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Abstract:

A discussion of the theoretical possibilities of the
use of green algae in effecting a symbiotic relationship betwe-
en man and plant 1in closed systems such as a manned satellite
or spaceship cabin.

f The earth, with regard to all forms of 1life, 1is a
Wwonderfully balanced ecological system. Contaimed onm it and in
Its atmosphere are all the elements necessary to sustain life
in the various forms present in the system. We are not fully
aware as yet of the part which each known element plays in
malintaining the balance between plant and animal life. We do
know, for instance, that the waste products of animal metabol-
ism contain elements which are necessary for flourishing growth
of plant 1life, and vice versa.

When the normal balance of the Earth's system becomes
upset, elther through some natural phenomenomr or as a result of
some activity of man, inadvertent or considered, nature has a
way of restoring the balance by means of some very unusual oc-
currence. Thus, the eruption of a volcano replenishes the car-
bon dioxide in the air, and in addition, showers the surround-
ing land and water with lava and volcanic ash which contain the
common and trace minerals which we know now to be necessary for
good plant growth.

We know, too, that the relationshrip between plants
and animals is not entirely symbiotic, but that in many instan-
ces 1t 1is dog eat dog - small animals are devoured by larger
ones, which in turn are consumed by still larger animals. The
same 1s true of the fish in the sea. On both land and sea are
plants which devour insects, fish and small animals15, which
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are caught in their clutches.

The basic source of food for the animal is the green
plant. The plant takes light from the sun, carbon dioxide from
the air, nitrogen, water and other elemenmts in various forms
from the soil, and synthesizes them into carbohydrates, pro-
teins, and fats., The plant then serves as food for the animal
organism, which ingests the plant in its natural form, breaks
it all down and puts the parts back together agaim in a form
which i1s acceptable to that organism, What is left after the
animal metabolic processes have been completed, 1is returned to
the soill, in the form of organic semi-solid waste, or to the.
air as gaseous carbon dioxide. Water, of course, in various
amounts, accompanies all forms of waste excretion. Food comes
to humans directly as plant products, or indirectly, first hav-
ing been changed into an animal food source.

The return of animal waste to the soil, and the de-
composition of dead plant structures, replenishes the necessary
growth factors removed from the soil by growing plants. The
Chinese rice farmer has known this for several millennia and
utilizes all excreta as fertilizer for his rice CIr'oPo His"
method of doing so, however, is objectionable to us, esthetic-
ally, and is fraught with the dangers of transmitting disease.
We, therefore, have developed methods of changing waste matter
into the acceptable form of commercial fertilizer. The same is
being done with food waste, by means of digestive bacterial
action, to produce another form of fertilizing compound.

The point is, that all forms of natural waste can be
utilized to enrich the soil and promote growth of essential
plant foods, thus completing the cycle in the transformation of
energy as 1t 1s used to sustain and make flourish the growth of
living organisms.

Man, animals and plants require oxygen for cellular
respiration of food substances. As a part of their metabolic
processes, plants require and take up carbon dioxide from the
air. During the photosynthetic phase of metabolism plants pro-
duce oxygen in excess of their needs. In the dark phase, exo-
genous oxygen must be avallable. Under proper conditions, how-
ever, a net oxygen gain can be accomplished over a cycle of
light and dark phases. Man and animal can respire the oxygen,
producing carbon dioxide which is utilized by plants. Thus we
are furnished with another example of the mutually beneficial
exlstence which occurs between animal and plant.

So much for the general consideration of the earth as
a balanced ecological system. Let us proceed to the main point
of discussion - the use of plants as a means of balancing a
small closed ecological system., In establishing this balance,
three objectives must be accomplished:

l. to provide a means of gas exchange between human
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and plant growth,

2. to provide a source of food by harvesting the ex-
cess plant growth,

3. to provide a means of disposal of the liquid and
solid waste from the human.

Concelivably, a miniature sealed system, comparable to the earth
could be set up, which could maintain human occupants in good
health - provided a suitable plant organism, or organisms,
could be found capable of fulfilling these three objectives.,

It is now apparent that such an organism is one which
untll recently, has been considered a useless and undesirable
one - one of the lowliest of plants - the simple green alga.

Let us consider now the use of algae, as a means of
attaining the three goals outlined, and discuss the character-
istics which would enable us to use such micro-organisms in a
closed system,

l. Gas Exchange - Green algae, such as Chlorella,
are particularly sultable as a photosynthetic gas eXchanger.
They are single-celled, small, round bodies about the size of a
red blood cell., Since they have no specialized organs, as do
higher plants, the photosynthetic process can be fully utilized
in oxygen evolution and in growth, manifested by production of
new cells., This activity can continue endlessly, 1in algae,
without the presence of a dark phase, 1if light and nutrients
are plentiful.

The potential oxygen production of such algae is ex-
tremely good. Studies in this area are now being made by Dr.
Jack Myers, at the University of Texas, under an Air Force con-
tract with the School of Aviation Medicine. Dr. Myers has
found that five pounds, fresh welght, of the common alga Chlo-
rella pyrenoidosa under optimal conditions, 1is sufficient to
support one man with regard to gas exchange.? This means that
five pounds of the algae can produce enough oxygen to meet the
needs of one man, and can absorb the carbon dioxide produced by
one man, during a given period of time. Thus, one human and
five pounds of this alga, under suitable conditions could live
symbiotically 1in a sealed cabin with regard to oxygen and car-
bon dloxide exchange.

Chlorella pyrenoidosa, in short-—term experiments, at-
tains maximum growth rate at low light intensities, whereas
maximum oxygen evolution occurs at considerably higher illumi-
nation, in experiments of the same length.l0 1In long-term ex-
periments, the growth rate and oxygen production curves become
almost the same. This is excellent for our purpose, as we
shall see later,
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In continuous growth experiments of longer durationm,
the optimum light intensity for these two factors 1is 500 foot
candles of light. By comparison, the incident sunlight availa~-
ble at the earth's surface is 10,000 f.c. of light, or slightly
more. Thus, relatively low light intensities are required for
algae growth and oxygen evolution over long periods of time.

Recent work by Kok5 and Myersl3, has shown that an
intermittent 1llumination might produce better results than a
continuous source of light. In this instance, higher inten-
slties are more efficient. The algae are illuminated for 2
milliseconds, and are in the dark for 20 milliseconds at about
5,000 f.c. of light.

Chlorella and Scenedesmus have been used most for ex-
perimentation Dbecause of their ready availability, but other
algae may be more proficient in producing oxygen. Myers has
found that a given mass of Anacystis nidulans, a blue-green
alga found in Texas ponds, has a potential oxygen evolution
three times greater than an equal mass of Chlorella pyrenoidosa
but in order to obtain this amount of oxygen, Anacystis can ab-
sorb, and must be illuminated with three times as much light as
chlorella.ll With this alga, then, there is in the possibility
of obtaining a surplus of oxygen, using the same mass of algae,
as in the case of Chlorella, or of being able to use only one-
third the mass of algae to produce the same quantity of oxygen.
In the sealed cabin of a space ship this could be a very impor-
tant factor because of the space required in the craft for the
algal equipment.

Little is known, at this time, regarding the poten-
tialities of Anacystis in other directions. Should these pos-
slbllities be limited, perhaps a mixture of Anacystis and Chlo-
rella could be used advantageously.

The removal of carbon dioxide is just as important as
the rate of oxygen production with algae. Since five pounds of
Chlorella can absorb the carbon dioxide produced by one man,
this problem would seem to be solved. In the laboratory Chlo-
rella are aerated with five percent carbon dioxide in air, and
apparently can absorb all the carbon dioxide, although the al-
gae can get along on much less. The carbon dioxide in expired
air is four percent. In our 100 cu. ft. Space Cabin Simulator
at the School of Aviation Medicine, if carbon dioxide 1is al-
lowed to accumulate from one human without its removal, it will
reach about five percent 1in approximately three hours. Navy
research has shown that in order to retain normal mental acti-
vity that the carbon dioxide 1level must be not more than 1.5
percent,19 preferably lower, With absorption by chemicals, we
are able to keep the carbon dioxide level at ,5 percent im our
Simulator. Carbon dioxide buildup and toxicity becomes a prob-
lem, 1in about one-half the time as does the dwindling oxX%en
supply, if the latter is not replenished in a sealed cabin.

- 110 =




Can an algal system keep the carbon dioxide concen-
tration at the proper level in a sealed system? Studies de-
signed to answer thils question are now in progress by Dr. Myers
for the School of Aviation Medicine.

2. Food Production - The potentialities of algae
with regard to production of food are quite good, when one con-
siders Ege chemical composition of Chlorella,lﬁ 8 and Scene-
desmus. The average composition of these algae is 50 percent
protein, 15 percent carbohydrate, 25 percent lipids, and about
10 percent ash. This makeup varies, of course, with the com-
position of the nutrient solution. These algae are strongly
oriented to protein synthesis and when grown rapidly in thinm
suspenslions the protein may increase to 70 percent or more,
Protein content can also be 1increased by the use of blue light
in illumination,.l¥ When blue light is used, a larger portionm
of the carbon dioxide and hydrogen is utilized in the formatiom
of protein. High protein synthesis is also caused by high ni~
trogen content in the nutrient solution.

Chlorella 1is very efficient 1in retaining photosyn-
thetic products within the cell, regardless of the amount of
11lumination. The net result is the formatiom of new cells and
rapid growth. Some algae are capable of doubling their weight
twelve times in one day, under optimal conditions. The amount
of organic matter thrown off by Chlorella 1is extremely small,
and the same 1s true of the number of dead cells found in a
growing suspension.

Because such a high percent of algal cells is diges-
tible, as has been mentioned already, and the loss in preparing
them as food would be almost zero, algae would seem to be am
ldeal source of food aboard a satellite or space ship, for
flights of the order of weeks or months.

Chlorella contains nearly all the amino acids essen-
tial for good health with the exception of those containing
sulfur. They are grossly deficient in cysteine and moderately
deficient with regard to methionine. Histidine content is,
likewise, moderately low, Algae contain also, appreciable
amounts of carotene, or pro-vitamin A, and of the B complex
vitamins and Vitamin C. Vitamin D is not present to any great
extent.

Thus, 1t is apparent that algae can be a very ade-
quate source of protein for man, with the addition of cystelne,
methionine, and histidine, and can be at least a partial source
of the vitamin requirements,

According to Gaffron,3 if fifty percent of algae is
digestible; two kilograms per day is more than enough to keep a
man in good health with mineral and vitamin supplements. If
used only as a source of protein in the diet, this amount would
be enough for five or six people. Geohegan4 fed rats which
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thrived on a mixed diet using algae as a sole source of proteim
Jorgenson,3 in the leper colony at Cabo Blanco, Venezuela, fed
algal soups to patients suffering severely from malnutritiom
and the state of thelr nutrition was greatly improved.

In theory, then, Myers figure of five pounds (or 2.3
Kg) of chlorella, required to balance the respiratory cycle of
a man, would be more than sufficient to supply food for the man-
for a period of one day, repeatedly, provided the algae doubled
its weight in 24 hours. This seems quite reasonable in view of
the rates of growth which were given earlier.

..

This food source also would seem to lend 1itself teo
the production of concentrated food tablets, by dehydrating,
sterilizing and compressing the algae into bite-sized tablets.
Such treatment would enable the crew to store economically,
with regard to the space required, a large excess of algal food
in the event of an emergency of this nature,

What nutrients are required in the feeding of algae?
For the highest protein formation the elements required are ni-
trogen, carbon, phosphorus and potassium. If the medium is de-
ficient in any one of these, protein synthesis is reduced.2l
If mitrogen is grossly deficient, the growth rate becomes very
slow, and the 1lipid content may increase to as much as 85 per-
cent. As was mentioned before, blue light also increases pro-

tein 1n algae.

Other elements which must be replaced in a nutrient
medium are calcium, irom, magnesium and sulfug, imd the micro-
nutrients manganese, cobalt, copper and zinc 121, Recent evi-
dence shows that molybdenum may also be very important, as a
trace element.l

In other words, the same nutrient materials are re-
quired for algal growth, as is necessary for higher plant
growth. Since this 1is so, the elements necessary for algal
nutrition canm be obtained from the most readily available
source, namely, human waste.

In a closed ecological system such as a satellite or
space shlp cablin, human excreta must be disposed of. What bet-
ter way to do 1t than to convert it imto a reuseable substance,"
because wherever possible, all matter will have to be converted
from one form of potential emergy to another, recycling it over
and over. ;

3. Disposal of Human Waste - As if in conformance
with the pattern of nature as observed earlier, human waste
contains almost exactly the elements required to promote vigor-
ous growth of algae. Nitrogem 1s abundant in the urine as
urea, and comprises approximately 50 percemt of the urinary
solids. Part of the remaining solids also contain nitrogen.
Carbon would be supplied partly from the organlic waste of the
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gastro-intestinal tract, and in part from the carbon dioxide in
exhaled air. Phosphorous, potassium, calcium, sodium, sulfur
and magnesium are present in sufficient quantities in the urine
to supply the mneeds of the algae., Some of these are found in
semi-solld waste too, including the trace elements required.

From this data, it would appear that the three forms
of waste from the human body comtain all, or nearly all, the
essential elements necessary for growth, respiration, and pho-
tosyntheslis in algae, and in adequate amounts. For this reason
as stated by Gotaas and Oswaldl2 at the University of Cali-
fornla, 1t may be comsidered that sewage is not truly a waste,
but contains the low energy forms of every element critical to
life. For example, a certailn amount of nitrogenm is taken into
the body and excreted in almost exactly the same amount. If a
daily nitrogen balance were made on a normal human, it would be
difficult to show any utilization of nitrogen. . Only the form
and energy level of nitrogenous compounds would be changed.
The same 1s true of the other elements.

Gotaas and Oswald, among many others working in the
field of sanitary engineering, have shown that Chlorella will
thrive on domestic sewage in open oxidation ponds, and that
aeroblic bacteria present in these ponds have no detrimental ef-
fect upon the growth of the algae, In fact, they aid algal
growth by providing carbon dioxide while the algae provide OXy=-
gen for the bacteria. These facts may have a very significant
effect on certain aspects of our agricultural economy, in years
to come. In the pilot plant in California the average annual
yield of algae was thirty toms per acre, dry weight, as com-
pared to 1.5 toms per acre annual vyield, for +the Californis
field crops.l2 Algae feeds have been found to be excellent for
livestock feeds,

There 1s no reason why algae, when prepared adequate=-
ly for the table, canmnot be just as acceptable - yes, even as
tasty - as the highly-touted spinach, broccoli, and other green
vegetables. 1In fact, four years ago, algal research scientists
prepared and ate a banquet in which all the courses of the meal
were composed partially of algae. The event was a notable suc-
cess. -

Summary :

We have seen that, in a closed ecological system suchr
as a spaceshlp cabin, the possibilities of using algae to at-
tain the three objectives already outlined, are theoretically
quite favorable, Although much more data is needed before an
algal exchange system becomes a reality, the engineering of
such a system, to make it fit in a satellite or space ship, and
capable of operating under the environmental conditions which
will prevail there, will be as great a challenge as the algal
research itself,

=113 e




The engineering of an algal exchange system must in-
clude the following:

1. The means of illumination of the algae wusing ar-
tificial or solar light, or both, with a controlled spectrum
most suitable for the algal reaction desired.

2. A method of aeration. Cabin air can be bubbled
through the algal suspension. Carbon dioxide and the odor
gases will be removed from the cabin atmosphere, by the algae,
at the same time,

3. Population density measuring devices - probably
photometric - in two or more locations in the system.

4., A means of circulation and causing turbulence of
the suspension.

5. Nutrient analysis and nutrient addition devices.

6. A harvesting mechanism, probably employing cen-
trifugation or filtration methods. .

In addition there must be a suitable means of pre-
paring the harvested algae as food. Lastly, the human waste
wlll have to be processed suitably 1in a miniature processing
plant, 1in order to be used as nutrients for the algae, since,
in this case 1t would not be desirable to use unprocessed waste.

It must be remembered that this entire system must be
able to operate efficiently in a barometric pressure of approx-
imately one-half an atmosphere, or about an 18,000 foot equiva-
lent, and 1in the zero-gravity state. In a zero-gravity envi-
ronment the engineering problems involved will be greatly in-
creased.
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