus.
when the prevailing intensities are higher than saturation, the
excess light is not used, and the photosynthetic activity proceeds
at a constant level corresponding to that of I, (Shelef et al.,
1968).
2Static assays refer to incubations where a bottle is maintained
at a fixed depth, whereas in dynamic assays all bottles are
rotated throughout the water column for the full period of the
assay.
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Fig. 6.2. Internal structures of algae from outdoor cultures. A. Overnight in dark. B. Afler 4 h in light (c. 2000 pEinsteins m2
P — pyrenoid; N= nucleus; C — chloroplast with T= thy]akoids or lamellar photosynthetic structures, S = starch granules. (Pho
SN. Shillinglaw)

Estimates of the efficiency of conversion of
solar energy into algal biomass vary considerably.
Pirt et al. (1980) reported some very high efficien
cies for laboratory cultures, but Benemann et al.
(1977) and Bassham (1977) postulated maximum
efficiencies of between 5 and 6.6% for the use of
photosynthetically active radiation (PAR), with a
concomitant average annual productivity of 61 g
m2 dayt in the United States. The latter esti
mate is equal to the maximum possible yields
postulated by Goldman (1979b, 1980). Radmer
and Kok (1977) reported maximum efficiencies in
the use of PAR of 10 to 12% under the most ideal
conditions, but in most aquatic systems efficiency
rarely exceeds 1 to 2%, primarily because other
factors such as nutrients are limiting. Maximum
yields observed by Grobbelaar (1982) were consis
tent with PAR utilization efficiencies of about
8%. However, the average yield values observed
for the “open” systems used by Grobbelaar corre
sponded with efficiencies of 2.0 to 3.1% (Mostert,
1982). The light utilization efficiency increased in
covered ponds to a maximum value of 5.8% as
the number of plastic layers was increased,

thereby decreasing light availability (Walrt
and Shillinglaw, 1984).
Temperature
Temperature and light are both growth-lim
to algal mass cultures in winter, as show:
geographic locations such as Massachus
(U.S.A.), Belgium, Israel and Germany, becau
cloud cover and low temperatures (De Pauw e
1978; Shelef et al., 1978). Goldman and R3
(1976), Goldman (1977) and Payer et al. (1
postulated that temperature is probably nc
important as light in controlling maximum p
tial productivity. However, Goldman (l980~
rived an equation:
F’

=

0.087 db (1.066)2(

where F’ is maximum productivity per unit su
area, ~i is depth of the culture, b is an empi
constant and t is temperature in °C, to describ
influence of temperature. Castillo et al. (1980~
Mostert (1982) reported linear relationship~
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tween yields of “open” algal mass-cultivation sys
tems and culture temperatures. Open, covered,
and open heated miniponds were used by WaIm
sley and colleagues to elucidate the role of tem
perature in algal mass cultures. The covered
minipond had temperatures higher than those of
the open minipond, but the temperatures of the
open heated pond were electronically regulated to
be the same as those of the covered pond. The
difference in productivities between the covered
and open heated miniponds were very small, but
the productivity of the open pond was 10 to 48%
lower than those of the other ponds. Temperature
was evidently an important controlling factor in
these miniponds, during both the summer and
winter.
Castillo et al. (1980), Mostert (1982) and Gel
denhuys (1983) presented evidence of interrela
tionships of algal productivities with both light
and temperature. Although such interrelation
ships may be spurious (e.g. the highest produc
tivities are encountered in summer, when both
temperature and light have high values), never
theless true interrelationships may exist. For in
stance, the light-saturated productivity of algae is
probably a function of temperature only (Harris,
1978, 1980; Stegmann, 1982). Consequently, I,
must also be a function of temperature (Harris,
1978; Stegmann, 1982). The net result of the
above would be an interdependence of productiv
ity on both light and temperature. The mathemat
ical model developed by Grobbelaar (1981b, 1982)
predicts such an interdependence, and the results
of Vonshak et al. (1982) for Spirulina platensis in
mass culture confirmed this trend. Their wellstirred cultures never reached light or temperature
saturation, even in summer in the Negev desert of
Israel, In “closed” ponds the “heat trap” effect
and resultant maximum temperatures are of con
cern. In such ponds, summer water temperatures
exceeded 45°C at times, but the cultured algae
(mainly Ankistrodesnius, Chiorella and Scene
desmus species) were capable of maintaining rea
sonable production rates (>10 g m’2 day~)
(Walmsley et al., 1983). Temperature is evidently
more important in algal mass culturing than
envisaged by Goldman (1980). However, he
considered temperature to be of critical impor
tance in controlling species competition in mass
cultures.

Nutrients
When nutrients are provided in excess and light
is the growth-limiting factor, most algal species
display a remarkable consistency in their chemical
composition: 45 to 50% carbon, 8 to 10% nitrogen
and 1% phosphorus (Goldman, 1980). The high
carbon content of algae necessitates a carbon
dioxide supply for the mass cultivation of autotro
phic algae. The average demand is about 45 g CO2
m’2 day’ (Soeder, 1980), but is dependent on the
yield achieved. Carbon dioxide supply for mass
cultures is usually expensive, and the most suitable
sources are combustion gases and the waste gas
from fermentation processes (Soeder, 1978). Car
bon dioxide utilization in “closed” cultures ap
pears to be more efficient owing to prevention of
atmospheric losses (Robinson and Toerien, 1982),
which can also be reduced by adding the gas
through special apparatus (Heusler et al., 1978b).
In experimental systems carbon dioxide supply on
demand can be used to maintain preselected pH
values (Grobbelaar, 198 Ia).
The supply of nitrogen and phosphorus com
pounds to mass cultures of autotrophic algae must
be in the range of 1.6 to 6.5 g N m2 day ‘ and 0.2
to 0.83 g P m2 day” (Robinson and Toerien,
1982). In terms of concentration, nitrogen supply
has varied from 25mg 1 ‘ (Shelef et al., 1980) to
5000mg I_i (De Pauw et al., 1980). Mostert (1982)
reported optimal nitrogen concentrations in the
input water to “open” mass cultures of 25 to 50mg
1
but Byster (1976) reported a value of 350 mg
r1 for Chiorella sorokiniana cultures. Mostert
(1982) found that a ratio of nitrate to ammonium
nitrogen of 3:1 yielded higher productivities than
when either form of nitrogen was supplied alone.
Geldenhuys (1983) evaluated the optimal supply
of nitrogen and phosphorus to “closed” cultures
and recommended 30mg NI-1 (or 1.89 g N m’2
day’) and 4.5mg Pl~ (or 0.28 gP m”2 day’~).
He also found that all the phosphorus in dissolved
superphosphate and the nitrogen in dissolved urea
fertilizers are available to algae. Superphosphate
was an adequate source of microelements for algal
mass cultures, but urea and tap water were not
(Geldenhuys, 1983). Tap water together with fertil
izers also supplied sufficient of all other major
nutrients needed by the algae (Grobbelaar, 1979;
Geldenhuys, 1983).
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Algal population density
Optimal productivities in mass cultures are de
pendent upon optimal concentrations of algal
biomass (i.e., optimal areal densities) (e.g. Grobbe
laar, l981b, 1982). Optimum areal density is a
function of culture depth, and Grobbelaar (1981b)
determined from a model that an areal density
range of 16 to 22 g C m2 was required for
maximum productivity. This optimal areal density
range has been confirmed in outdoor experiments
where the cultures were maintained at a preselected
areal density by daily dilutions with fresh nutrient
medium (Grobbelaar, unpubl. results). Vonshak
et al. (1982) found that population density was a
major factor in the production of Spirulina platen
sis. The photosynthetic capacity, the specific respi
ration rate and the specific growth rate decreased
with increased population densities, whilst the
productivity peaked at a population density be
tween 300 and 400 mg 1
(Vonshak et al., 1982).
Optimal population densities also coincided with
the highest concentrations of oxygen in ponds, and
Vonshak et al. (1982) indicated that oxygen con
centration is a sensitive indicator for detecting
divergence from steady state (culture deteriora
tion).

and Ryther (1975) and D’Elia et al. (1977) repo
an inverse linear relationship between cell con
tration and growth rate.
Optimal growth rates (Goldman, 1980) and
mal population areal densities (e.g. Grobbel
1982) probably reflect the same underlying i
nomenon, namely optimal light absorption in
mass cultures.
Turbulence
Turbulence is important in mass cultivation
a number of reasons: (a) prevention of sedime
tion; (b) the recurrent exposure of algal cell
light; and (c) improving nutrient exchange bet~
algal cells and the medium by eliminatior
nutrient gradients. Water movement in mass
tures varies from a few centimetres per secon
50cm s’ (Soeder, 1981; Walmsley et al., iS
Grobbelaar (unpubl. data) investigated thee
on productivity of three rates of water mover
25, 37 and 57 cm ~ Overall, there was
evidence of differences in productivity with di
ent rates of stirring (Fig. 6.3). Goldman (I
indicated that knowledge of the effects of tu
lence on parameters such as I, might be impol
in the optimization of algal mass cultivation.
—

Residence time (algal growth rates)

Infections

Under light-limiting conditions, productivity
will be maximal at some specific growth rate (or
residence time) of a mass culture. At lower or
higher residence times the productivity will be less.
Thus, productivity has a bell-shaped curve with
respect to growth rate (Goldman, 1980). Goldman
(l979b) postulated that the optimum growth rate
(or maximum yield) defines the condition of practi
cally complete light absorption over the entire
culture depth. Eppley and Dyer (1965) and Oswald
(1970) postulated that the optimum growth rate
for maximum productivity was 50% of the maxi
mum algal growth rate. Goldman and Ryther
(1975) and D’Elia et al. (1977) offered support for
these concepts.
In “closed” cultures, evidence was obtained for a
skewed bell-shaped curve as the relationship be
tween productivity and growth rate, but the in
crease of biomass concentration with growth rate
was non-linear (Walmsley et al., 1983). Goldman

Outdoor mass cultures of algae are subje
infections by bacteria, fungi, foreign algae or ii
tebrates (Grobbelaar, l981b). Not much has
published on this topic (Gummert et al., I
Heusler et al., 1978b), which was reviewed by
and Chutter (1981).
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Fig. 6.3. Productivity as a function of turbulence and ret
period in outdoor algal cultures.
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Bacteria (Heusler et al., 1978b; Grobbelaar,
1981b) and microscopic fungi occur in algal mass
cultures. Protozoa and rotifers are almost always
present in outdoor mass cultures. Rotifers were not
a problem in “open” cultures in Germany (Soeder,
1980) but caused difficulties in South Africa (Grob
belaar, 1981b). Serious infections were not ex
pected in “closed” algal cultures, but rotifers and
protozoa were commonly present. Chironomid
larvae were also a pest in “closed” as well as
“open” systems. Grobbelaar (1981b) showed that
algae were digested during passage through the
guts of chironomid larvae (Fig. 6.4). He also
showed that invertebrates such as the protozoan
Stylonychia can cause shifts in algal species by
grazing upon one type of algae but not on another
(Fig. 6.5).
Infections may be controlled by pesticides or pH
changes (Payer et al., 1976, 1980). Grobbelaar
(l981b) suggested that infections can be controlled
in four ways: (1) by maintaining optimal condi
tions for algal growth; (2) by the use of chemical
agents such as “Mercaptothion”, though the best
drug will have to be established by trial and error;
(3) by physical methods for removing unwanted
organisms, such as the use of 50 jam screens; and
(4) by shock treatments which do not affect algae,
such as cooling to below 5°C during winter, acidifi
cation to a pH of 3.5 with an organic acid followed
by neutralization after a few hours, or allowing the
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Fig. 6.5. Selective feeding of Stylonychia sp. on algae. Scenedes
allis cells are present (A), but not ingested by the animal (B).
Only Chiorella cells are ngested. (After Grobbelaar, 1981b.)

cultures to become anaerobic. Through these tech
niques, clean cultures may be maintained for
months on end.
The invasion of “clean” cultures by foreign
algae is also a problem since the maintenance in
mass cultures of unispecific populations, except
under extreme conditions such as salinity (e.g.
Dunaliella), has largely been a failure (Goldman,
1980). Precise understanding of the mechanisms
controlling population shifts is still lacking, but
factors such as temperature (Goldman, 1980) and
predation (Grobbelaar, 198lb) are important.
Geographical location
The geographical location partly determines the
light and temperature regimes which will be experi
enced (Robinson and Toerien, 1982). In general,
semiarid and/or arid regions with high solar radi
ation and hot climates are well suited to algal mass
cultivation, though evaporation rates may be high
in these areas. “Closed” cultures reduce evapora
tion to almost nil whereas open cultures may lose
as much as 9.8mm day1.

MODELLING PRODUCTIVITY

Fig. 6.4. Ingested algal cells in the gut of a Chironornus larva.
Some cells (B) are being digested. (After Grobbelaar, l981b.)

Goldman (1979b) proposed a model based on
equations developed by Van Oorschot (1955),
Ryther (1959) and Shelef et al. (1968) to predict
gross yields in algal mass cultures. The model
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predicts an upper limit of about 60 g m 2 day1
for algal mass cultures. This model does not take
processes such as respiration, photorespiration and
photoinhibition, or temperature influences, into
account.
Grobbelaar (1981b, 1982) developed a determin
istic model in which a number of factors, such as
efficiency of light utilization, respiration, excretion,
and interaction between temperature and light
were reflected. His model was verified during ex
periments lasting over 56 h. He stressed that respi
ration or other loss factors could be much more
important than generally believed.
The large number of assumptions (Robinson
and Toerien, 1982) in the model of Goldman
(1979b), and the fact that factors such as temper
ature are ignored in the model, suggest that the
approach followed by Grobbelaar (1981b, 1982)
should be developed further.

PRODUCT QUALITY

When nutrients are provided in excess and light is
the growth-limiting factor, most algal species display
a remarkable consistency in their chemical composi
tion: 50% protein, 30% carbohydrates and 15%
lipids (Myers, 1957; Goldman, 1980). However, in
some algae and under other limitations, the composi
tion of algal cells can vary much more (Spoehr and
Mimer, 1949; Miyachi et al., 1977; Dubinsky et al.,
1978; Shifrin and Chrisholm, 1980; Robinson and
Toerien, 1982).
Crude protein in mass-cultured algae varies
from 36 to 74% when nitrogen is not limiting
(Robinson and Toerien, 1982). However, when
nitrogen is growth-limiting, the crude protein con
tent of “open” cultures may be as low as 5%
(Mostert and Grobbelaar, 1981). The protein con
tent of micro-algae can be manipulated by varying
the nitrogen concentration in the feed water (Most
ert and Grobbelaar, 1981). Mostert (1982) found
an inverse relationship between protein and car
bohydrate content of micro-algae when she manip
ulated the nitrogen input into mass cultures.
Climate and temperature (Soeder, 1980), light in
tensity and quality (Miyachi et al., 1977), and
potassium concentration (Van Vuren and Grobbe
laar, 1982) also influence the protein content of
micro-algae. Algal cells produced in “closed” mass
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cultures did not differ materially in compos
from those produced in “open” cultures (Gel
huys, 1983).
Micro-algal biomass is usually low in sulp
containing aminoacids (Soeder, 1979), but
problem might be overcome by managing cu
conditions, strain selection or genetic manipuft
(Soeder, 1981). The fact that a high-methic
strain of Chiorella was isolated (Cacco and Fei
1975) is a positive indication in this direc
(Soeder, 1981).
Cell walls contain complex polysaccha
(Pabst, 1978) and represent about 10% of m
algal biomass (Soeder, 1979). These carbohyd
could be cellulose, mannans and xylans (So
1979; Aaronson et al., 1980). Starch and
carbohydrates act as storage products in
(Soeder, 1979; Aaronson et al., 1980), but
carbohydrate digestibility of algal biomass m~
low (Heusler et al., 1978c) due to both physica
chemical barriers to digestion (Moraine
1979; Soeder, 1981).
The lipid content of micro-algal bioma
usually not high (<15%), but in some cases c;
as much as 53% of dry weight, and indica
potential for production of lipids and oil
micro-algae (Aaronson et al., 1980). Some
chain fatty acids can be present in algae (Sc
1979, 1981). The lipid content (14.6% avera~
micro-algae cultured in closed ponds (Gelden
1983) was very similar to that of “normal”
cultured in open ponds. Pigments such as ch
phylls and carotenoids constitute 3 to 5(
micro-algal biomass (Soeder, 1981). These
ments could cause colouring problems in
diets (Walz et al., 1975). At low dosages in ch
feed, micro-algae improve the colour of the y
eggs, but high levels can lead to overpigmeni
(Soeder, 1981). Micro-algae grown in “ci
miniponds usually had chlorophyll a. conc
tions between 1.0 and 3.0%, values which d
differ from those grown in “open” cultures
denhuys, 1983).
Micro-algae contain appreciable quantiti
nucleic acids which could pose health hazai
humans (Kofranyi, 1978; Soeder, 1979). Noi
tein nitrogen contents of micro-algae gro’
“closed” algal ponds do not appear to
appreciably from those grown in “open”
(Geldenhuys, 1983).
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NUTRITIONAL ASPECTS

Systematic studies in Germany indicated that
the nutritive value of green micro-algae depends
largely on processing technology (Kraut et al.,
1966) and that Scenedesinus, as an example, is an
excellent protein source for humans (Kofranyi and
Jekat, 1967; Muller-Wecker and Kofranyi, 1973).
Similarly Spirulina was shown to be an excellent
source of protein in Mexico (Durand-Chastel,
1980).
Certain Chiorella, Scenedesmus and Spirulina
species are free from specific toxins (Soeder, 1981),
and long-term feeding studies suggest that algae
produced in “clean” cultures are toxicologically
safe (Pabst et al., 1978). However, humans cannot
use unlimited quantities of algae because of a build
up of uric acid with concomitant adverse health
effects (Becker, 1978). A further problem is the
accumulation of environmental pollutants such as
toxic minerals and polycyclic hydrocarbons in or on
mass-cultured algal material. These pollutants
originate from fertilizers, air or water pollution
(Soeder, 1980). Enclosing cultures under plastic
prevents pollution with dust and probably other
environmental pollutants.

MANAGEMENT OF AUTOTROPHIC SYSTEMS

Technology for mass cultivation of algae may be
extremely unsophisticated, like a simple ditch in
India where a dense growth of Spirulina grows on
fermented cattle manure, is stirred occasionally
with a broom handle, harvested by cloth filtration
and dried in the sun (Venkataraman, 1978; Venka
taraman et al., 1980). On the other hand, in Japa
nese Chiorella factories, mass culture vessels with
automatic controls are seeded from sterile stocks,
cells are harvested by centrifugation, and the prod
uct is washed and finally freeze-dried (Kawaguchi,
1980). The technologies employed range from a
state close to subsistence agriculture to elaborate
biotechnology (Soeder, 1980).
The prime operational purpose of any mass
culture is to optimize the rate of production rates
of the alga as biomass or as a source of fine
chemicals. This presupposes a predictive capability
about such mass cultures.
Quantified predictive capabilities (mathematical
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models) have been developed for certain aspects
(Goldman, 1979b, 1980; Grobbelaar, 1981b, 1982),
but are lacking for others. For instance, it seems to
be extremely important that the correct areal densi
ties of micro-algae are used (Grobbelaar, 1982;
Vonshak et al., 1982). Grobbelaar (1982) postu
lated through his mathematical model that the
optimal areal density for maximum productivity is
from 16 to 22 g C m2. Below this level, productiv
ity is extremely sensitive to small changes in the
areal density, whereas at higher values the same is
not true. To deal with the occasional adverse
conditions that are encountered in any mass-culture
situation, it would be better to operate at or just
above the optimal areal density, rather than just
below it. Mathematical models are thus extremely
helpful in delineating operational strategies and
optimizing the design of systems. Unfortunately no
mathematical model can predict the invasion of a
culture by other organisms. Consequently frustra
tion may result if a specific alga is to be masscultured, unless it has some extreme tolerance to
one or more environmental variables. In such cases,
trial-and-error solutions based also on the experi
ences of other workers will have to be developed.
Management of autotrophic micro-algal mass
cultures is not yet a fully developed science. How
ever, we hope that this account has highlighted,
not only the advances which have been made, but
also the lack of knowledge in many important
areas. The high productivity and other desirable
characteristics of micro-algae still make them a
fascinating subject for research and a potential
source of proteins or other chemicals to man.

ACKNOWLEDGEMENTS

The financial support of the University of the
Orange Free State, the Council for Scientific and
Industrial Research and of Sentrachem for our
algal mass-culture studies is gratefully acknowl
edged.

REFERENCES
Aaronson, S., Earner, T. and Dubinsky, 5., 1980. Microalgae as
a source of chemicals and natural products. In: G. Shelef
and C.). Soeder (Edkors), Algae Biomass: Production and

120
Use. Elsevier/North-Holland Biomedical Press, Amster
dam, pp. 575—601.
Ashare, E., Augenstein, D.C., Sharon, AC., Wentworth, R.L.,
Wilson, E.H. and Wise, DL., 1978. Cost Analysis of Algae
Bioo,ass Systems. Dynatech R/D Co., Cambridge, Mass.,
Report No. 1738.
Balloni, W., Filpi, C. and Florenzano, G., 1980. Recent trends
in the research on wastewater reclamation by photosyn
thetic bacterial and algal systems. In: G. Shelef and C.J.
Soeder (Editors), Algae Biomass: Production and Use.
Elsevier/North-Holland Biomedical Press, Amsterdam,
pp. 217—227.
Bassham, J.A., 1977. Synthesis of organic compounds from
carbon dioxide in land plants. In: A. Mitsui, S. Miyachi,
S. San Pietro and S. Tumura (Editors), Biological Solar
Energy Conversion. Academic Press, New York, N.Y.,
pp. 151—165.
Becker, LW., 1978. The legislative background for utilization
of microalgae and other types of single cell protein. In: C.J.
Soeder and R. Binsack (Editors), Microalgae for Food and
Feed. Ergebn. Lin,nol., II: 56—64.
Becker, E.W. and Venkataraman, LV., 1980. Production and
processing of algae in pilot plant scale: experiences of the
Indo-German project. In: G. Shelef and C.J. Soeder (Edi
tors), Algae Biomass: Production and Use. Elsevier/North
Holland Biomedical Press, Amsterdam, pp. 35—50.
Ben Amotz, A. and Avron, M., 1980. Glycerol, carotene and
dry algal meal production by commercial cultivation of
Dunaliella. In: G. Shelef and C.J. Soeder (Editors), Algae
Biowass: Production and Use. Elsevier/North-Holland
Biomedical Press, Amsterdam, pp. 603—610.
Benemann, JR., Weisman, iC., Koopman, B.L. and Oswald,
W.J., 1977. Energy production by microbial photosynthe
sis. Nature, 268: 19—23.
Burlew, iD., 1953. Algal Culture from Laboratory to Pilot
Plant. Publication 600, Carnegie Institute, Washington,
D.C., 357 pp.
Cacco, G. and Ferrari, G., 1975. Isolation of nitrosoguanidine
induced Chlorella i’ulgaris with high methionine content.
J. Phycol., 11: 139—141.
Castillo, J., Merino, M. and Heusler, P., 1980. Production and
ecological implications of algae mass culture under Peru
vian conditions. In: 0. Shelef and C.J. Soeder (Editors),
Algae Biomass: Productton and Use. Elsevier/North4lolland Biomedical Press, Amsterdam, pp. 123—134.
Clement, C., 1975. Production et constituants caractéristiques
des alges Spirultna platensis et maxima. Ann. Nutr. AIim.,
29: 477—488.
Clement, C., Louchams, D., Rebeller, M. and Van Landeghem,
G., 1980. The development of Spirulina algae cultivation.
Chew. Eng. Sci., 35: 119—126.
DElia, CF., Ryther, J.H. and Lesordo, TM., 1977. Productiv
ity and nitrogen balance in large-scale phytoplankton
cultures. Water Res., II: 103 1—1040.
De Pauw, N., Bruggeman, 0. and Persoone, G., 1978. Research
on the tertiary treatment of swine manure by mass cultur
ing of algae. Mitt. flu. Ver. Limnol., 21: 490—506.
Dc Pauw, N., Verlet, H. and De Leenheer, L., 1980. Heated and
unheated outdoor cultures of marine algae with animal
manure. In: 0. Shelef and C.J. Soeder (Editors), Algae

D.F. TOERIEN E
Biomass: Production and Use. ElsevierjNorth-H’
Biomedical Press, Amsterdam, pp. 315—341.
Dubinsky, Z., Berner, T. and Aaronson, 5., 1978. Poten
large-scale algal culture for biomass and lipid prod
in arid lands. In: Biotechnol. Bioeng. Sy,nposiutn, 8:
Durand-Chastel, H., 1980. Production and use of Spin..
Mexico. In: G. Shelef and Ci. Soeder (Editors),
Bion,ass: Production and Use. Elsevier/North—I I
Biomedical Press, Amsterdam, pp. 5 1—64.
Eppley, R.W. and Dyer, DL., 1965. Predicting product
light-limited cultures of algae. AppI. Microbio4
833—8 37.
Eyster, C.H., 1976. Mine,al Nutrient Requirements of Ch
sorokiniana in Continuous Pure Culture. Thesis, ScF
Aerospace Medicine, Brooks Air Force Base, Texas,
Geldcnhuys, Di., 1983. An Investigation of the Nutrie
quiretnents of Algae Grout, on a Fertilizer-Tap
Medium in Closed Outdoor Mass Cultures. Thesis, I.
sity of the Orange Free State, Bloemfontein, 215 P1
Goldman, iC., 1977. Temperature effects on phytoph
growth in continuous culture. Ltn,nal. Oceanog
932—936.
Goldman, J.C., 1979a. Outdoor algal mass cultures. I. A
tions. Water Res., 13: 1—19.
Goldman, iC., l979b. Outdoor algal mass cultures. II.
synthetic yield limitations. Water Res., 13: I 19—l3t
Goldman, iC., 1980. Physiological aspects in alga
cultures. In: 0. Shelef and C.J. Soeder (Editors),
Biomass: Production and Use. Elsevier/North-I
Biomedical Press, Amsterdam, pp. 343—359.
Goldman, J.C. and Ryther, J.H., 1975. Nutrient tr
mations in mass cultures of marine algae. J. Enviro
Dtv., At,,. Soc. Civil Eng., 101: 351—364.
Goldman, IC. and Ryther, .LH., 1976. Temperature-inf
species competition in mass cultures of marine phyt~
ton. Biotech,,ol. Bioeng., 18: 1125—1144.
Goldman, iC. and Ryther, i.H., 1977. Mass produc
algae: Bioengineering aspects. In: A. Mitsui, S. I~
A. San Pietro and S. Tamura (Editors), Biologicr
Energy Conversions. Academic Press, New York
pp. 367—378.
Grobbelaar, J.U., 1979. Observations on the mass cu
algae as a potential source of food. S. Afr. J. I
133—136.
Grobbelaar, J.U., l98la. Open semi-defined systems I
door mass culture of algae. In: LU. Grobbela:
Soeder and D.F. Toerien (Editors), Wastewaterfo
culture, University of the Orange Free State, Bloem
Publication Series C No. 3, pp. 24—30.
Grobbelaar, J.U., 198lb. Deterministic production m
describing algal growth in large outdoor mass a]
tures. In: J.U. Grobbelaar, C.J. Soeder and D.F.
(Editors), Wastcn’ater for Aquaculture. Universit:
Orange Free State, Bloemfontein, Publication
No.3, pp. 116—123.
Grobbelaar, J.U., 1982. Potential of algal production. i
A., 8: 79—85.
Gromov, B.V. and Pinevich, V.V., 1972. Investigations
green algae associated with some aspects with th
cultivation. In: TV. Desikachary (Editor), Taxot,

MANAGED ALGAL MASS CULTURES
Biology of Blue-Green Algae. University of Madras, Ma
dras, pp. 574—584.
Gummert, F., Meffert, ME. and Stratman, H., 1953. Nonsterile large-scale culture of Chlorella in greenhouse and
open air. In: iS. Burlew (Editor), Algal Culture from
Laboratory to Pilot Plant. Carnegie Institute, Washington,
D.C., Publication 600, pp. 166—176.
Harder, R., and Von W~tsch, H., 1942. Uber Massenkultur von
Diatomeen. Ber. Dtsch. Bot. Ges., 60: 146—152.
Harris, G.P., 1978. Photosynthesis, productivity and growth:
the physiological ecology of phytoplankton. Arch. Hydro
biol. Beth. Ergcbn. Limnol., 10: 1—171.
Harris, OP., 1980. The measurement of photosynthesis in
natural populations of phytoplankton. In: I. Morris
(Editor), The Physiological Ecology of Phytoplankion.
Blackwell, Oxford, pp. 129—187.
Heusler, P., Castillo, J. and Merino, M., 1978a. Ecological
balance of algal cultures in arid climates: major results of
the Peruvian—German microalgae project at Trujillo. In:
C.J. Soeder and R. Binsack (Editors), Microalgae for Food
and Feed. Ergebn. Limnol., II: 17—22.
Heusler, P., Castillo, J. and Merino, M., 1978b. Parasite
problems in the outdoor cultivation of Scenedesmus. In:
C.J. Soeder and R. Binsack (Editors), Microalgae for Food
and Feed. Ergebn. Limnol., II: 223—227.
Heusler, P., Castillo, J., Merino, M. and Vasquez, V., 1978c.
Improvement in pond construction and CO2 supply for the
mass production of micro-algae. In: Ci. Soeder and
R. Binsack (Editors), Microalgae for Food and Feed. Er
ge/rn. Limnol., II: 254—258.
Kanawawa, T., Fujita, C., Yuhara, T. and Sasa, T., 1958. Mass
culture of unicellular algae using the “open circulation
method”. J. Gen. Appi. Microbiol., 4: 135—152.
Kawaguchi, K., 1980. Microalgae production systems in Asia.
In: G. Shelef and Ci. Soeder (Editors), Algae Biomass:
Production and Use. Elsevier/North-Holland Biomedical
Press, Amsterdam, pp. 25—33.
Kofranyi, E., 1978. The nutritional value of the green alga
Scenedcs,nus acutus for humans. In: C.J. Soeder and
R. Binsack (Editors), Microalgae for Food and Feed.
Ergebn. Limnol., 11: 159—160.
Kofranyi, E. and iekat, F., 1967. Zur Bestimmung der biolo
gischen Wertigkeit von Nahrungsproteinen. 12. Die
Mischung von Ei mit Reis, Mais, Soja, Algen. Hoppe
Seyler’s Z Physiol. Chew., 348: 84—88.
Kraut, HF., Jekat, F. and Pabst, W., 1966. Ausnutzungsgrad
und biologischer Wert des Proteins der einzelligen Gru
nalge Scenedesmus obliquus, ermittelt im Ratten-Bilanz
Versuch. Nuir. Dicta, 8: 130—144.
Miyachi, S., Kaniya, A. and Miyachi, 5., 1977. Wavelength
effects of incident light on carbon metabolism in Chlorella
cells. In: A. Mitsui, S. Miyachi, A. San Pietro and S. Ta
mura (Editors), Biological Solar Energy Conversion. Aca
dernic Press, New York, N.Y., pp. 167—182.
Mohn, RH., 1982. Improved technologies for the harvest
ing and processing of micro-algae and their impact on
production costs. In: C.J. Soeder and R. Binsack (Editors),
Microalgae for food and feed. Ergcbn. Lininol., Ii:
228—25 3.
Moraine, R.A., Shelef, 0., Maydan, A. and Levi, A., 1979.

121
Algal SCP from wastewater treatment and renovation
process. BiotechnoL Bioeng., 21: 1191—1207.
Morimura, Y., Nihei, T. and Sasa, T., 1955. Outdoor bubbling
culture of some unicellular algae. J. Gen. Appl. Microbiol.,
I: 173—182.
Mostert, ES., 1982. Die verband tusscn vocdingstowwe en
algkiualiteit in buitelugkulture. Thesis, University of the
Orange Free State, Bloemfontein, 129 pp.
Mostert, as. and Grobbelaar, J.U., 1981. Protein manipula
tion of mass cultured algae. In: J.U. Grobbelaar, CL
Soeder and D.F. Toerien (Editors), Wastewater for Aquaculture. University of the Orange Free State, Bloemfontein,
Publication Series C No. 3, pp. 86—90.
Muller-Wecker, H. and Kofranyi, E., 1973. Zur Bestimmung
der biologischen Wertigkeit von Nahrungsproteinen. 18.
Einzeller als zusdtzliche Ndhrungsquelle. Hoppe-Seyler’s
Z. Physiol. Chew., 354: 1034—1042.
Myers, i., 1957. Algal cultures. In: R.F. Kirk and D.F. Otbmer
(Editors), Encyclopedia of Chemical Technology. First Sup
plementary Volume. Interscience Encyclopedia Inc., New
York, N.Y., pp. 35—51.
Myers, i., 1977. Bioengineering approaches and constraints. In:
A. Mitsui, S. Miyachi, A. San Pietro and S. Tamura (Edi
tors), Biological Solar Energy Conversion. Academic Press,
New York, N.Y., pp 449—454.
Necas, J. and Lhotsky, 0., 1967. Annual Report oft/ic Algologi
cal Laboratory, Tfebofl for 1966. Czechoslovakian Acad
emy of Sciences, Institute of Microbiology, Tfeboñ.
Oswald, W.J., 1970. Growth characteristics of microalgae cul
tured in domestic sewage: environmental effects on produc
tivity. In: Prediction and Measurement of Photosynthetic
Productivity, Proc. IBP/PP Technical Meeting, Tiebon.
Centre for Agricultural Publications and Documentation,
Wageningen, pp. 473—487.
Oswald, Wi., 1982. Algal production problems, achievements
and potential. In: G. Shelef and C.J. Soeder (Editors),
Algae Biomass: Production and Use. Elsevier/North-Hol
land Biomedical Press, Amsterdam, pp. 1—8.
Oswald, W.J. and Golueke, CO., 1968. Harvesting and pro
cessing of waste-grown micro-algae. In: D.F. Jackson
(Editor), Algae, Man and the Environment. Syracuse Uni
versity Press, Syracuse, NY., pp. 37 1—389.
Oswald, W.J., Golueke, CO. and Horning, DO., 1965. Closed
ecological systems. J. Sanit. Eng. Div. - Am. Soc. Civ. Eng.,
91 SA, 4: 23—45.
Pabst, W., 1978. Nutritional evaluation of non-sewage microal
gae by the rat balance method. In: C.J. Soeder and
R. Binsack (Editors), Microalgae for Food and Feed. Er
gebn. Limnol., II: 65—70.
Pabst, W., Payer, RD., Rolls, I. and Soeder, Ci., 1978.
Multigeneration feeding studies in mice for safety evalu
ation of the microalgae, Scenedesmus acutus. I. Biological
and hematological data. Food Cosmetic. Toxicol., 16:
249—254.
Payer, H.D., Runkel, K.I-I., Schramel, P., Stengel, E., Bhumira
tana, A. and Soeder, Ci., 1976. Environmental influences
on the accumulation of lead, cadmium, mercury, anti
mony, arsenic, selenium, bromine and tin in unicellular
algae cultivated in Thailand and in Germany. Chemo
sphere, 6:413—418.

122
Payer, H.D., Pabst, W. and Runkel, K.H., 1980. Review of the
nutritional and toxicological properties of the green alga
Sceneclesnn,s ohliquus as single cell protein. In: 0. Shelef
and C.J. Soeder (Editors), Algae Biontass; Production and
Use. Elscvicr/North-Hollaiid Biomedical Press, Amster
dam, pp. 787—797.
Pcrsoone. 0. and Claus. C., 1980. Mass culture of algae: a
bottleneck in the nursery culturing of molluscs. Tn: 0. SIte
lef and C.J. Soedcr (Editors), Algae Bio,nass, Production
and Use. Elsevier/North-Holland Biomedical Press, Am
sterdam, pp. 265—285.
Persoone, 0., Morales, J., Verlet, H. and De Pauw, N., 1980.
Air-lift pumps and the effect of mixing on algal growth. In:
0. Shelef and C.J. Soeder (Editors), Algae Bia,na.vs: Pra
ductian and Use. Elscvier/North-FIolland Biomedical Press,
Amsterdam. pp. 505—522.
Pirt, J.S.. Lee, Y.K., Richmond, A. and Pirt, MW., 1980. The
photosynthetic efficiency of Chlarella biomass growth with
reference to solar energy utilization. J. Chew. Technal.
Biatechnol., 30: 25—34.
Radmer, R. and Kok, B., 1977. Photosynthesis: limited yields,
unlimited dreams. Biascience, 27: 599—605.
Robinson, R.K. and Toerien, D.F., 1982. The algae
a future
source of protein, In: B.J.F. Hudson (Editor), Develop
,nents in •faod p”°~”~
I. Applied Science Publishers.
London, pp. 289—325.
Rythcr, J.H., 1956. Photosynthesis in the ocean as a function of
light intensity. Lino,ol. Oceanogr., I: 6 1—70.
Ryther, J.H., 1959. Potential productivity of the sea. Science,
130: 602—608.
Scott, WE, and Chutter, F.M., 1981. Introduction: Infections
and predators. In: J.U. Grobbelaar, C.J. Soeder and D.F.
Tocrien (Editors), Wasteu’ater for Aquaculture. University
of the Orange Free State, Blocmfontein, Publication Series
C No.3, pp. 103—109.
Setlik, I., Sust, V. and Malek, J., 1970. Dual purpose of open
circulation units for largescalc culttire of algae in temper
ature zones. I. Basic design considerations on scheme of
pilot plant. Algal. Stud. (Tfebañ), I: 11—164.
Shelef, 0.. Oswald, W.J. and Golucke, C.G., 968. Kinetics of
Algal Snvtentc in Waste Treatn,ent: Light In ten.vitr and
Nitrogen Concentration as Grau’th-Lin,iting Factors. SERL
Report 68-4, Sanitary Engineering Research Laboratory,
University of California, Berkeley. Calif.
Shelef, G., Moraine, R.A., Meydan, A. and Saodbank, F., 1976.
Combined algae production—wastewatcr treatment and
reclamation systems. In: HG. Schlegel and J. Barnes (Edi
tors), Microbial Energy Production. Erich Goltzc, Gottin
gen, pp. 427—442.
Shelef, 0., Moraine, R.A. and Oron, 0., 1978. Photosynthetic
biomass production from sewage. In: Ci. Soeder and
R. Binsack (Editors), Micraalgae fat Food and Feed Er—
gehn. Litnnol. , II: 3—14.
Shelef, G., Azov, Y., Moraine, R. and Oron, 0., [980. Algal
mass production as an integral part of a wastewater
treatment and reclamation systems: In: G. Shelef and C.J.
Soedcr (Editors), Algae Bian,ass: Proc/union and Use.
Elscvier/North-I-lolland Biomedical Press, Amsterdam,
pp. 163—189.
Shifrin, N.S. and Chrishoim, SW., 1980. Phytoplankton lipids:

D.F. TOERIEN F
environmental influences on production and p
commercial applications. In: 0. Shelef and Ci.
(Editors), Algae Bio,nass: Production and Use. El
North-Holland Biomedical Press, Amsterdam, pp. 62
Soeder, Ci., 1978. Economic considerations concernii
autotrophic production of microalgae at the tec
scale. In: Ci. Soeder and R. Binsack (Editors), Mie,
far Food anti Feed. E,gehn. Li,nnal,, [I: 259—273.
Soedcr, Ci.. [979. Vcrschiedene Single Cell Protein-Typ
ihre biochemischen Eigcnschaften. Fette. Se,fe,
strichn,., 81: 352—357.
Soeder, Ci., 1980. Massive cultivation of microalgae:
and prospects. Hidrobiologia, 72: 197—209.
Soeder, Ci., 1981. Chemical composition of microalg.
mass as compared to some other types of single cell
(SCP). In: J.U. Grobbelaar, C.J. Soeder and D.F. 1
(Editors), lT’asteu’ater for Aqnacultnre. University
Orange Free State, Blocmfontein, Publication Sc
No. 3, pp. 73—85.
Soong, P., 1980. Production and development of Chla,-e
Spirulina in Taiwan. In: 0. Shelef and Ci. Soede
tors), Algae Bianiass: Production atid Use. Elsevier)
Holland Biomedical Press, Amsterdam, pp. 97—I 13
Spoehr. HA. and Milner, H.W., 1949. The chemical co
tion of Chlorella: effect of environmental conditions
Phj’siol., 24: 120—149.
Stegmann, P., 1982. Sonic Li,nnological Aspects of a
Turbid Man-Made Lake. Thesis, University of the
Free State, Bloemfontein, 219 pp.
Stengel, F., 1970. Anlagentypcn und Verfahren dcr ted
Algenmassen-Produktion. Be,-. Dtsclt. Bat. Ge
589—606.
Stengel, F. and Soeder, Ci., 1975. Control of photos>
production in aquatic ecosystems. In: J.P. Cooper (I
Pliotosj’ntliesis and Productivity in DiJfrrenr E,n’iro
International Biological Program, Volume 3, Can
University Press, Cambridge, pp. 645—660.
Tamiya, H., 1957. Mass culture of algae. An,,. Ret’
Physiol., 8: 309—334.
Tamiya, H., Shibata, K., Sasa, T., lwamura, T. and Mo
Y., 1953. Effect of diurnally intermittent illumina
the growth and some cellular characteristics of C)
In: iS. Burlew (Editor), Algal Cultn,-e front Labor,
Pilot Plant. Carnegie Institute, Washington, D.C., 1
tion No, 600, pp. 76—84.
Tocrien, D.F. and Grobbelaar, i.U., 1980. Algal mass
tion experiments in South Africa, In: 0. Shelef a
Soeder (Editors), Algae Bio,,,ass: Production - a,
Elscvier/North-Holland Biomedical Press, Ams
pp. 73—80.
Van Oorschot, i.L.P., 1955. Conversion of light energy
cultures - Medecl. La,,dbouwl,oge,-chool Wagenin$
225—227.
Van Vuren, M.M.J. and Grobbelaar, J.U., 1982. Sele
algal species for use in open outdoor mass cultures
S. A., 8: 86—9k.
Vendlova, J., 1969. Les problêmes de Ia technologi
culture des algucs sur une grande êchelle dans les
tions au dchors. A”i. Mic,-obiol., 19: 1—12.
Venkataraman, LV.. 1978. New possibilities for mit

MANAGED ALGAL MASS CULTURES
production and utilization in India. In: Ci. Soeder and
R. Binsack (Editors), Microalgae for Food and Feed. Er
gebn. Limnol., II: 199—2 10.
Venkataraman, L.V., Nigam, UP. and Ramanathan, P.K.,
1980. Rural oriented fresh water cultivation and produc
tion of algae in India. In: 0. Shelef and C.J. Soeder
(Editors), Algae Biotnass: Production and Use. Elsevier/
North Holland Biomedical Press, Amsterdam, pp. 8 1—95.
Vonshak, A., Abeliovich, A., Boussiba, S., Arad, S. and
Richmond, A., 1982. Production of Spirulina biomass:
effects of environmental factors and population density.
Biomass, 2: 175—185.
Walmsley, RD., Wurts, T. and Carr, L., 1981. Concepts and
design considerations for the mass culture of algae in
closed ponds. In: J.U. Grobbelaar, C.J. Soeder and D.F.
Toerien (Editors), Waslewaler for Aquaculture. University
of the Orange Free State, Bloemfontein, Publication Series
C No.3, pp. 136—145.
Walmsley, RD. and Shillinglaw, SN., 1984. Mass algal culture

123
in outdoor plastic-covered minipond systems. Ann. AppI.
Biol., 104: 185—197.
Walmsley, RD., Shillinglaw, S.N., Geldenhuys, D.J. and Toe
rien, D.F., 1983. Mass Algal Culture in Outdoor PlasticCovered Systems. Report of thc Institute for Environ
mental Sciences, University of the Orange Free State,
Bloemfontein, 152 pp.
Walz, OP., Koch, F. and Brune, H., 1975. Untersuchungen zu
cinigen Qualitdtsmerkmalcn der GrUnalge Scenedestnus
aculus an Schweinen und Kuken. Z. Tierphysiol. Tierer
nahr. Futrermitlelkd., 35: 55—75.
Warburg, 0., [919. Uber die Gcschwindigkeit der Kohlensdure:
Zusammensetzung in lebenden Zcllen. Biochetn. Z., 100:
230—270.
Wassink, E.C., Kok, B. and Van Oorschot, J.L.P., 1953.
Experiments on photosynthesis by Chlorella in flushing
light. In: J.S. Burlew (Editor), Algal Culture from Labora
tory to Pilot Plain. Carnegie Institute, Washington, D.C.,
Publication No. 600, pp. 55—62.

