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FOREWORD 

This volume contains the scientific and technical papers presented at the Workshop on 
Controlled Ecological Life Support Systems. CELSS '85. Formal presentations occurred at 
the annual meeting of the lntersociety Conference on Environmental Systems (ICES) in San 
Francisco on July 17. 1985. and at NASA-Ames Research Center on July 18-19. 1985. The 
presentations at NASA-Ames were made in four topical sessions, which generally cover the 
diverse research areas necessary to  achieve an operational CELSS. The Workshop sessions 
included: Plant Growth Chambers. Whole System Recycling and Control. Microbial Systems. 
and Plant Physiology. 

The purpose of CELSS is t o  improve the environment for, and reduce the cost of, long-term 
human habitation in space. The intention in developing this Workshop was to  bring together 
interested scientists and engineers, including those representing national space agencies other 
than NASA. t o  discuss the research and development of the technologies required for a CELSS. 
We eagerly welcomed the participation of the assembled scientists, engineers and visitors in 
this Workshop to  share with us the excitement of planning for the future permanent presence 
of humans in space. 

Robert D. MacElroy 
Ames CELSS Program Manager 
Planetary Biology Branch 
NASA-Ames Research Center 
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WELCOME 

William F. Ballhaus. Jr. 

Director. NASA-Ames Research Center 

It is my pleasure to  welcome you to the CELSS '85 meeting on behalf of Ames Research 
Center. Ames is known primarily for its work in aeronautics, however about one-third of our 
effort is in space and life sciences. Even though the skyline of Ames is dominated by the 
aeronautics facilities, there is a tremendous amount of good space and life science research 
coming out of our laboratories. We also cooperate with a number of universities, with industry. 
and with other countries in our scientific research. 

I would like to remind you of some of the things we have done in the past. The Pioneer 
series of spacecraft were all managed out of the Ames Research Center, and in fact Pioneer 6 
is still the oldest operating U.S. spacecraft. 20-years-old this year, and it is still returning data. 
Pioneer 10 was the first man-made object to leave the known solar system. More significantly 
it was the first spacecraft to Jupiter. Pioneer 11 was the first spacecraft to  Saturn and is 
now travelling out of the solar system in the opposite direction from Pioneer 10. Pioneer 
Venus is still taking data in orbit around the planet Venus, and will be used early next year for 
the Comet Halley studies. Other space science projects include the Galileo Probe, which was 
managed from Ames and just recently delivered to the Jet Propulsion Laboratory. The probe 
will be launched next year for an encounter with the Jovian atmosphere late in 1988. The 
Infrared Astronomical Satellite (IRAS) Telescope development was also managed by Ames 
Research Center. 

In the area of aeronautics design and testing, we have the most complete set of wind 
tunnels and arc jets in the country as well as an extensive complement of flight simulators 
for both research and development. Ames has one of the most powerful computer facilities in 
the world with the Cyber 205 and two Cray XMP's. This autumn we plan to  take delivery of 
the first large-memory Cray 2. 

Today's symposium focuses on cooperation in biological science research. Since NASA's 
beginnings. Ames has been the primary center for basic research to  study physiology. biotech- 
nology, ecology and evolution of life. We believe there is a tremendous opportunity for in- 
ternational cooperation in that arena. CELSS is a long-term NASA effort, of course. The 
long-term goal is a sustained presence of humans in space, and the development of new life 
support systems will happen before this goal becomes a reality. But on the road to that 
objective there are many importantsscientific questions to be answered. For example, how 
is plant growth affected by different environments: how is long-term stability maintained in 
life support systems that have biological components: and how productive can organisms be 
under ideal, controlled circumstances? All very interesting, key questions in the establishment 
of a CELSS. You have my best wishes for a productive and entertaining meeting. 
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INTRODUCTION 

The engineering sophistication gained thus far in the manned space programs of  the U.S.. 
U.S.S.R. and the European Space Agency makes it possible for humans to plan for a permanent 
presence in space, possibly the next evolutionary step for our species. Life support systems 
provide the environmental control in sealed spacecraft that makes it possible for humans, not 
only to  survive, but t o  work on complex tasks in the inhospitable environment of space. Space 
technology will eventually support establishment of long-term habitats on the Moon, and a 
chance for humans t o  set foot for the first time in a potentially fascinating environment, that 
of Mars. 

One of the most interesting aspects of recycling, or regenerating, life support supplies in 
space is the reduction in cost compared to  the alternative of continuously launching these 
supplies from Earth. The larger the crew and the longer the mission duration, the greater 
the potential for cost savings. Most of the short-term spaceflights to  date have rarely used 
regenerative technologies. However, with the increase in the yearly number of expeditions (as 
with the U.S. Shuttle program), and an increase in mission duration (as with the U.S.S.R. 
Salyut space station), regenerative systems become increasingly attractive. 

Chemical regenerative systems that reuse spent air and water have been studied by both 
the Soviet Union and the United States. Much of the work in the U.S. was done in the 1950's 
and 60's in the Aerospace Medicine laboratories of the Air Force, and at NASA-Langley 
Research Center. NASA-Ames Research Center became involved with the studies during the 
70's. At  this time many laboratories in many countries are involved in regenerative life support 
investigations. Researchers have reported their progress at the CELSS '85 Workshop at Ames 
Research Center. and their papers are included in this volume. 

Bioregenerative systems, such as a CELSS, use living organisms to  achieve revitalization 
of life support materials: removal of carbon dioxide, production of oxygen, and purification of 
water. In contrast t o  physical-chemical regenerative systems, the photosynthetic organisms 
in a CELSS also produce the basic foods essential for the maintenance of human life, allowing 
the evolution of an increasingly self-sustaining permanent human habitation beyond the Earth. 
Studies of plant growth in controlled environment chambers have been conducted in the Soviet 
Union, in France, and more recently in the U.S. at NASA-Ames Research Center in California. 
In the immediate future. a new U.S. CELSS project at NASA-Kennedy Space Center will 
develop a large plant growth chamber, approaching Space Station volumes. 

The successful development of a CELSS for spaceflight will demand a deeper level of 
understanding of biological and agricultural science. The concept of the CELSS program 
is a vertical one. ranging from fundamental science to  the flight of a life support system. 
The program thus envisions a sequence that requires that fundamental science be applied, 
that applied science be transferred to the realm of technology development, and that the 
technology be made space-worthy. The job is large and complex, and would benefit greatly 
from closer interactions between scientists and engineers, as well as closer cooperation among 
the international community of scientists. 



This document was produced from the CELSS'85 series of meetings held in July of 1985. 
The Symposium on Scientific Cooperation in Biological Space Research was held at Ames; 
the session on International CELSS was held, under the auspices of the Society of Automotive 
Engineers. in San Francisco; and the sessions of the CELSS Investigators Meeting were held 
a t  Ames. The papers presented at these sessions are included in this volume, which also 
contains a brief summary of the remarks made by speakers at the Symposium on Scientific 
Cooperation. 





SYMPOSIUM SUMMARY 

1 SCIENTIFIC COOPERATION IN BIOLOGICAL SPACE RESEARCH 

The four-day CELSS'85 Workshop commenced with a day of lectures covering scientific 
cooperation in biological space research. These presentations were intended to recount our 
current level of understanding achieved from space life science research, and to encourage 
the international scientific community to work cooperatively in exploring biological issues 
associated with space research. A distinguished group of scientists covered a wide variety of 
topics all clustered about this central theme. What follows is a brief review of those remarks 
supplemented by a historical review of international efforts in CELSS related research. The 
entire symposium was videotaped and is available for viewing at NASA Ames Research Center. 

Symposium Speakers 

Dr. Harold P. Klein. Santa Clara University 
0 NASA's involvement in biological space research 

Mr. John Sakss, International Affairs Division. NASA HQ 
e International Cooperation in Space Research 

Mr. Laurance A. Milov, Space Commercialization/Space Station Office. NASA Ames 
@ Space Commercialization Opportunities 

Dr. James H. Bredt. Life Science Division. NASA HQ 
Applications of Bioregenerative Life Support 

Dr. Richard Olson. Boeing Aerospace 
Space Station Configurations 

Dr. Richard S. Young. MATSCO 
Space Station Research Opportunities 

Dr. Wendell Mendell. Johnson Space Center 
Concepts for a Lunar Base 

Comments by Representatives of Other National Organizations 

Dr. David Cove. Science and Engineering Research Council. UK 

Dr. Brad Thompson. Alberta Research Council, Canada 

Dr. Richard Boudreault. Canadian Astronautics Ltd., Canada 

Dr. Keiji Nitta, National Aerospace Laboratories. Japan 

Dr. A. lngemar Skoog. Dornier Systems Gmbh.. FDR 

Dr. Alain Sarasin. Centre National Recherche Scientifique, France 

Dr. Harold P. Klein, former Director of Life Sciences at Ames Research Center opened the 
day with a talk on NASA's Involvement in Biological Space Research. Dr. Klein's remarks 
covered a wide range of topics which reflected and summarized the various levels of NASA- 
sponsored research in biology: from the evolution of biogenic (literally "life-forming") elements 



within stars, through the prebiotic evolution of organic compounds and the evolution of cellular 
processes. through the multimillion-year time-scale of evolution on Earth (including possible 
solar system events that affected terrestrial life). through the effects of gravity on the evolution 
of organisms and their adaptation when these effects are reduced in space travel, and finally to 
understanding the global conditions necessary for life on Earth and assessing similar conditions 
on Mars and other solar system bodies. 

Mr. John Sakss of the International Affairs Division of NASA Headquarters spoke on 
International Cooperation in Space Research. He discussed NASA's chartered role to achieve 
international cooperation and outlined the policies and practices of the Agency in accomplishing 
those mandates. He qouted President Reagan from a report to Congress in 1981 "...the scope 
and significance of international cooperation in space science are clear and visible." This talk 
emphasized the expansion of capabilities and confidence among NASA's traditional cooperative 
partners. Mr. Sakss mentioned the Soyuz-Apollo test project. the Space Shuttle and the Space 
Station as examples of successful cooperative ventures and expressed confidence that such 
joint endeavors would continue. 

Mr. Laurance Milov of the Space Commercializaton/Space Station Office at NASA Ames 
talked about Space Commercialization Opportunities. His remarks were concerned with the 
role that NASA will play in opening space to commercial ventures and how the international 
community could be a part of that endeavor. Mr. Milov gave examples of earlier spinoffs from 
space related research and of current products under development such as pharmaceuticals and 
latex microspheres. The conclusion of these remarks emphasized the tremendous potential of 
space commercialization and the need for a firm commitment to it. 

Dr. James Bredt of NASA Headquarters' Life Science Division talked about Applications 
of Bioregenerative Life Support. His comments covered the uses of CELSS as an operational 
spaceflight system. and focussed on the efficiency and functionality of the components that 
constitute the entire system. 

Dr. Richard Olson of Boeing Aerospace directed his comments towards Space Station 
Configurations. which could include the addition of an experimental CELSS at some time after 
the assembly of the initial Space Station configuration. He discussed the many possibilities 
considered for design of the Space Station and spoke of the contributions being made by 
Europe and Japan. 

Dr. Richard Young's remarks were directed at Space Station Research Opportunities. He 
described selected space life sciences experiments that have been conducted in the past, and 
that are being conducted on ~ h " t t l e  flights. He also described the use of a CELSS as an 
essential component of manned planetary and lunar exploration. 

Dr. Wendell Mendell of the Johnson Space Center spoke on Concepts for a Lunar Base. 
His remarks covered the wide range of designs and potential uses of a Lunar Base, including 
the need for international cooperation in the realization of such a facility. He noted that a 
return to  the moon would be a fraction of the cost of the Apollo program. and while funding 
will not be needed until the 1990's. a national commitment to  the moon as a long-term goal 
is needed for successful planning. Dr. Mendell directed the second part of his remarks toward 



a Mars Base, indicating that many of the same principles of international cooperation were 
applicable t o  both Mars and Lunar bases. 

At the end of the scheduled presentations time was left for comments by representatives 
of other National organizations. The many international visitors took advantage of the oppor- 
tunity to make brief comments about the state of biological space research in their respective 
nations. Representatives of the United Kingdom. Canada. Japan. West Germany and France 
all spoke of the need t o  expand international efforts in space research. A common theme was 
that funding levels were not adequate to  address the wide variety of research that is necessary. 
All indicated a desire to  improve mechanisms for joint research and the exchange of informa- 
tion. The overall tone of the meeting was optimistic although the difficulties of achieving a 
strong, continuous commitment to cooperative biological space research was recognized. 



INTERNATIONAL CELSS 

Drs. Robert D. MacElroy and 
James H. Bredt, Chairmen 



INTERNATIONAL CELSS 

The editors would like to  thank the Society of Automotive Engineers (SAE) and particularly 
Antenor R. Willems. Director of SAE Publications Group, for permission to reprint the papers 
that follow. They were prepared for the session entitled "lnternational CELSS", and presented 
at the 15th Annual lntersociety Conference on Environmental Systems (ICES) on July 17. 1985 
at the Cathedral Hill Hotel in San Francisco. This session included reports from scientists 
representing the U.S.A., France, Iran, Japan, and West Germany. 

SAE takes a leading role in the execution of the annual ICES. which is jointly sponsored by 
SAE and four other technical societies: American Society of Mechanical Engineers (ASME). 
American lnstitute of Aeronautics and Astronautics (AIAA), American Institute of Chemical 
Engineers (AIChE), and the Aerospace Medical Association (ASMA). The ICES program in- 
cludes a broad spectrum of topics ranging from aerospace thermal control systems t o  life 
support systems, and from space medicine and life science research t o  extra-vehicular activity 
(space walk) operations. The session on lnternational CELSS was organized by Dr. Robert D. 
MacElroy. CELSS Program Manager at NASA-Ames Research Center: by Dr. James H. Bredt. 
Discipline Scientist for Biological System Research. NASA Headquarters: by Dr. Richard 01- 
son of the AIAA's Life Sciences and Systems Technical Committee: and with organizational. 
technical and editorial support from Norman V. Martello and David T. Smernoff. 

It is noteworthy that the keynote address at this 15th ICES was dedicated t o  the memory of 
Phillip D. Quattrone of NASA-Ames Research Center, who passed away suddenly in December 
1984. He was a founding organizer of the ICES and was responsible for the development of 
prototype air and water regeneration systems, which will be used on Space Station. Although 
bioregenerative life support research was discontinued in within NASA in the late 1960's. Phil 
was pivotal in revitalizing the program again in 1979. His tireless efforts in the promotion and 
study of advanced life support and CELSS represents the foundation on which is based much 
of the work that we pursue today. 



Potential for Utilization of Algal Biomass 
for Components of the Diet in CELSS 

A. R. Kamarei, 
Z. Nakhost, 

and M. Karel 
Dept. of Applied B~olog~cal Sc~ences 

Massachusetts lnst~tute of Technology 

ABSTRACT 
The major nutritional components of the 

green algae (Scenedesmus obliquus) grown in a 
Constant Cell Density Apparatus were deter- 
mined. Suitable methodology to prepare pro- 
teins from which three major undesirable 
components of these cells (i.e., cell walls, 
nucleic acids, and pigments) were either 
removed or substantially reduced was devel- 
oped. Results showed that processing of 
green algae to protein isolate enhances its 
potential nutritional and organoleptic accep- 
tability as a diet component in Controlled 
Ecological Life Support System. 

The challenge of producing safe, nutri- 
tious, and acceptable fabricated foods in a 
space habitat (Controlled Ecological Life 
Support System = CELSS) requires conversion 
of algal biomass cells into protein (SCP = 
Single Cell protein) as a possible food com- 
ponent (Karel, 1980, Karel and Kamarei, 1984). 
The role of algae in CELSS is rather unique. 
High photosynthetic activity and lack of need 
for "organic" carbon or nitrogen substrate, 
make algae systems suitable candidates for a 
primary oxygen regenerating system within 
CELSS (Lachance, 1968, Waslien et al., 1978, 
Clement, 1975; Santillan, 1982, Casey and 
Lubitz, 1963). Other possible algal func- 
tions include water purification, waste pro- 
cessing, nitrogen fixation, and removal of 
volatile gases. Cultivation of algae for 
above purposes will result in large quantity 
generation of algae biomass from which 
nutrients can be isolated and utilized as 
food component for the space crew. 

Nutritional and safety considerations 
of SCP consumption have been addressed to a 
limited extent by Omstedt et al. (1973); 

Bourges et al. (1971), Mitsuda (1973), Kraut 
et al. (1966), and recently by Tuse (1984). -- 
There are 3 genera of algae (Scenedesmus, 
Spirulina, and Chlorella) with relatively 
known nutritional safety record. However con- 
sumption of unrefined algae by humans may 
cause side effects such as gastrointestinal 
disorders and allergic responses (Waslien, 
1975). 

The variations in the reported nutrient 
content of algae reflects to a great extent 
the composition and environmental conditions 
of the cultivation media (Clement et al., 1967; 
Lipinsky and Litchfield, 1970; Waslien, 1975; 
Becker, 1981; Santillan, 1982; and Piorreck 
et al., 1984). -- 

Review of the literature also shows that 
while the proteins are the major component of 
the three mentioned algae genera the nutri- 
tion value of the "whole algae" is far less 
than animal proteins such as egg and milk 
(Becher, 1981; Chen and Peppler, 1978). 

Direct consumption of single cell biomass, 
without purification, is not feasible in the 
amount which would be of any significance to 
biomass recycling. This is because of physio- 
logical concerns (e.g. nondigestive components 
of cell wall and disturbing carbohydrates, ex- 
cess nucleic acids, unknown toxins and aller- 
gens, etc.) as well as organoleptic concerns 
(unpleasant flavor, color, and texture). To 
utilize the generated algal biomass, as a 
food component in space, one should first 
overcome the physiological and organoleptic 
concerns due to undesirable or potentially 
undesirable components in the algae system. 
To accomplish this goal and to enhance the 
nutritional value and acceptability of fab- 
ricated foods containing algae, attempts were 
made to recover the algae proteins in a 
relatively pure form. Major reviews of work 
on algae for human consumption either on 
earth or in space, stress the need for 

R e p r i n t e d  w i t h  p e r m i s s i o n  @ 1985 
S o c i e t y  o f  A u t o m o t i v e  E n g i n e e r s ,  I n c .  



developing appropriate food technology for this 
raw material, and all acknowledge the complete 
absence of an adequate existing knowledge base 
for this purpose (Waslien et al., 1978, Lachance, 
1968;R.a et al.,l975;Litchfield,1977;Cooney 
al., 1980r F o r  this purpose, we developed a - 
methodology to eliminate or largely reduce three 
known undesirable components of algae system 
(cell walls, nucleic acids, and pigments and 
lipids) and obtained "algae protein isolate" 
with a reasonably high yield. 

' MATERIALS AND METHODS 

SOURCE OF ALGAE - Green algae (Scene- 
desmus obliquus) were grown in the Constant 
Cell Density Apparatus (CCDA) at Martin 
Marietta Lab (Baltimore, MD). In this con- 
tinuous culture apparatus, photosynthetic 
parameters can be constantly controlled and 
monitored and algae can be harvested on de- 
mand. 

Algae were grown at 32OC and pH 7.0 up to 
cell density of 0.55 mg (dry weight) per mil- 
liliter. The source of nitrogen was KNO 

3 (2.0gll) in the growth media and the source of 
carbon was 2% CO in air. To harvest the algae, 

2 
overflow from the culturing apparatus was col- 
lected in 4-liter containers (4OC). When the 
cells settled down, the supernatant was dis- 

, carded and the remaining concentrated cell sus- 
pension was transferred to one liter bottles 
and centrifuged (7000 g )  for 30 minutes. The 
pellet ("packed cells") was washed 3-4 times 
with distilled water to remove traces of growth - 
media. 

CELL WALL RUPTURE - To study the cell com- 
ponents and to isolate the algal proteins, the 
first task was to break the cell wall of the 
intact algae packed cells (fraction ill). For 
this purpose, we tried three physical methods 
namely: shear of freeze dried algae cells 
(using krups type 203 coffee mill, up to 8 min 
at room temperature), sonication of 3% algae 
solution (Branson sonifier cell disruptor 200, 
up to 24 min at O°C), and homogenization of 7.6% 
algae solution (Sorvall omni-mixer, with 40% 
450-500 Pm glass beads, 16,000 RPM. up to 31) m i i l  
at O°C). Cell wall rupture was followed by 
direct microscopic inspection of the resultant 
solution. 

Upon freeze drying of above solution 
(Vitrus Co., Gardiner, NY), we obtained algal 
flour (fraction #2) which was used, for 
determination of major nutritional composition. 

COMPOSITION DETERMINATION - All compo- 
sition determinations were done on duplicate 
samples and calculations of recovery (%  yield) 
of various algae fractions were based on the 
initial weight of the algae flour (freeze dried 
broken cells). Moisture and ash determination 
were carried out according to A.O.A.C. (1980) 
methods. 

For protein determination, nitrogen was 
determined qccording to the modified Kjeldahl 
method (A.O.A.C., 1980) as summarized in fig. 
1. Protein concentration was then calculated 
by multiplying total nitrogen content by 6.25. 

Total nitrogen also includes the nitrogen 
from nucleic acids as the prime interfering 
source. Therefore, we measured initially the 
total nucleic acid (RNA & DNA) concentration 
in various fractions and then subtracted these 
values from the total protein to obtain the 
actual protein concentration. Knowledge of 
nucleic acid concentration was also important 
for reduction of these undesirable constituents 
in the final products. Determination of 
Deoxyribo Nucleic Acid (DNA) and Ribo Nucleic 
Acid (FWA) in various fractions was accomplished 
by modified procedure of Schmidt and Thann- 
hauser (1945) and similar to those described 
by Smillie and Krotkov (1960). 

For this purpose each algal fraction 
(20 mg for RNA and 40 mg for DNA) was initially 
extracted with cold methanol (10 ml, 3x), cen- 
trifuged (10,000 RPM, 4 min, 4OC), extracted 
with cold 5% TCA (10 ml, ?x), centrifuged, and 
finally extracted with cold and then boiling 
ethanol (10 m l )  to produce "algae residue". 
The algae residue was dried (37OC), powdered, 
and used for determination of DNA and RNA as 
summarized in fig. 2A and 2B. 

Purified DNA (from calf thymus, Sigma, 
St. Louis, MO) and RNA (from bakers yeast, 
Sigma, St. Louis, MO) were treated similarly 
to "algae residue1' for preparation of stan- 
dards. For preparation of diphenylamine 
reagent, 1 gram of purified diphenylamine 
(recrystallized from boiling hexane to a 
white crystalline product) was dissolved in 
100 ml glacial acetic acid and 2.75 ml of - 
sulfuric acid. For preparation of Orcinol 
reagent, 1 gram of purified orcinol (dis- 
solved in boiling benzene, decolorized with 
charcoal, and crystallized to a perfectly 
white crystalline product) was dissolved in 
lOOml HC1 containing 0.5 g FeCl 3' 

Total pigments and lipids were determined 
by extraction with boiling ethanol in a 
Soxhelt apparatus as summarized in fig. 3. 
The obtained values, under above conditions, 
were assumed to be the highest extractable 
values and were used as reference for extrac- 
tion treatments. For routine extraction of 
pigments and lipids, we, however, submerged 
thimbles containing 200 mg algae protein 
concentrate in 75 m l  absolute ethanol at 
various temperatures (20, 0, and -20°C). 
This solution was gently mixed until equili- 
brium was reached (usually overnight). Sol- 
vent could then be decolorized (within 1-2 
hours) with 2 g charcoal at the same 
temperatures. 
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Freeze dried algae (10 mg) 

(Sucrose for blank) 

I K2S04 (leq 9) HgO (40 n q )  

H2SOq (2 ml) 
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t 

Distillation apparatus 

I Rinse flask (2 ml H20, 6x) 10 ml NaOH - N2S2Oj solution 

Collect ml distillate 

in flask containing 5 ml 

saturated H3BO3 and indicator 

I 
Titrate with 0.02N HC1 

Modified microkjeldahl procedure for "N* determination 

in various algae fractions. BN = (ml HC1 - ml blank) 
x normality x 14.007 x 100/mg freeze dried algae. 

Freeze-dried algae 
residue 

1 
Extract with 10 ml 
0.3 N KOH (37.C. 16 hr) 

I 

Add M9'~12 to 1 nM 
~cidify W/PCA to p~ 2 
Add EtOH (181) 

I 

(adjust to pH 8) 

H20 kdex-1 ion ex- 
change column, I elute nucleo- 

Protein residue KC104 residue tides with HCl- 
NaCl Soln. 

Eluate + Orcinol 
reagent 
(lrl) 

J 
Heat in boiling 

water 
(40 min), and cool 

Measure green color 
at 670 nm 
(ve . T a n k )  

Pig 28) The determination procedure for "RNA' in various algae 
fractions. 

Freeze-dried algae ----+ Extraction (2x1 vith+Supernatant 
residue 5 ml, 5% Perchloric 

Acid 
(90.C. 15 min) I 

Protein residue wash w d( 

Extract + Diphenyl 
amine regent 

(182) 
I 

Heat in boiling 
water 

(10 min), and cool 
to R.T. 

I 

Algae fraction 

(200 n q  in extraction thimble) 

Soxhlet apparatus 

Extract (150 drops/min) with 
75 ml boiling absolute EtOH 

Until colorless extract (3 hrs.) 

Evaporate. cool, and 
weight the extraction 

flask and thimble 

Measure blue color 
at 600 nm. 
(vs. blank) 

pig 3) The determination procedure for total pigments and lipids 
in various algae fractions. 8 total pigments and lipids 
P w t .  of extract (mq) x 100/wt. of algae (mg). 

Pig 2A) the determination procedure for "DNA" in various algae 
fractions 



T o t a l  carbohydrates  were c a l c u l a t e d  from 
t h e  weight  d i f f e r e n c e  of a l l  above components 

' 

w i t h  t h a t  of t h e  t o t a l  o r i g i n a l  weight.  
NUCLBIC A C I D  REDUCTION - Consider ing t h e  

o v e r a l l  c o n d i t i o n s  and l i m i t a t i o n s  of space  
h a b i t a t  w e  decided t o  use  an enzymatic method 
f o r  r e d u c t i o n  of RNA and DNA, u s ing  e x t r a c e l -  
l u l a r  RNase and DNase (both  from bovlne pancreas ,  
Sigma, S t .  Louis,  140). TO o b t a i n  t h e  optimum 
r e a c t i o n  c o n d i t i o n s  f o r  enzymatic t rea tment  of 
a l g a l  n u c l e i c  a c i d s ,  i n i t i a l l y  pure  RNA and 
DNA were t r e a t e d  w i t h  RNase and DNase according 
t o  t h e  method of Worthington (Mi l l ipore  Corp., 
Bedford,  MA) and under t h e  fo l lowing  cond i t ions :  

For RNase t r ea tment :  1 ml of 1% RNA i n  
0.1M sodium a c e t a t e  (pH 5.0 and /o r  7.4) was 
mixed w i t h  1 ml of RNase i n  0 . 1  M sodium ace- 
t a t e  a t  c o n c s n t r a t i o n s  of 0,  2.5, 10 and SO 
g/ml. Upon incuba t ion  of t h e  mixture  a t  37OC 
f o r  0 ,  4 ,  and 8 min, t h e  r e a c t i o n  was stopped 
w i t h  1 m l  of 252 PCA and i c e  b a t h  (5  min). 
Following t h e  c e n t r i f u g a t i o n  (5000 RPM, 10 
min, 4OC)'of t h e  cold  mixture ,  0 .1  m l  of t h e  
s u p e r n a t a n t  was mixed w i t h  2.9 m l  water  and 
i n c r e a s e  i n  absorp t ion  a t  260 nm, due t o  
l g b e r a t i o n  of mono and o l i g o  n u c l e o t i d e s ,  was 
measured. 

For DNase t rea tment :  2.5 m l  of 0.004% 
DNA ( i n  200 m l  6.25 mM MgS04, 25 m l  1 .0  M 
sodium a c e t a t e ,  and 25 m l  H 0 )  a t  pH 5.0 and/ 
o r  7.4 was mixed w i t h  0 . 5  m!l! DNase i n  0.15 
M NaC1 a t  c o n c e n t r a t i o n s  of 0 ,  25, 50, 100, 
and 200 pg/ml. Upon incuba t ion  of the  mixture  
a% 25°C f o r  0 ,  5 ,  and 10 min, t h e  r e a c t i o n  was 
s topped w i t h  1 .5  m l  25% PCA and i c e  ba th  (5 
min).  Following c e n t r i f u g a t i o n  (5000 RPM, 
10 min, 4OC) of t h e  c o l d  mixture ,  absorp t ion  
a t  260 nm was determined. Based on t h e  obta ined 
optimum c o n d i t i o n s  f o r  enzymatic t rea tment  of 
"pure" RNA and DMA and wi th  a s i m i l a r  t r ea tment ,  
f r e sh ly -p repared  ( i . e . ,  non f reeze -d r i ed )  a l g a e  
c rude  p r o t e i n  ( f r a c t i o n  #4) was t r e a t e d  separ-  
a t e l y  w i t h  both  enzymes. Since  upon enzyme 
i n a c t i v a t i o n  w i t h  a c i d ,  t h e  superna tan t  was 
s l i g h t l y  g r e e n i s h  and chlorophyl  h a s  an absor- 
p t i o n  peak a t  260 nm, we determined DNA and 
RNA c o n c e n t r a t i o n  d i r e c t l y  i n  t h e  P e l l e t  ( i . e .  
p r o t e i n  c o n c e n t r a t e  o r  f r a c t i o n  il6) of t h e  
c o n t r o l  and enzyme t r e a t e d  samples. 

RESULTS & DISCUSSION 

C e l l  w a l l  c o n s i s t s  mainly of complex 
po lysacca r ides  and murein, t h e  t y p i c a l  s t r u c -  
t u r a l  macromolecules of b a c t e r i a l  c e l l  w a l l s  
(Soeder, 1978) and i f  l e f t  i n t a c t ,  i s  an  
o b s t a c l e  t o  d i g e s t a b i l i t y  of c e l l  components. 
To remove t h e  c e l l  w a l l  i t  i s  p o s s i b l e  t o  use  
chemical methods which i n c l u d e  t h e  use of 
u r e a ,  guan id ine ,  sodium hydroxide (Mitsuda 
e t  a l . ,  1969, Huang and Rha, 1971), a l k a l i n e  -- 
b ioca rbona te  b u f f e r  (Tannenbaum e t  a l . ,  19661, 
a c e t i c  a c i d ,  o x a l i c  a c i d ,  c i t r i c  a c i d  
(Samerjima e t  a l . ,  1971) methanol ic  hydrogen 
c h l o r i d e  (Tamura e t  a l . ,  1972) and e thano l  

acetone (Lee e t  a l . ,  1979). It is  a l s o  poss- 
i b l e  t o  use  enzymatic methods which include 
incubat ion of a c t i v e  c e l l s  a t  t h e  optimum 
temperature t o  induce t h e  l y t i c  r e a c t i o n  of 
endogenous enzymes o r  a d d i t i o n  of enzymes t o  
l y z e  t h e  c e l l  w a l l  (Hedenskog et a l . ,  1969; 
Yaul e t  a l . ,  1970; Cas t ro  e t  a l . ,  1971, 
Carenberg and Heden. 1970)- - 

~ l t h o u ~ h  each of aboLe methods has  i t s  
own advantages,  we, however, due t o  t h e  PO- 
t e n t i a l  l i m i t a t i o n s  and r e s t r a i n t s  of CFLSS, 
focused on s imple  p h y s i c a l  methods f o r  c e l l  
w a l l  d i s r u p t i o n .  The phys ica l  methods gen- 
e r a l l y  involve  t h e  r u p t u r e  of c e l l s  wi th  a 
h igh-pressure  p r e s s ,  freeze-thaw t rea tment s ,  
and s o n i c a t i o n ,  a s  w e l l  a s  high-speed b a l l  
m i l l  g r ind ing ,  h igh  p r e s s u r e  homogenization, 
and high-speed mixing (Hedenskog and Mogren, 
1973; Lee e t  a l . ,  1979; Cunningham e t  a l . ,  
1975; Dunni l l  and L i l l y ,  1975). 

Comparison of phys ica l  c e l l  w a l l  d i s -  
: rup t ion  method's by d i r e c t  Scanning E lec t ron  

Microscopy (SEM) showed t h a t ,  under our 
experimental  cond i t ions ,  homogenization wi th  
g l a s s  beads r e s u l t s  i n  more d i s r u p t i o n  than 
t h e  o the r  methods. Consequently, homogeni- 
za t ion  was chosen a s  our method f o r  breakage 
of a lgae  c e l l  w a l l s .  F ig .  4 shows t h e  
comparison of t h e  microscopic inspec t ion  
of i n t a c t  a l g a e  c e l l s  wi th  homogenized (30 
min) c e l l s .  Upon completion of above s t a g e  
and removal of beads wi th  s i e v e  1/40 (420 llm 
openings) ,  w e  obta ined a homogeneous mix- 
t u r e  of c e l l  w a l l  fragments,  va r ious  re- 
l eased  cytoplasmic p r o t e i n s  and c e l l  organ- 
e l l e s ,  n u c l e i c  a c i d s ,  and pigments, from 
which we were i n t e r e s t e d  i n  separa t ion ,  con- 
c e n t r a t i o n ,  and i s o l a t i o n  of p ro te ins .  The 
u t i l i z a t i o n  of t h e  remaining components could  
be  t h e  s u b j e c t  of a d d i t i o n a l  r e sea rch  a c t i -  
v i t i e s  i n  t h e  a r e a  of by-product management. 

Major n u t r i t i o n a l  components of a l g a e  
f l o u r  ( f r e e z e  d r i e d  broken c e l l s )  a r e  shown 
i n  Table 1. Our va lues  a r e  i n  good agreement 
wi th  those  repor ted  i n  t h e  l i t e r a t u r e  (Becker, 
1981; Jurkovic  et a l . ,  1983; P io r reck  e t  a l . ,  -- 
1984) i n d i c a t i n g  t h a t  continuous a l g a l  c u l t u r e  
r e s u l t s  i n  a l g a l  biomass s i m i l a r  t o  batch- 
type products .  

Fig.  5 shows t h e  s tepwise  procedure f o r  
p r e p a r a t i o n  of v a r i o u s  a l g a l  f r a c t i o n s .  
Adjustment of broken c e l l  suspension t o  pH 
10.0 was based on t h e  known pH-solubi l i ty  
curves f o r  p l a n t  p r o t e i n s  (Wolf, 1978) and 
according t o  t h e  methods of Hedenskog and 
Mogron (1973) and Hedenskog (1978). A t  t h i s  
pH, p r o t e i n s  and a s s o c i a t e d  molecules a r e  
s o l u b l e  and t h e r e f o r e ,  upon c e n t r i f u g a t i o n ,  
undes i rab le  c e l l  w a l l s  ( can ta in ing  murein 
and d i s t u r b i n g  carbohydrates) ,  a long wi th  
some fragments and o r g a n e l l e s  a r e  excluded 
from t h e  product .  This  r e s u l t s  i n  a l g a l  
crude p r o t e i n  ( F r a c t i o n  84) which theore t -  
i c a l l y  have h igher  d i g e s t i b i l i t y  values .  
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Pig 5 )  Stepwise procedure for preparation of varicus algae 
fractions 

Fig 4) Scanning Electron Micrograph of Green 
algae (Scenedesmus obliquus) cells 
(A) and homogenized cells for 30 
min (B). 



At this stage, attempts were made to. remqve . 
another undesirable component of the algal 
system, i.e. nucleic acids. Nucleic acids, 
insoluble below pH 4.5, if ingested directly, 
lead to the elevation of blood uric acid levels 
as a result of their degradation to the purine 
bases, adenine and guanine, and the in vivo 
oxidation of these latter. Uric acid with 
extremely low water solubility cannot be 
further degraded and is only partially ex- 
creted. This leads to gout, diseases affec- 
ting the joints and to the formation of "stones" 
in, for example, the kidneys and the bladder 
(Hudson, 1980). Reduction of the levels of 
nucleic acids is thus of special importance. 

The generally accepted safe level of 
nucleic acid intake in the human is 2 grams 
per day (Scrimshaw, 1975), and since the total 
concentration of nucleic acids (RNA & DNA) of 
the studied algae is found to be 6.02, this 
would limit, the algal consumption to about 
33 grams per day. Thus, if algal proteins 
are to be used as a major ingredient in foods 
in space habitats, reduction of nucleic acids 
is an essential step. 

There are numerous methods for reduction 
of nucleic acid content in cell suspensions and 
in cell homogenate. These methods have been 
reviewed by Sinskey and Tannenbaum (1975), 
Litchfield (1977), Chen and Peppler (1978), 
Hedenskog (1978) and Gierhart and Potter 
(1978). Cell suspensions have been treated 
with acid (Peppler, 1970), aqueous ammonia 
(Ayukawa et al., 1971; Akin and Chao, 1973), 
heat shock/pancreatic RNase (Castro et al., 
1971), heat shock/Na HP04 solution (Canepa 
et al. , 1972), M~OH/&C~ mixtures (Tamura -- 
et al., 1972), heat shock (Tannenbaum, 1973), -- 
EtOH/HCl mixture (Akin and Chao, 1974) heat 
shock/pH 5.0-5.5 (Akin, 1974), heat shock/ 
carboxylic anion (Sinskey and Tannenbaum, 
1975), and NaOH or aqueous ammonia (Viikari 
and Linko, 1977). 

Reduction of nucleic acids in cell homo- 
genatrs have been reported with NaCl 3%/50°C - 
pH 5.6 (Lindblom and Morgan, 1974), pH 6.01 
80°C (Varmanuvat and Kinsella, 1975), high 
temperature-low alkali, or low temperature- 
high alkali (Newel1 et al., 1975), 100°C/pH 
6-8 (Robbins, 1976), extracellular RNase 
(Fazakerley, 1976), and succinylation after 
cell disruption (Shetty and Kinsella, 1979). 

Enzymatic treatment results in depoly- 
merization of nucleic acids into mono and 
oligo nucleotides and since the latter are 
soluble at lower pH's, acidification of the 
algal crude protein (to pH 4.0) will result 
in exclusion of undesirable nucleotides 
(along with soluble peptides and free lipids) 
from protein concentrate into supernatant. 

Treatment of pure RNA with RNase showed 
that optimum condition at 37OC for maximum 
absorption (260 nm) are: pH 5.0, Enzyme/ 
substrate ratio of 11200 (w/w) and reaction 

time of 8 min. Similarly, the optimum condi- 
tions for DNase at 2S°C are: pH 5.0, ~nzyme/ 
substrate ratio of 111 (w/w) and reaction 
time of 10 min. 

When the algal crude protein (114) was 
treated under above optimum conditions, results 
showed 96.5% decrease in RNA concentration and 
79% decrease in DNA concentration. 

Table 2A shows the comparison of RNA and 
DNA concentrations in various algae fractions 
before and after enzymatic treatment. Reduc- 
tion of total nucleic acids concentration of 
algae protein concentrate (06) to 0.81% in- 
creases the safe consumption level of this 
protein from approximately 2 g (non-treated) 
to approximately 250 g per day. Similarly 
reduction of total nucleic acid concentration 
of protein isolate (#8) to 1.04% increases 
the safe,consumption level of this protein from 
15 g to 190 g per day (Table 2B). - 

IZxtEtion of high concentration of pig- 
ments (mostly chlorophyll a) and lipids from 
the algae protein concentrate (fraction .#6) 
results in removal of almost all green color 
and consequently the algae protein isolate 
(fraction 118) has a "light olive color" upon 
freeze drying. Removal of the pigments and 
lipids enhances the acceptability of algal 
products from the color and flavor points of 
view, but causes denaturation of algae pro- 
teins (regardless of ethanol extraction 
temperature) and therefore water insolubil- 
ity of the final product. This side effect 
may result in loss of some useful functional 
properties during the following fabrication 
processes. Yield (%), protein concentration 
and protein recovery (%) of various algae 
fractions is represented in Table 3. Although 
the total recovery and protein concentration 
of protein isolate seem rather reasonable, 
attempts should be made to increase these 
values. 

Above results show that green algae can 
be processed and upgraded (with a reasonable 
yield) to algal protein isolate by removing 
3 major undesirable cell components (cell - 
wall, nucleic acids, and pigments and lipids). 
This will enhance the potential nutritional 
and organoleptic acceptability of algae 
products while some functional properties may 
be lost and need to be restored or avoided. 
Further research on optimization of each 
processing step and consequently improving 
the yield and quality of final product (upon 
protein characterization) is needed before 
any study on nutritional, toxicological, and 
technological aspects is planned. The latter 
studies are of prime importance and should be 
carried out before the actual utilization 
of algae as a protein source in space habitat. 



Table 1 )  N u t r i t i o n a l  composition of a l g a e  f l o u r  ( f r e e z e  d r i e d )  
broken c e l l s ) .  So l id  con ten t  of whole a l g a l  c e l l  
p r i o r  t o  f r e e z e  drying was found t o  be 23%.  

P r o t e i n s  

Nucleic Acids: 

RNA 

DNA 

Pigments & Lip ids  

Carbohydrates 

Ash 

Moisture Content 

To ta l  98.1-102.1% 

Table 2A) Concentra t ion of RNA and DNA i n  va r ious  a l g a l  f r a c t i o n s  be fo re  and a f t e r  

enzymatic (RNase & DNase) t rea tment .  

f r a c t i o n  % RNA 

2  (a lgae  f l o u r )  

4  ( a l g a l  crude p r o t e i n )  

6  ( a l g a l  p r o t e i n  concen t ra te )  

8 ( a l g a l  p r o t e i n  i s o l a t e )  

be fo re  a f t e r  

4 . 3  - 
6.8 - 
7 . 4  0.26 

9.9 (0.35) 

% DNA t o t a l  N.A. 
reduct ion 
upon Enz. 
t rea tment  (%) 

before  a f t e r  

1 . 7  - - 



Table 2B) Amount of algae (grams) containing safe consumption 

level of nucleic acids i.e., 2g/day (Scrimshaw, 1975). 

fraction B Before After 
Enz. treatment Enz. treatment 

2(algae flour) 3 3 - 
6(algal Protein Concentrate) 20 24 7 

8(algal Protein isolate) 15 190 

Table 3) Yield (%), protein concentration (%) and Protein recovery (%) of various algae 

fractions without enzymatic treatment. 

fraction /I yield (%) Protein concentration (%) Protein 
Recovery 

2 (algae flour) 100 

4 (algal crude protein 6 5 

6 (algal protein concentrate) 51.6 

8 (algal protein isolate) 36.6 
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BLSS, A European Approach to CELSS 
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ABSTRACT A feasibility study of a closed life support 
system for plant and animal experiments in space 

Controlled ecological life support systems has been initiated and results will be verified 
(CELSS) have for some years been subject to in- by bread-board testing of selected alternatives. 
tensified studies and experiments in the U.S. The principle is to form a chain of ECO-groups 
and the U.S.S.R., and in Europe and Japan as consisting of food producers, consumers and de- 
well in recent years. composers, of which one (plants or animals) will 

contain the life science test species. Considered 
The presently planned Space Station con- possibilities are combinations of aquarium con- 

cepts foresee an early implementation of water cepts, algae reactors and vertebrate vivaria. 
and oxygen recovery in order to reduce resupply 
weight and volume. In view of expected increase This paper discusses the BLSS feasibility 
in station and crew size the spacecraft payload analyses activities performed in Europe, the on- 
limitations will require that the carbon, or going experimental/development work and future 
food, recycling loop, the third and final part planning for European BLSS activities. 
in the life support system, be closed to further 
reduce logistics cost. This will be practical ' 

only if advanced life support systems can be de- FOR EXTENDED DURATION MISSIONS in space the prac- 
veloped in which metabolic waste products are tical supply of basic life-supporting ingredients 
regenerated and food is produced. represents a formidable logistics problem. The 

weight at launch and the storage volume in weith- 
Dornier System has in recent years underta- lessness of water, oxygen and food in a conven- 

ken an effort to define requirements and con- tional non-regenerable life support system are 
cepts and to analyse the feasibility of a Biolo- directly proportional to the crew size and the 
gical Life Support System (BLSS) for space ap- length of the space mission. In view of space- 
plications. Analyses of the BLSS energy-mass re- 
lation have been performed, and the possibili- 
ties to influence it to achieve advantages for 
the BLSS (compared with physico-chemical systems) 
have been determined. The major problem areas 
which need immediate attention have been de- 
fined, and a programme for the development of 
BLSS has been prosed. 

craft payload limitations, the inescapable con- 
clusion is that extended-duration manned space 
missions will be practical only if advanced life 
support systems can be developed in which metabo- 
lic waste products are regenerated and food is 
produced . 

Only a Biological Life Support System 
(BLSS) *, which not only satisfies the space sta- 
tion environmental control function requirements, 
bus also closes the food cycle, can meet all the 
expected requirements. A BLSS must be a balanced 
ecological system, biotechnical in nature and 
consisting of some combination of human beings, 
animals, plants and microorganisms integrated 
with mechanical and physico-chemical hardware. 

t Biological Life Support System (BLSS) is 
synonymous to Controlled Ecological Life 
Support System (CELSS) in this paper. 

R e p r i n t e d  w i t h  p e r m i s s i o n  @ 1985 
S o c i e t y  o f  A u t o m o t i v e  E n g i n e e r s ,  Inc. 



Numerous scientific space experiments have 
been delineated in recent years, the results of 
which are applicable to the BLSS concept. To en- 
sure that the efforts expended by various inter- 
natiopal: bodi'es :aiq. t+%a<d a; common goal, the co- 
ordinati6n Jith .existiAg ~pa%lab and Shuttle 
utilization programmes is of major importance to 
avoid duplication of effort and to gain access 
to valuable data as early as possible. The ana- 
lysis reported here is a result of a cooperative 
effort undertaken by Dornier System and Hamilton 
Standard in recent years to define requirements 
and concepts, and to analyze the feasibility of 
BLSS for space applications. The development of 
BLSS relevant experiments has also been initiated 
in Europe. 

STATE OF THE ART 

The development of manned space activities 
will most likely continue along the evolutionary 
lines that have so successfully .guided the space 
programme to date. Along with progressively gro- 
wing crew sizes, mission duration and complexity 
have increased dramatically since the first orbi- 
tal flights in 1961 - 1962. Mission duration has 
progressed from the one to three orbits of the 
first Vostok and Mercury flights to the 84 days 
of the third Skylab flight and the 211 days of 
Salyut. From the initial, single objective of 
survival, mission objectives have increased to 
the achievement of major experiments, and the ac- 
complishment of major operational missions, such 
as satellite launch, deployment, capture, repair 
and redeployment. 

The Space Transportation System (STS) , Shut- 
tle Orbiter and Spacelab, are opening up the fu- 
ture expansion of manned space activities. The 
baseline STS capability is a seven day on-orbit 
mission. 

Future use of space stations and larger 
scale operations are forecasted to continue in a 
progressive manner [I]*. In concert with the 
evolution of man's activities in space, the tech- 
nology to support these activities will require 
progressive development of today's space systems. 
of major importance is the life support system. 
m e  latest U.S. and European manned space vehic- 
les, the Space Shuttle Orbiter and the Spacelab, 
contain the same life support systems with ex- 
pendable supplies, such as the systems used on 
the earlier manned space flights. However, the 
next phases of manned space flight development 
will provide substantial impetus to improve life 
support technology, and to reduce the dependency 
upon these expendable technologies. Figure 1 
shows how improvements in life support technolo- 
gy might be implemented in conjunction with the 
mission growth scenario. 

* Numbers in parenthesis designate references 
at end of paper. 
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Fig. 1 - Prospective evolution of 
life support systems 111 

The next U.S. and European manned space ob- 
jective is a Space Station. This permanently 
manned facility will be resupplied on 90-day in- 
tervals and have a crew size of 6 - 8 astronauts. 
Such an in-orbit system is envisioned to have a 
large role in the commercialization of space ac- 
tivities, as well as playing a key role in con- 
tinued development of space technology, primarily 
in the area of in-orbit operations. Because re- 
supply from Earth of metabolic expendables (02, 
clean H20, food) incurs a high launch cost the 
Space Station life support system is expected to 
regenerate water and oxygen. 

Beyond the initial Space Station, future 
manned space missions include various missions 
that require large teams of humans working and 
living in space for extensive periods of time in 
permanently-inhabited large space stations. 
These space habitats will require the carbon 
loop to be closed to further reduce logistics 
costs. This recycling of carbon will only be 
practical if advanced life support systems can 
be developed in which metabolic waste products 
can be used to produce food (Figure 2) . 

Fig. 2 - Principal Biological Life Support 
System (BLSS) 



Initial efEorts to investigate advanced 
life support systems of the ecological/biolo- 
gical type to close the carbon loop (food sup- 
ply), Figure 3, have been undertaken in the 
U.S. (Controlled Ecological Life Support Sys- 
tems, CELSS) and in Europe (Biological Life 
Support Systems, BLSS) in recent years. During 
this decade, continuing efforts will concen- 
trate on feasibility studies, investigations 
of specific development issues, and flight ex- 
periments to prove the viability of selected 
detailed designs or to provide basic scienti- 
fic information in preparation for large scale 
testing on board a space station in the 1990's. 
A indicated in the literature, intensive ex- 
perimental studies concerning BLSS are also 
being conducted in the U.S.S.R. and Japan as 
well. Both terrestrial and space experiments 
are being planned or performed. 

Fig. 3 - Principle carbon mass flow 
in a closed system (BLSS) 
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The benefit of BLSS is primarily an eco- 
nomic one, because the cost of launching sup- 
plies into orbit to support manned space ac- 
tivities can be reduced by the use of a BLSS. 

0 

The first, and relatively near potential a p  
plication for BLSS is on a space station in 
a low earth orbit (LEO). An estimated systems 
trade-off between a non-biological (physico- 
chemical) regenerative system and a biologi- 
cal system with ~ 8 0 %  food closure is given in 
Figure 4. 

I 

Depending on the mission type and crew 
size the pay off varies from 6 - 7 years for 
a 4-man crew to about 1 1/2 year for a 100- 
man crew in LEO. 
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Fig. 4 - Estimated system trade-off 
for life support system 
alternatives 

BLSS REQUIREMENTS 

In defining BLSS characteristics, it is 
important to consider potential space applica- 
tions, which dictate BLSS functional require- 
ments. A permanently manned space station or 
base has been used as the model for the fol- 
lowing BLSS discussions, because this applica- 
tion embodies the essential complexities of 
most BLSS uses. As BLSS will represent only 
one of many subsystems integrated to form the 
space station, the BLSS design must take into 
account all potential inputs (e.g., gases, 
chemicals) from other subsystems if the re- 
sulting space station ecology is to be balan- 
ced and stable. 

Space station life support functions can 
be more definitively specified as: 

- Oxygen Production 
- Carbon Dioxide Control and Reduction 
- Contaminant Gas Control 
- Two Gas Control and Pressure Regulation 
- Humidity Control 
- Thermal Control 
- Solid Waste Reclamation 
- Waste Water Reclamation 
- Radiation Protection 
- Illumination 
- Artificial Gravity 
- Food Supply (production and supply). 

Ultimately, BLSS functional requirements 
for space application will be to supply oxygen, 
water and food for support of human life on a 
continuous basis, while maintaining a balanced, 
stable spacecraft ecology. The BLSS must satis- 
fy both the Environmental Control and Food Pro- 
duction functional requirements of the space 
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station listed above. While the precise 'BLss 
components will be highly dependent on the space 
mission, it will probably consist of humans, 
animals, plants and microorganisms integrated 
with other supporting physicochemical compo- 
nents. 

In an ideal scenario, a BLSS would be c a p  
able of perfect: 

- metabolic balance between man's oxidative 
process and plants regenerative process, 

- waste water reclamation, and 
- mass-balanced regenerative food/waste 

cycle. 

The closed system as presented in Figure 5 
would represent this case. In a closed system, 
where the food supply might include both animal 
and plant species, no unusable residues would be 
produced. That is, a perfect regerative balance 
of input and output quantities from human, ani- 
mal and plant species would be maintained. In 
practice, however, total BLSS closure will not 
be achievable. At best, BLSS closure will be ap- 
proached incrementally and only after intensive 
biological research effort. 

0.2 
ATMOSPHERE SUPPLY 

0.2 a 2  

HUMANS 
SUPPLY 

Hz0 Hz0 

WASTES WATER SUPPLY WASTES 
-s 

f WASTE PROCESSOR - 
Fig. 5 - Closed BLSS 

To expand upon the concepts introduced 
above, the BLSS must be balanced in the sense 
that proper proportions of C02, 02, biomass, 
water, food reserves, etc., are maintained. The 
precise nature of this balance relates directly 
to BLSS'S regenerative ability to convert waste 
products to usable products. In any practical 
BLSS, supplement additives to the system will 
periodically be required to maintain the desired 
ecological balance, because some unusable waste 
residues will always be produced. Such BLSS sys- 
tems'are said to be partially closed, Figure 6. 
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Fig. 6 - Partially closed BLSS 

Assessing the required life support func- 
tions (oxygen supply, food production and water 
reclamation) for a BLSS indicates that the food 
production requirement is the design driver for 
higher plants. A system sized for food produc- 
tion will be in the position to handle the other 
life support functions without an increase in 
size. Analyses of the BLSS energy-mass relation 
have been performed, and it appears possible to 
achieve advantages using the BLSS compared to 
physico-chemical systems. At equal energy con- 
sumption for a BLSS and a physico-chemical sys- 
tem, the break-even point of mass is in the or- 
der of 7 years. If the phototrophic efficiency 
could be increased over the 2% used in this ana- 
lysis the energy consumption would be higher for 
the BLSS, but it would show a weight advantage 
for shorter mission durations 121. 

BLSS DEVELOPMENT APPROACH 

The development of an operational biologi- 
cal life support system for space requires dual 
development paths 121. In parallel to the selec- 
tion of species plants and animals, the improve- 
ment of culturing methods and of waste treatment 
by experimental investigations, and mathematical 
models will be needed to decrease development 
risks of the prototype BLSS. 

The development process (Figure 7) starts 
with the specification of the human diet and the 
vitamin and trace mineral requirements. Compati- 
ble with these human requirements and the envi- 
ronmental conditions of a space station, the next 
step would be to select the plant and animal spe- 
cies required. This selection will be reevaluated 
and retested as the development of a BLSS makes 
progress in the following areas: 

- higher yield of cultures, 
- waste treatment, and 
- control mechanisms. 
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REQUIRED BLSS SCIENTIFIC AND TECHNOLOGY 

DEvELaPnENTS 

Envlronmnt 

- ~ t e r i a l s  salection 
- rmasphera selection 
- CravlLy ..1cction - -1aLlon ahlcldlnq 1q"1rmmt. and ~ o t h n a ~ l o g y  
- ecosystem tra&off studies - Chemical analysis and contzol of ccntamlnantl and toxiCmt. - 11hninarion requir-nf. - solar  reflscrors md f l lcers 

*anaqan"t and Control 
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Fig. 7 - Idea of the development process of a BLSS 

Many single experimental investigations in rities should be set as to whether the problem 
various disciplines will be necessary for the is relevant in the very near future (short-term 
evaluation of the biological, chemical and tech- relevance, pre-pilot type) or not (long-term re- 
nical basis for these areas before they can be levance, pilot type) . 
integrated into subsystems, whose functional 
coupling and reliability under working condi- 
tions can be tested. Table 1 - Basic BLSS Development Issues 

The theoretical approach, going hand in 
hand with the experimental one, will use mathe- 
matical models. These mathematical models should 
describe the functional couplings between all 
system components as well as their dynamic be- 
haviour. The models should also define system 
stability and eventually form the basis fortcom- 
puterized control and management of the system, 
including problem prediction, trend analysis, 
crop forecasting, and logistical requirements 
predictions. 

The early state of development of the BLSS 
system is reflected by the large number of is- 
sues yet to be resolved in the definition of an 
operational system. Table 1 summarizes some ba- 
sic developments yet to be undertaken in the 
areas of environment control, agriculture, aqua- 
culture, food synthesis and processing, diets, 
and waste conversion. A development programme 
as outlined in Figure 7 is envisioned to sequen- 
tially address these issues in the development 
of a BLSS system 12 & 31.  

Within the large list of BLSS issues to be 
resolved, there are a number of early technology 
tasks that can be performed in an initial test 
and development programme to lay a technological 
foundation for the eventual BLSS system evolu- 
tion. These early key tasks are listed in Table 
2. 

These problems have to be subdivided into 
ones that absolutely require studies in space, 
and ones that can be studied and solved in ter- 
restrial research programmes. Furthermore, prio- 
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Table 2 - Problems to be Studied in PRE-PILOT STUDIES - should center around the 
problem of providing the crew with a certain a- 
mount of fresh greens. The culture methods are 
characterized by the use of prepared beds or pots 
which contain a medium either in the form of so- 
lid fertile 'soil' (agar plate) or spongelike 
substances. The interface of the BLSS with the 
spacecraft and with outer space (sunlight) should 
be as simple as possible. Direct sunlight would 
be preferred from an energy point-of-view, but 
because of multiple light-dark periods during 
each 24-hour day in low earth orbit, solar pow- 
ered artificial light may be required. 

The harvesting process should take place 
by cutting plants during their vegetative period. 
Species able to perform vegetative reproduction 
should be selected to shorten the duration bet- 
ween the harvesting periods; the generative pe- 
riod during growth should be by-passed. Vegeta- 
tive reproduction is usually supported by the 
method of stem-cutting. This method is also less 
crew-time consuming than sprouting from seed. 

PILOT STUDIES - focus on the design and tes- 
ting of a terrestiral reference system which si- 
mulates the life support system with its biolo- 
gical subsystems intended for flight application. 
Reference systems have in the past been designed 
and tested along with the development of physico- 

( ) = n e e d  for  

?re-Pilot 
Terrestrial 
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X 

X 

X 

( X I  

X  

X 

X  

x 

x 

X  

X 

PAR = P h o t o s y n t h e t i c  A c t i v e  R e g l o n  
chemical s+systems. 

1R = I n f r a r e d  

Whereas in pre-pilot studies principle as- 
pects of BLSS are experimentally investigated, 

Generally speaking, only those problems the aims of pilot design and testing of a refe- 
need to be studied in space, which: rence system are to verify the selected princi- 

(i) require a micro-gravity environment, and/ ples for the closure of the water, atmosphere 

or and carbon loops as a system. The successful ex- 
perimental work performed to date with such sys- 

(ii) are cosmic radiation dependent. tems led to the conclusion that the concept of a 

As to i) , perhaps problems arising in the reference system is valid. Pilot studies should 

micro-gravity environment of a BLSS may be sol- include both terrestrial and space activities. 

ved on earth by studying the problems under in- 
~t is only in the final stage of the deve- creased g-force levels and directional attitu- 

lopment of BLSS that pilot studies will occur in des of gravity, and then extrapolating the re- 
space. At this stage of development, complete sults to 0-9. This approach, in connection with 
biological subsystems are flown, possibly as sophisticated mathematical modelling, might be 
some kind of parallel system to physico-chemical successful. If experiments have to be conducted 
subsystems, activated only during a certain phase under micro-gravity, it seems possible that 
of the mission. Such a mission will occur before only verification experiments may be necessary. 
complete BLSS are implemented as the main life 

As to ii), it is clear that the simulation support system. 

of cosmic radiation on earth is very difficult, 
and that appropriate experiments may have to be 
performed in space. However, the composition of 
cosmic radiation and its distribution in space DEVELOPMENT OF BLSS EXPERIMENTS 

is relatively well known, so that first order The BLSS studies have indicated two blocks 
approximations are possible for certain experi- (pre-pilot and pilot type) of experiments and 
ments. analysis which are required for the support and 

For all experimental activities, a prere- promotion of the development of BLSS (Table 2 ) .  

quisite is that they focus on the applicability The development of specific flight experiments 

of certain biological features for BLSS. There- should follow the generalized flow diagram in 

fore, questions concerning problems of basic Figure 8. This approach takes into account the 

life science are not to be studied, but results known typical BLSS design parameters for diffe- 

of such experiments might provide answers to rent types of species, and can also be used for 

certain questions relevant to BLSS. 
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Fig. 8 - Development of flight experiments for BLSS 

the definition of new BLSS flight experiments Any efforts related to the PAR-windows should 
and to evaluate modifications to planned expe- include systems analysis studies in the areas 
mentS. A preliminary programme has-been proL of: 
posed indicating some potential BLSS exper:- - the correct wavelength needed for optimum 
ments. These experiments investigate those areas growing conditions, 
with immediate impact upon the successful inte- - avoidance of excessive heat load into the 
gration of a regenerable life suppprt system in- spacecraft, and 
to future manned space activities.. - use of day/night growing cycles. 

Tasks of immdiate importance from a life Concerning the cosmic radiation investiga- 
support system development point-of-view are: tions, advanced experiments are planned'and, in 

- investigations concerning micro-gravity, this case, the interpretation of results, and 

- investigations concerning cosmic radiation, the subsequent influence on species selection 
- development of large area windows for radia- are the major tasks in the BLSS development. 

tion in the PAR-region, New experiments should have the dual goal - investigations concerning harvesting and of advancing the basic scientific research while 
cultivation in micro-gravity, meeting the BLSS requirements. - monitoring, control and sensor technology, 
and ? 3 

Presently two projects are being performed 
- waste processing. in Europe with a direct link to BLSS: . 

Cosmic radiation studies are -already 'ijlan- - Solar Pla'nt Growth Faciltity (SPGE~ and 

ned, but those experiments dealing^ with mi'cro- - Environmental Life Support System,Techno- 
gravity and PAR-windows are only partly defined. logy Study (ELSS) . 
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SOLAR PLANT GROWl'FI FACILITY - The Solar 660 x 1360 x 900 mm and the overall weight 152 
Plant Growth Facility is to be designed as a re- kg. Technically the SPGF will be used to verify: 
usable life science facility rendering possible - the illumination concept (window and shut- investigations with respect to future biological 
life support systems (BLSS). ter) , - +he atmosphere regeneration and gas supply 

(absorption of C02, absorption of O2 and 
By conducting long term experiments (about 

6 months), the results should be useful to en- supply of COZ), - observation methods, 
hance the technological background needed for - proposed stem-cutting concept, 
the development of BLSS; for this purpose a cer- - proposed pollination concept, 
tain biological sample is exposed to well de- - watering and nutrient supply concept, and fined environmental conditions in a low earth - thermal humidity and dehydration schemes. orbit and factors which are expected to influ- 
ence the design of BLSS (metabolism, survival 
rates, morphogenesis,..) are studied. By this 
way, one will gain experience in handling and 
cultivating larger amounts of biological mate- 
rial necessary for providing food and a suitable 
atmosphere in future manned space missions. 

The data collected inflight shall estblish in- 
formation on: 

- Metabolism of the plants, that is 

. 0 production and consumption 2- 

. COZ-consumption and production 

- Morphogensis of the plants, - Development of flowers and seeds, 
- Regeneration after cutting, vegetative 

reproduction, - Light input to the plants 

. total amount 

. cycle (60 min. day, 35 min. night), 
and 

- production of gaseous trace contaminants 
(e.g.c21i4). 

A breadboard unit of the SPGF is shown 
'igure lo. 

The principle schematic of the SPGF is 
given in Figure 9. The overall dimensions are 

Fig. 10 - SPGF Breadboard Model 

Fig. 9 - SPGF Schematic (Source: ORS) 



851391 

ACKNOWLEDGEMENT 

Part of the work reported on in this paper 
has been performed as a cooperative effort be- 
tween Dornier System and Hamilton Standard. Val- 
uable support in preparing this paper has been 
given by P. Schiller of Dornier System concer- 
ning the ELSS-study. The SPGF work is a joint 
Dornier System and Osterreichische Raumfahrt- 
und Systemtechnik GmbH, Vienna, project. 

REFERENCES 

1. A.I. Skoog andA.0. Brouillet, *Trends in 
Space Life Support, Acta Astronautica, 8, 
P 9 - lo, 1135-1146 (1981) 

2. Hamilton Standard and Dornier System, 
Definition of an Experimental Programme 
for BLSS/CELSS, Final Report, Dornier 
System, Friedrichshafen, FRG (October 1982) 

3. H.P. Leiseifer, A.I. Skoog and A.O. Brouil- 
let, Biological Life Support System, in: 
Environmental & Thermal Control Systems 
for Space Vehicles, European Space 
Agency, SP-200, 289-298 (1983) 

4. A.I. Skoog, BLSS, A Contribution to 
Future Life Support, 
XXVth COSPAR, 25 June - 7 July 1984, 
Graz, Austria. 
Paper F.6.5. 



ABSTRACT 
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Concept of Gas Recycle System 
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Submar ~ n e  Deslgnlng Department 
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I n  o r d e r  t o  prolong the  dura t ion  of manned 
miss ions  around t h e  e a r t h  and t o  expand t h e  
human e x i s t i n g  reg ion  from t h e  e a r t h  t o  o t h e r  
p l a n e t s  such as a Lunar Base o r  a manned Mars 
f l i g h t  mission, the  CELSS becomes a n  e s s e n t i a l  
f a c t o r  of the  f u t u r e  technology t o  be developed 
through u t i l i z a t i o n  of Space S t a t i o n .  

The prel iminary SELI (System Engineering 
and I n t e g r a t i o n )  e f f o r t s  regarding CELSS have 
been c a r r i e d  o u t  by t h e  Japanese CELSS concept 
s tudy  group f o r  c l a r i f y i n g  the  f e a s i b i l i t y  of 
hardware development f o r  Space S t a t i o n  
Experiments and f o r  g e t t i n g  the  time phased 
miss ion s e t s  a f t e r  Fy ,1992. The r e s u l t s  of 
these  s t u d i e s  a r e  b r e i f l y  summarized and 
t h e r e a f t e r ,  t h e  design and u t i l i z a t i o n  methods 
of a Gas Recycle System f o r  CELSS experiments 
a r e  discussed.  

I .  PROPOSED EXPERIMENTS AND ITS MISSION ANALYSIS 

According t o  NASA's c a l l  f o r  i n t e r n a t i o n a l  
p a r t i c i p a t i o n  i n  the  Space S t a t i o n  program, 
d a t a  sources  f o r  Space S t a t i o n  U t i l i z a t i o n  
concepts i n  many f i e l d s  have been c o l l e c t e d  a t  
t h e  Japanese Space S t a t i o n  Symposium he ld  i n  
October 1982. Among the  papers presented a t  
t h i s  Symposium, e leven  experiment proposals  a s  
shown i n  Table 1 r e l a t e d  t o  CELSS have been 
e x t r a c t e d  a s  the  d a t a  source  f o r  CELSS miss ion 
a n a l y s i s .  Using these  d a t a  sources,  ex tens ive  
s tudy f o r  c l a r i f y i n g  the  development 
f e a s i b i l i t y  of hardware necessary t o  conduct 
t h e  CELSS experiments wi th  s t a t e  of a r t  
equipment have been conducted. 

Each proposed theme was divided i n t o  t h e  
resea rch  items c l o s e l y  connected w i t h  
experiment hardware and the  necessary t i m e  
spans  f o r  developing hardware were i n v e s t i g a t e d  
consider ing t h e  t echno log ica l  matur i ty  and 
e f f e c t i v e n e s s  f o r  experiments.  Table 2 shows 

Kobe, Japan 
the  strawman CELSS experiment concept and is 
desc r ibed  i n  next  s e c t i o n .  

2. CELSS EXPERIMENT CONCEPT 

The CELSS i s  the  technology f o r  making a 
s t a b l e  ecology among animals  and p l a n t s  
wi thout  re-supply of m a t e r i a l s  and using a 
s p e c i a l  c o n t r o l l e d  environment.  Therefore 
t h e  CELSS would be d iv ided  i n t o  two s e c t i o n s ;  
t h e  environmental c o n t r o l  s e c t i o n  and the  
c u l t i v a t i n g  and breeding s e c t i o n  of p l a n t s  
and animals.  I n  the  environment c o n t r o l  
s e c t i o n ,  a t  l e a s t  t h r e e  major systems, shown 
Fig.  1,  should be i n s t a l l e d  f o r  s u s t a i n i n g  
t h e  gas  environment, f o r  water r ecyc le  and 
f o r  decomposing waste m a t e r i a l s  i n t o  a 
f e r t i l i z e r  s o l u t i o n .  

I n  t h e  c u l t i v a t i n g  and breeding s e c t i o n ,  
t h e  Algae and h igher  p l a n t  c u l t i v a t i o n  
systems f o r  conver t ing carbon d iox ide  t o  
oxygen and f o r  producing food a r e  t o  be 
i n s t a l l e d .  I n  a d d i t i o n  aminal and f i s h  
breeding systems f o r  o b t a i n i n g  animal p r o t e i n  
should a l s o  be i n s t a l l e d .  

I n  o r d e r  t o  develop CELSS technology, i t  
i s  necessary t o  t ake  a long time span a s  
descr ibed i n  previous s e c t i o n  because b a s i c  
ground based experiments r e l a t e d  t o  the CELSS 
a r e  required before  developing t h e  f l i g h t  
experiment hardware, and a l s o  because the  
d a t a  of s t a b i l i t i e s  abou t  t h e  morphogenests 
+nd physiology of the  h igher  p l a n t s  and a l g a e  
i n  space environment have not  been f u l l y  
accumulated a t  the p resen t  t ime. 

Based on the  above cons ide ra t ions ,  t h e  
time phased mission s e t s  f o r  u t i l i z i n g  t h e  
space s t a t i o n  were determined a s  a Japanese 
strawman CELSS mission model. (Reference 1 )  
( N i t t a ,  1984) 

According t o  t h i s  miss ion model, t h e  
f i r s t  time mission i s  t o  be conducted dur ing  
1992 - 1995 f o r  e v a l u a t i n g  t h e  higher  p l a n t  
and a lgae  c u l t i v a t i o n  methods and f o r  summing 
up the  a v a i l a b l e  d a t a  abou t  t h e  s t a b i l i t y  of 

R e p r i n t e d  w i t h  p e r m i s s i o n  @ 1985 
S o c i e t y  o f  A u t o m o t i v e  E n g i n e e r s ,  I n c .  



Tab le  1 Proposed Theme 

D e s c r i p t i o n  of Content  

Fungi  p roduc t ion  f o r  c e l l u l o s e  decompos i t i on ,  
an imal  and f i s h  b reed ing  f o r  food p r o d u c t i o n ,  
h i g h e r  p l a n t  and a l g a e  p l a n t a t i o n  f o r  food 
p r c d u c t i o n  and gas  c o n v e r s i o n ,  s a l t  accumula- 
t i o n  p l a n t  f o r  sodium c h l o r i d e  e x t r a c t i o n ,  
hydrophyte  p l a n t i n g  f o r  n i t r o g e n  f i x a t i o n ,  
methanogen f e r m e n t a t i o n  f o r  was te  management 
and c o n s t r u c t  t h e  c l o s e d  eco logy  w i t h  b i o  
s p e c i e s  mentioned above .  

Vege tab l e  p l a n t i n g  f o r  food p r o d u c t i o n  and 
g a s  conve r s ion .  S o l a r  l i g h t  s u p p l y  sys t em f o r  
p h o t o s y n t h e t i c  r e a c t i o n  of  v e g e t a b l e .  

Gas r e c y c l e  system f o r  s t a b i l i z i n g  g a s  
envi ronment ,  w a t e r  r e c y c l e  sys tem f o r  s u p p l i n g  
t h e  neces sa ry  w a t e r ,  wet o x i d a t i o n  sys t em f o r  
was te  management, h i g h e r  p l a n t  and a l g a e  
c u l t i v a t o r  f o r  food p roduc t ion  and g a s  conver-  
s i o n ,  pliysico-chemical sodium e x t r a c t i o n  
sys tem,  and low g r a v i t y  g e n e r a t o r  f o r  t e s t i n g  
geot ropism.  

C h e t o t a x i s  exper iment  i n  OG.  O r g a n e l l a  growth 
exper iment  i n  OG and geo t rop i sm expe r imen t  of 
h i g h e r  p l a n t .  

Reproduct ion ,  growth,  enb ryogenes i s  and gene- 
t i c s  exper iment  i n  OG u s ing  Mouse, Q u a i l  and 
T i l a p i a ,  and b reed ing  technology development 
f o r  f u t u r e  food p roduc t ion .  

Gas r e c y c l e  sys tem,  w a t e r  r e c y c l e  sys t em and 
i n c i n e r a t i o n  was te  management sys t em a r e  
recommended. 

Space-use f e rmen to r  d e s i g n  f o r  p r a c t i c a l  use  

No. 

EL-01 

EL-02 

EL-03 

EL-04 

EL-05 

EL-06 

EL-07 
g r a v i t a t i o n a l  f o r c e  of microbes  i n  environment c o n t r o l .  

EL-08 F i e l d  of P l a n t  Research  i n  Space C e l l  c u l t u r e ,  pathogen s t u d y  and p r o t e i n  r i c h  
S t a t i o n  f l o u r  s e p a r a t i o n  u s i n g  OG. 

EL-09 P l a n t  Experiment Subsystem P l a n t  c u l t i v a t o r ,  phy to t ron  d e s i g n .  

EL-10 Biochemical  S t u d i e s  on e l emen ta ry  Simple ecosys tem and immobil ized enzyme 
c y c l e s  i n  a  Closed Ecosystem b i o - r e a c t o r  f o r  supplementary  food p roduc t ion .  

EL-11 Space S t a t i o n  w i t h  a n  A r t i f i c i a l  Large s c a l e  e c o l o g i c a l  l i f e  s u p p o r t  exper iment  
G r a v i t y  ' s t a t i o n .  

Theme 

A g r i c u l t u r a l  T.aboratory i n  Space 

Space A g r i c u l t u r e  Experiment 

Study on Space A g r i c u l t u r e  and 
Closed  E c o l o g i c a l  L i f e  Support  
Sys t e m  

Non-Gravity P l a n t  Experiment System 

P r o j e c t  f o r  e s t a b l i s h m e n t s  of 
Breeding  and Management System of 
s e v e r a l  Higher Animals under  Space 
Environment 

Micro-Ecologica l  System i n  Space 
S t a t i o n  

M i c r o b i a l  Fermentor i n  v e r y  low 



T a b l e  2  Proposed R e s e a r c h  I t e m s  

Reasons 

E s s e n t i a l l y  r e q u i r e d  f o r  CELSS 
A f t e r  t h e  s l u d g e  prob lem i s  

s o l v e d  
Easy t o  c o n d u c t  w i t h  p h y t o t r o n  
A f t e r  t h e  e f f e c t i v e n e s s  is 

examined 
E s s e n t i a l  f o r  a n i m a l  p r o t e i n  
A f t e r  t h e  e f f e c t i v e n e s s  is  

examined 
P o s s i b l e  i f  p h y s i c o - c h e m i c a l  

s y s t e m s  i n t r o d u c e d  

D e d i c a t e d  m i s s i o n  
R e q u i r e d  f o r  h i g h e r  p l a n t  
Same as EL-01 ( 1 )  

Same as EL-02 ( 1 )  
Same as EL-01 ( 5 )  
E s s e n t i a l  f o r  e c o - s t a b i l i z a t i o n  
Same as EL-01 ( 1 )  
E s s e n t i a l  f o r  g a s  c o n v e r s i o n  
After eco-sys tem e s t a b l i s h e d  
E s s e n t i a l  f o r  e c o - s t a b i l i t i e s  
E a s i l y  o b t a i n e d  w i t h  w a t e r  

r e c y c l e  s y s t e m  
E a s i l y  o b t a i n e d  w i t h  wet  

o x i d a t i o n  method 
E s s e n t i a l  f o r  t e s t i n g  g r a v i t y  

e f f e c t  
- 

A f t e r  f e a s i b i l i t y  s t u d y  is 
c o n d u c t e d  

Same as above  
E s s e n t i a l  f o r  p l a n t a t i o n  

Same as EL-01 ( 5 )  

Same as EL,-01 ( 1 )  
Same as EL-03 ( 5 )  
After f e a s i b i l i t y  is  s t u d i e d  
Same as EL-03 ( 8 )  
Same as EL-03 ( 9 )  

Same as E L 4 1  ( 2 )  

A f t e r  f e a s i b i l i t y  is  s t u d i e d  
N e c e s s a r y  t o  grow t h e  

b i o - s p e c i e s  
After f e a s i b i l i t y  i s  s t u d i e d  

E s s e n t i a l  f o r  p l a n t a t i o n  
- 

A f t e r  t e c h n o l o g v  i s  
e s t a b l i s h e d  

F u t u r e  c o n c e p t  
J 

1995 
-1998 

V 

V 

V 

V 

V 
V 
V 

V 
V 
V 
V 
V 

V 
V 

V 

V 

V 

V 
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V 

V 
V 

V 
V 

V 

1991 
-1994 

V 

V 

r '  

V 
V 

V 
V 

V 

V 
V 

V 

V 

Exp. 
No. 

EL-0 1 

EL-02 

EL-03 

EL-04 

EL-05 

EL-06 

- 
EL-07 

EL-08 

EL-09 

EL-10 

EL-11 

1999 
-U 

V 
V 
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V 
V 

V 
V 
V 
V 
V 
V 
V 

V 

V 

V 

V 

V 
V 
V 

V 

V  

V 

V 

V 

I t e m s  c o n t a i n e d  

( 1 )  Higher  p l a n t  f o r  food  
( 2)  M i c r o b i a l  w a s t e  management 

( 3 )  Sodium accum. p l a n t  
( 4 )  Hydrophyte f o r  f e r t i l i z e r  

( 5)  F i s h  and Animal 
( 6 )  Fungus 

( 7 )  I n t e g r a t e d  e c o l o g i c a l  t e s t  
-... - 

( 1 )  Exper iment  module 
( 2 )  S o l a r  c o l l e c t o r  s y s t e m  
( 3)  V e g e t a b l e  f o r  f o o d s  

( I )  Exper iment  module 
( 2) Animal and F i s h  
( 3 )  Gas s e p a r a t i o n  and r e s e r v o i r  
( 4 )  H i g h e r  p l a n t ,  . fo r  f o o d s  
( 5) Algae  f o r  g a s  exchange  
( 6 )  Food p r e p a r a t i o n  
( 7 )  Wet o x i d a t i o n  w a s t e  manage. 
( 8 )  Phys ico-chemica l  sodium e x t r a c t .  

( 9 )  N u t r i e n t  c h e m i c a l  p r o d u c t .  

( 1 0 )  Low-G g e n e r a t o r  

( 1) C h e t o t a x i s  

( 2 )  O r g a n e l l a  
( 3 )  Geot rop ism of  p l a n t  

( 1 )  F i s h  and Animal p r o d u c t i c n  

( 1 )  Higher  p l a n t  f o r  f o o d s  
( 2 )  Algae  f o r  e f f i c i e n t  g a s  exchange  
( 3 )  I n c i n e r a t i o n  w a s t e  management 
( 4 )  Phys ico-chemica l  sodium e x t r a c t .  
( 5 )  N u t r i e n t  c h e m i c a l  p r o d u c t i o n  

( 1 )  Fermentor  

( 1 )  C e l l  c u l t u r e  
( 2 )  P a t h o g e n  

( 3 )  P r o t e i n  r i c h  f l o u r  s e p a r .  

( 1 )  P l a n t  c u l t i v a t o r  

( 1 )  B i o r e a c t o r  f o r  food p r o d u c t .  

( 1 )  F u t u r e  e x p e r i m e n t  module 



Fig. 1 CELSS C o n c e p t  

photosyn thes i s  and the  p o s s i b i l i t y  of f o r  human beings  and animals ,  and carbon 
propagat ion under t h e  O-G environment i n  dioxide and waste m a t e r i a l s  such a s  u r i n e  and 
Manned Space S t a t i o n .  f e c e s  should be taken away. 

The second time phased mission which Both t h e  oxygen and food necessary t o  
c o n s t i t u t e s  t h e  dedicated miss ion is t o  be animals ,  inc lud ing  human beings ,  a r e  
conducted dur ing  1995 - 1998 f o r  checking the  o r i g i n a l l y  generated from the photosynthet ic  

Control 

p o s s i b i l i t y  of a  micro closed-ecology system 
using animals  and f i s h  i n s t e a d  of human 
be ings ,  and the  t e s t i n g s  and e v a l u a t i o n  of t h e  

nrnentol 
Sect~on 

IPr l rnote l  

C02 

non-biological  system performance such a s  the  
gas  r e c y c l e  system, t h e  water r ecyc le  system 
and t h e  wet ox ida t ion  waste management system. 
A r t i f i c i a l  g r a v i t y  e f f e c t s  on t h e  b i o l o g i c a l  
system a r e  a l s o  t o  be eva lua ted .  

I n  t h e  l a s t  time phased miss ion,  t h e  main 
food supply and gas conversion from carbon 
d iox ide  t o  oxygen f o r  a  one man crew support  
a r e  t o  be t e s t e d  using the  pho tosyn the t i c  

Env~ro  

r e a c t i o n  of the  p l a n t  and a l g a e  and t h e  
necessary animal p r o t e i n  product ion systems 

I  

I 

l ~ o o d  

I ,+---- 
I 
I 
I 

a r e  t o  be eva lua ted  using small animals and 
f i s h .  

The experiment a r c h i t e c t u r e s  f o r  each 
miss ion a r e  shown i n  Fig.  2 .  Due t o  t h i s  
miss ion model, t h e  prel iminary design of a l l  
hardware necessary t o  conduct each time phased 

An~rnol V ~ v o r ~ u r n  C02 

I  I 
I  I Feed 

C u l t i v a t i n g  4- and 

r e a c t i o n  of p l a n t s  and a l g a e  us ing carbon 
dioxide and s o l a r  l i g h t .  The carbon d iox ide  
concen t ra t ion  on t h e  e a r t h  i s  s t a b i l i z e d  by 
t h e  func t ion  of a tmospher ic  c i r c u l a t i o n  and 
t h e  gas r e s e r v i o r  f u n c t i o n  of sea-water. 
This  0.03% C02 concen t ra t ion  i s  not  always 
appropr ia te  f o r  p l a n t  growth and i t  seems 
p r e f e r a b l e  t o  use h igher  concen t ra t ions ,  0.3% 
and s o  on, f o r  ob ta in ing  maximum growth r a t e .  
Therefore ,  t h e  Gas Recycle System t o  be used 
i n  CELSS experiments has  t o  have the  a b i l i t y  
t o  supply d i f f e r e n t  CO concen t ra t ions  t o  the  

2 cab in  and animal vivarium and the  phytotron 
o r  higher  p l a n t  c u l t i v a t o r .  

In o t h e r  words, the  Gas Recycle System 
should have t h e  fol lowing f u n c t i o n s ,  

( 1 )  t o  s e p a r a t e  carbon dioxide and 
oxygen w i t h i n  the  atmosphere 
provided from t h e  cab in ,  t h e  animal 
vivarium and/or  t h e  phytotron 

Woter 

Breeding 

exper iments  and t h e  i n v e s t i g a t i o n  of i n d i v i d u a l l y ,  
i n t e g r a t i o n  methods t o  the  space s t a t i o n  have ( 2 )  t o  compress t h e  separa ted  gases  such 
been s t u d i e d  and repor ted  a s  shown i n  t h a t  carbon d iox ide ,  oxygen and 
r e f e r e n c e s  2,  3. n i t rogen  can be s t o r e d  i n  high 

p ressure  b o t t l e s ,  
3. FUNCTIONS OF GAS RECYCLE SYSTEM ( 3 )  t o  r e l e a s e  and supply t h e  appropr ia te  

gases  t o  t h e  cab in ,  t h e  animal 
The a p p r o p r i a t e  q u a n t i t i e s  of oxygen, vivarium and t h e  phytotron i n d i v i d u a l l y  

food and water  should be cont inuously  supp l ied  through gas r e g u l a t o r  manifolds.  

F e r t i l i z e r  

Sec t ion  
v 0 2  

4 - -  
Algoe C u l l ~ v o t o r  

and 
Plontot ~ o n  Foclllly 

I 
I 



F ~ r s t  Phose Exper~ment Concept 

o r m  

(Feed  

Second Phase Exper~menl C ~ ~ e p l  

Fig. 2 Experiment Architectures of Each Mission 
4. REQUIREMENTS FOR GAS RECYCLE SYSTEM experiment hardwares. 

A s  f o r  t h e  oxygen gas  s e p a r a t i o n ,  t h r e e  
The - v a r i o u s  methods f o r  s e p a r a t i n g  each t y p i c a l  methods h a s  been developed and used 

gas  have been proposed and s tud ied .  (Reference f o r  va r ious  a p p l i c a t i o n s .  One i s  aga in  t h e  
4-16) molecular s i e v e  method which has t h e  same 

Carbon dioxide gas  separa t ion ,  has  
t y p i c a l l y  used t h r e e  methods, the  molecular 
s i e v e ,  the  hydrogen po la r i zed  c e l l  and 
chemical absorp t ion  and desorp t ion  methods. 
Each has  been discussed f o r  a p p l i c a t i o n  t o  
CELSS experiments.  

The molecular s i e v e  method seems t o  be 
most r e l i a b l e  and has  been used i n  Skylab, 
however dehumidif icat ion and t h e  p r e c i s e  
temperature and pressure  c o n t r o l  required f o r  
cons t ruc t ing  t h e  system using t h i s  method, 
would become more complicated. The hydrogen 
po la r i zed  c e l l  method r e q u i r e s  hydrogen t o  
concen t ra te  carbon d iox ide ,  aga in  t h e  
s e p a r a t i o n  of hydrogen gas  from t h e  r e s u l t a n t  
gas and reduc t ion  of hydrogen gas  a r e  
requ i red .  

The chemical absorp t ion  and desorp t ion  
method seems t o  become more important s i n c e  
s o l i d  amine has been developed because of its 
regenerable  and simple c h a r a c t e r i s t i c s  i n s t e a d  
of LiOH, and the  va r ious  a p p l i c a t i o n s  a r e  now 
being considered f o r  use  i n  the  environmental 
c o n t r o l  system i n  Space S t a t i o n .  

Theref o r e ,  based on t h i s  mat te r ,  t h i s  
chemical method using the  s o l i d  amine looks  t o  
be more p r e f e r a b l e  f o r  adoption t o  t h e  CELSS 

d e f e c t  as mentioned above. 
The second i s  t h e  chemical absorp t ion  and 
desorp t ion  method using complex s a l t .  This 
method has  a l r e a d y  been a p p l i e d  t o  t e s t i n g  
the  atmospheric c o n t r o l  of t h e  submarine and 
t o  the  oxygen supply system f o r  B-1 bomber, 
and t h i s  method i s  again  p r e f e r a b l e  f o r  being 
adopted t o  t h e  CELSS experiment hardwares 
because of i ts simple c h a r a c t e r i s t i c s .  
The t h i r d  one i s  the z i r c o n i a  oxygen pumping 
method i n  which z i r c o n i a  i s  used a s  a  s o l i d  
e l e c t r o l y t e  f o r  oxygen s e p a r a t i o n ,  t h i s  
method a l s o  has simple c h a r a c t e r i s t i c s  and is  
p r e f e r a b l e  f o r  being adopted t o  the  CELSS 
experiment hardwares. 

The gas recyc le  system c a p a b i l i t y  t o  be 
designed has  been assumed f o r  support ing the  
r e s p i r a t i o n  of a one man crew where t h e  
oxygen consumption per man-day i s  about  925 
glday and the  carbon d i o x i d e  exhaust per  
man-day i s  about 1,130 g lday ,  corresponding 
t o  30 l i t  . /h r .  of oxygen and 25 l i t  . /h r .  of 
carbon d iox ide .  

Therefore ,  the  Gas Recycle System t o  be 
used i n  the  CELSS experiments has  t o  have t h e  
a b i l i t y  t o  supply these  q u a n t i t i e s  of each 
gas .  



5. DESIGN CONCEPT OF GAS RECYCLE SYSTEM This r e a c t i o n  has  been d i r e c t l y  app l ied  
t o  the C02 scrubbing u n i t  i n  submarines. 

Fig .  3 shows the  gas  recyc le  sy t s t em However, i n  space c r a f t  under the  microgravi ty  
f u n c t i o n a l  diagram. I n l e t  gas  is  ' a  mixture of 
O2 (Oxygen), N2 (Ni t rogen) ,  CO (Carbon 
d lox ide)  and var ious  t r a c e  contaminaAs.  

A t  t he  f i l t e r ,  t r ace ,  contaminants a r e  
removed. 

C02 is  separa ted  and concentra ted by a 
regenerable  CO absorber ,  and then,  compressed 

2  and s t o r e d  i n t o  the  C02 gas  b o t t l e .  

O2 
is  a l s o  separa ted  and concentra ted by 

a regenerable  O2 c o n c e n t r a t o r ,  and, compressed 
and s t o r e d  i n t o  the  0  gas  b o t t l e .  2  

Thus, i n l e t  gas i s  separated and 
concentra ted i n t o  C02, O2 and N gases .  2  Then, these  gases  a r e  mixed proper ly  and 
supp l ied  t o  va r ious  u t i l i t i e s .  

6 .  GAS ABSORPTION AND DESORPTION 

I n  t h e  gas r e c y c l e  system, t h e r e  a r e  CO 
and 0  concen t ra t ion  p rocesses .  These a r i  
accomplished by two gas absorp t ion  and desorp- 
t i o n  processes ,  one i s  C02 absorp t ion  and 
desorp t ion  process  us ing S o l l d  Amine, and the  
o t h e r  is  O2 absorp t ion  and desorp t ion  
processes  us ing Salcomine. 
6.1 CO Absorption and Desorption Process 

~0~ absorp t ion  and desorp t ion  i s  
g e n e r a l l y  acomplished by using va r ious  kinds  
of amines, t h e  chemical r e a c t i o n  could be 
desc r ibed  a s  shown below. 

The s o l u t i o n  of Ethanol k i n e ,  such a s  
Mono Ethanol Amine (MEA) and/or  Diethanol  
Amine (DEA) absorbs  C02 a t  the  normal 
temperature  and desorbs  C02 a t  the  high 
temperature ,  a s  i n d i c a t e d  by t h e  fol lowing 
r e a c t i o n  equa t ion .  

(normal temp.) 
RR'NH + H20 + C02 RR1NH2C03 

(high temp .) 

where R = HOCH CH , R'  = H, f o r  MEA 
R = R' = 2 ~ ~ t ~ 2 ~ ~ 2 ,  f o r  DEA 

environment, such chemical a g e n t s  seem not  t o  
be appropr ia te  because of t h e  d i f f i c u l t i e s  of 
the  gas and l i q u i d  s e p a r a t i o n .  

Therefore ,  the  s o l i d i f i c a t i o n  method of 
t h e  amine: has  been s t u d i e d  and developed. 
S o l i d  Amine c o n s i s t s  of micro porous beads 
whose s u r f a c e  a r e  coated with  a n  amine. The 
s u b s t r a t e  of beads i s  composed of a  polymeric 
a c r y l i c  e s t e r .  (Reference 17,18) 

Fig.  4 shows the  C02 s e p a r a t i n g  and 
concen t ra t ing  system lagram. I n  t h i s  
system, So l id  Amine absorbes  C02 a t  the  
normal temperature ,  and o u t l e t  gas from t h e  
so l ' id  amine c a n i s t e r  i s  C02 l e a n  g a s .  

' P a r t  of t h e  C02 l e a n  o u t l e t  gas flow 
r e t u r n s  t o  the  cab ln  atmosphere,  and the  
r e s i d u a l  p a r t  of the  flow is  l e d  t o  the  next 
process .  

When one c a n i s t e r  becomes s a t u r a t e d  with  
C02, t h e  i n l e t  f low is switched t o  the  o t h e r  
c a n i s t e r  and CO absorp t ion  i s  continued i n  

2  t h e  new c a n i s t e r .  The CO s a t u r a t e d  So l id  
Amine c a n i s t e r  i s  heated an% desorbs the  CO . 
This  C02 gas i s  led t o  the  CO compressor go 
be compressed and s t o r e d .  2  

These S o l i d  Amine c a n i s t e r s  a r e  used a s  
absorbing,  desorbing and precool ing,  
r e s p e c t i v e l y ,  and by t h e  combination of 
c a n i s t e r  coo l ing  and h e a t i n g ,  continuous CO 

2  s e p a r a t i o n  and c o n c e n t r a t i o n  can be 
accomplished. 
6 .2  0  Absorption and Desorpt ion 

~ x e  0 absorp t ion  and desorp t ion  process 
i s  C a r r i e 2  o u t  us ing Salcomine . Salcomine 
(Bis(3-ethoxy s a l i c y l  aldehyde) e thy lene  
diamine c o b a l t ( I 1 )  - Fig.  5 )  absorbes  O2 a t  
normal temperature and desorbes  O2 a t  the  
high temperature .  (Reference 1 )  

Fig .  6 shows the  O2 s e p a r a t i n g  and 
concen t ra t ing  system diagram. 

In t h i s  system, 0  i s  absorbed i n t o  the  
2  Salcomine and N2 gas comes ou t  of t h e  

F i g  3 GAS RECYCLE SYSTEM FUNCTIONAL DIAGRAM 
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c a n i s t e r  o u t l e t .  This o u t l e t  N gas  is led  
t o  t h e  cdmpressor t o  be compressei and 
s t o r e d .  

When the  Salcomine c a n i s t e r  becomes 
s a t u r a t e d  t h e  absorp t ion  c y c l e  i s  terminated 
and the  desorp t ion  cycle  is s t a r t e d ,  i n  t h i s  
desorp t ion  cyc le  t h i s  c a n i s t e r  i s  heated and 
desorbs  O2 gas .  This  0  gas  is l e d  t o  the  2 gas  compressor t o  b e  compressed and s t o r e d .  
Continuous 0  absorp t ion  and desorp t ion  i s  
c a r r i e d  o u t  gy means of c o o l i n g  and h e a t i n g  
t h r e e  c a n i s t e r s  a l t e r n a t e l y .  

7 .  CONSIDERATION FOR DESIGN 

Various CELSS experiment equipment w i l l  
be considered i n  the  d e s i g n  of the  Gas 
Recycle Sys tem. 

Phytotron ( P l a n t  c u l t i v a t o r )  and RAHF 
(Research Animal Holding F a c i l i t y )  s o  c a l l e d ,  
the  animal vivarium a r e  cons ide red .  

Fig .  7 shows a n  example of Gas Recycle 
System a p p l i c a t i o n  t o  t h e  Phytotron and RAHF. 
I n  the  RAHF, O2 i s  consumed and C02 is 
exhaled by t h e  metabolism of animals .  I n  
Phytotron,  CO is consumed and 0 is exhaled 

2  according t o  t h e  pho tosyn the t i c  ' react ion of 
p l a n t s .  

For s t a b i l i z i n g  the  and gas 
concen t ra t ions  i n s i d e  theo2 RAHF, is 
supp l ied  from Gas Recycle System, and t 8 e  CO 2 i s  pulled-out through t h e  v e n t i l a t o r ,  t h i s  
vented gas i s  mixed w i t h  t h e  gas  from the  
phytotron and t h e  r e s u l t a n t  gas  i s  c i r c u l a t e d  
through t h e  Gas Recycle System and CO is 
separa ted  and s t o r e d  f o r  re-use.  2  
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According t o  t h e  measurements of t h e  pO 
( p a r t i a l  p ressure  of 0  ) and pCO ( p a r t i a f  

2  p ressure  of CO ) i n s i d e  $he RAHF t h e  0  supply  2  and gas  ven t ing  i s  c o n t r o l l e d .  2  

The d e v i a t i o n  of t h e  t o t a l  p ressure  (P) 
is compensated by t h e  N2 gas  supply o r  gas  
d i scharg ing  from the  RAHF. 

To t h e  Phytot ron,  C02 is  supp l i ed  from 
Gas Recycle System and t h e  gas con ta in ing  0  2  i s  a l s o  taken ou t  by mean of t h e  gas  
v e n t i l a t o r  and t h i s  gas  i s  a g a i n  mixed wi th  
the  gas  from t h e  RAHF and s e n t  t o  t h e  Gas 
Recycle System. 

CO supply  is  necessary  t o  compensate t h e  2  pC02 decrease  caused by t h e  pho tosyn the t i c  
r e a c t i o n  of p l a n t s .  

The t o t a l  p ressure  and t h e  p a r t i a l  
p ressures  a r e  a l s o  c o n t r o l l e d  s i m i l a r  t o  t h e  
case  of RAHF. 

8. PRELIMINARY RESULTS OF DESIGN 

The Gas Recycle System mentioned he re  
comes from t h e  des ign  concept of carbon 
d iox ide  reduc t ion  system i n  t h e  cab in  f o r  
suppor t ing human r e s p i r a t i o n .  It may be 
poss ib le  t o  be a b l e  t o  improve t h e  system f o r  
reducing power consumption. However t h e  more 
d e t a i l e d  s t u d i e s  on t h e  phytot ron,  t h e  RAHF 
and s o  on w i l l  become necessary  f o r  t h i s  
improvement. 
8.1 Requirements 

The des ign  g o a l  of t h i s  Gas Recycle 
System c a p a b i l i t y  has  been temporally given a s  
shown i n  s e c t i o n  4.  Namely t h i s  Gas Recycle 
System should manage 925 glday of Oxygen and 
1,130 g/day of carbon d iox ide  corresponding t o  

30 l i t . / h r .  of O2 and 25 l i t . / h r .  of CO . 
The o p e r a t ~ o n a l  p r y s u r e  of t h e  gas  

b o t t l e s  i s  about  10 kgtlcm G.  
For sav ing  t h e  gas  compression energy, 

t h e  lower p ressure  i s  b e t t e r ,  bu t  f o r  making 
t h e  compact des ign  of system t h e  a p p r y r i a t e  
h i g h  p r e s s u r e  such a s  10 kgt /cmG is 
requ i red .  

Table 3  shows these  requirements .  
8.2 Gas Recycle System Block Diagram 

Fig .  8 shows the  Gas Recycle System 
Block diagram. 

I n l e t  gas of 3,600 l i t .  I h r .  is  drawn by 
t h e  blower. A t  t h e  f i l t e r  con ta in ing  
a c t i v a t e d  chacoal  and Hophal i te  (Carbonmonoxide 
(CO) oxiding c a t a l y z e r  ) , t h e  contaminants 
such  a s  CO, odor and p a r t i c l e s  a r e  removed. 

A t  t h e  C02 c o n c e n t r a t e r  of S o l i d  Amine 
( S o l i d  Amine C a n i s t e r )  abou t  40 l i t . / h r .  of 
C02 i s  ob ta ined ,  aqd compressed t o  t h e  
p ressure  of 10 kgtlcm G and s t o r e d  i n t o  the  
C02 gas  b o t t l e s .  

3,360 l i t . / h r .  of t h e  o u t l e t  gas  (CO 
l e a n )  r e t u r n s  t o  t h e  cabine  atmosphere.  
r e s i d u a l  flow of 200 l i t l h r .  i s  l e d  t o  t h e  
next  process ,  Salcomine 0  concen t ra t ion .  

A t  t h e  ~ a l c o m i n z  0  concen t ra to r  
(Salcomine C a n i s t e r ) ,  abou t  4d lit . /h r .  of o2 
i s  obta ined a  d  is compressed t o  the  pressure  9 of 10 kgt/cm G and s t o r e d  i n t o  t h e  O2 gas  
b o t t l e s .  

The r e s i d u a l  f low, 160 l i t . / h r .  2o f  N 
g a s  i s  compressed t o  t h e  10 kgtlcm G an2 
s t o r e d  i n t o  t h e  N gas b o t t l e s .  
8.3 Gas Recycle gys tem Conf igura t ion  

Table 4  shows t h e  l i s t  of p r i n c i p a l  
components of t h e  Gas Recycle System. 

Table 3 GAS RECYCLE SYSTEM REQUIREMENTS 

No. Item Unit Value Remarks 

1. FlowRate  

Oxygen l l h  

Carbon dioxide  l l h  

f o r  one man 

L i fe  Support 

2. P u r i t y  

Oxygen X above 90 

Carbon dioxide  X about  90 

Nitrogen Z a5out  90 

2  
3 .  Operating Pressure  kgtlcm G 10 
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Table 4 GAS RECYCLE SYSTEM COMPONENTS LIST 

No. Name Quan. P a r t i c u l a r s  Man (kg)  Power(kw) Remarks 
@ T o t a l  @ T o t a l  

1. Reservor 1 30 l i t .  3 3 -  - 
2. F i l t e r  1 Act. Chacoal 2 2 - - 

Hopkalite e t c .  

3 .  Blower 1 3,600 l i t . / h  6 6 0 .1  0.1 
4 .  Sol.Amin 

Unit 3 3,600 l i t  . /h  4 15 0.5 0.5 

5 .  Reservor 1 10 l i t .  2 2 l -  - 
6 .  Salcomine 

Unit 3 20 l i t  . / h  3 9 0.5 0.5 

7 .  Compressor 1 160 Nl i t . /hxlOk 6 6 0.1 0.1 
8.  Do. N2 1 40 Nlit . /hxlOk 4 4 0.05 0.05 0 
9.  Do. 1 4 0 N l i t . / h x l O k  4 4 0.05 0.05 d2 

10. Gas B o t t l e  1 16 l i t . x l 0 k  3 3 - - 
11. Do. 1 4 l i t . x l 0 k  1 1 -  - 
12. Do. 1 4 l i t . x l 0 k  1 1 ' -  - 
13. Con t ro le r  1 - 16 16 0.1 0.1 
14. Valve Pipe - - - 50 - - 
15.  Cable e t c .  - - - 30 ' -  - 
16.  Frame - - - 50 - - 

TOTAL 202 - 1.40 

4 4 

- - 



The t o t a l  mass of t h i s  sys t em and t h e  
e l e c t r i c  power consumption a r e  e s t i m a t e d  a b o u t  
202 kg and abou t  1.40 kw r e s p e c t i v e l y .  

F ig .  9 shows t h e  c o n f i g u r a t i o n  of  t h e  Gas 
Recycle  System. The components of t h e  Gas 
Recycle  System w i l l  be assernbl-eJ w i t h i n .  t h e  
s p a c e  of t h e  S i n g l e  Rack of t h e  SPACE LAB. 

Fig 9 GAS RECYCLE SYSTEM CONFIGURATION 

9.  Conclus ion  

Through t h e  concept  s t u d i e s  f o r  CELSS 
expe r imen t s  i n  Space S t a t i o n ,  t h e  f o l l o w i n g  
r e s u l t s  had been o b t a i n e d .  

( 1 )  The g u i d e l i n e  of t h e  CELSS technology 
r e s e a r c h  and development h a s  been 
e l u c i d a t e d  through t h e  t ime .phase 
mi s s ion  s e t s  as t h e  strawman model ,  

( 2 )  The development f e a s i b i l i t y  of t h e  
v a r i o u s  hardware n e c e s s a r y  t o  conduct  
t h e  CELSS exper iments  i n  e a c h  t ime 
phased mis s ion  and t h e  p r e l i m i n a r y  
i n t e r f a c e  r equ i r emen t s  f o r  1 e a c h  
mis s ion  - s e t s  has  been  c l a r i f i e d  
through t h e  concept  d e s i g n  s t u d i e s .  
I n  s p i t e  of t h e s e  f r u i t f u l  r e s u l t s ,  
many problems t o  be so lved  f o r  
deve lop ing  hardware have been found 
th rough  t h e s e  s t u d i e s .  
A s  f o r  t h e  Gas Recycle System, t h e  
nex t  two problems seem t o  be v e r y  
impor t an t  f o r  e s t a b l i s h i n g  t h e  
s t a b i l i t y  of t h e  sys tem.  

4 5 
-z;. 

( 3 )  The d e g r a d a t i o n  mechanism of 
O2 

a b s o r b e r  a g e n t  s u c h  a s  complex s a l t  
shou ld  be t e s t e d  and analyzed  
through bench t e s t s  and i f  t h e  
d e g r a d a t i o n  c h a r a c t e r i s t i c s  a r e  n o t  
s u f f i c i e n t  a  more s t a b l e  a g e n t  
shou ld  b e  deve loped .  

( 4 )  For e s t a b l i s h i n g  complete g a s  
r e c y c l e  i n  t h e  CELSS, t h e  ba l ance  
between t h e  r e s p i r a t i o n  q u o t i e n t  of  
h e t e t o t r o p h  and t h e  a s s i m u l a t i o n  
q u o t i e n t  of a u t o t r o p h  shou ld  be 
e s t a b l i s h e d  w i t h i n  a d e f i n i t e  pe r iod  
of t i m e ,  t h e  p o s s i b i l i t y  f o r  keeping 
t h i s  b a l a n c e  w i t h  t h e  g a s  r e c y c l e  
sys tem shou ld  be  t e s t e d  and checked 
through ground based  expe r imen t s ,  i f  
i m p o s s i b l e ,  t h e  a d d i t i o n a l  equipment 
f o r  keeping  t h e  ba l ance  should  be 
i n t r o d u c e d  a s  a subsys tem i n  t h e  
CELSS hardware.  

These s t u d i e s  had been conducted under 
t h e  s u p p o r t  of many r e s e a r c h e r s  be longing  t o  
t h e  CELSS r e s e a r c h  group.  

The Authors  g r e a t l y  a p p r e c i a t e  t h e i r  
s u p p o r t .  
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ABSTRACT 
Conceptual studles of closed ecological 

life support systems (CELSS) carrled out at NAL 
in Japan for a water recycle system using 
membranes1) are reviewed. The system will treat 
water from shower room, urine, impure 
condensation from gas recycle system, and so 
on. The H20 recycle system is composed of pre- 
filter, ultrafiltration membrane, reverse 
osmosis membrane, and dlstillator. Some results 
are shown for a bullet train of toilet- 
flushing water recycle equipment with an 
ultrafiltration membrane module. The constant 
value of the Permeation rate with a 4.7m2 of 
module is about 70 l/h after 500h of operation. 
Thernmvaporization with porous 
 pol^ tetraf luorocarbon membrane is a1 so proposed 
to replace the distillator. 

WHEN A SPACE STATION is constructed as a 
permanent facllity with long-term human 
habitation food, water and oxygen are 
indispensable. Operation cost must be kept as 
low as ~ossible by reducing materials 
transported to and from the earth. 

If the human wastes could be recovered and 
regenerated to Produce food, water and oxygen 
a significant amount of mass transport from 
the earth could be reduced and the human wastes 
would not be returned back to the earth as on 
current manned flights. 

On the earth, surface water is constantly 
evaporated by solar heat and recycled to the 
surface again as forms of raindrops and snow. 
In the space station, there is no such natural 
water recycle system available, so an 
artificial water recycle system is important 
and necessary for the purpose to establish a 
closed ecolwical life support system(CELSS1. 

2ND PHASE SPACE MISSION 

The use of a CELSS in space habitats is 
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Haruhiko Qhya 
Department of Chemlcal Eng~neerlng 

Yokohama Nat~onal Unlverslty 
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the reason why a compact water recycle System 
is scheduled in the Japanese NAL study to test 
~ t s  performance under OG condition in the 
second phase of a series of space missions. 
The system is composed of two main parts, a 
shower water recycle loop and a water 
purification loop. The shower water from the 
bath room, whlch 1s typically 20 l i  ters per a 
shower, is fed into high pressure pump through 
a water filter, and then purified by a reverse . 
osmosis (RO) membrane moduie. Purified water is 
stored In a tank and wi 11 be suppl i ed for the 
successive use in a shower, and impurity such , 

as residual condensation from the spacerraf t 
atmosphere will be also sent to the water 
purification loop. 

Table 1 summarizes the tentative 
operational specifications for the shower water .= 

recycling loop, and required measurement items 
for the system operation are indicated in Fig.1 
and listed in Table 2. 

The drainage from the shower water recycle 
system is introduced into the water, 
purification system, together with other water 
drainage, urine and condensed expiration water. 
Accordingly, the system 1s required to have the 
capacity to handle the i tems in Table 3. The 
system will purify water by the integrated 
ultrafiltration membrane (UF), reverse osmosis 
membrane and distillator. 

The entire system block diagram is shown 
in Fig.2 and the system design goal are 
tabulated in Table 4. In Table 5 monitoring 
parameters for the system operation are 
summarized. 

To satisfy space station safety 
requirements, the system should be operated 
with an adequate interlock circuit. 
Particularly, the distillator should be 
designed with enough hazzard protections. 
Additionally, a vital area of research is 
determining the stability of membranes and 
filters over time, and monitoring the amount of 
residue in the recycled water. 

The distillator 1s operated with a batch . 

Repr in ted  w i t h  p e r m i s s i o n  @ 1985 
S o c i e t y  o f  Automotive E n g i n e e r s ,  Inc. 
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process mode, and contains a small centrifugal 
phase separator, heater, and air cooler for 
water condensation. 
. The residual impurity solution from the 
ultraflltration module and dlstlllator will be 
stored in a tank for a further processing by a 
waste management system. 

The total system should be made compact to 
be contained in a small box so that it does not 
occupy a large space in space station. In Table 
6, specification of the water recycle apparatus 
are listed. The schematic of the entire system 
is shown In Fig 3, and a three dimensiorlal 
picture of the system 1s shown in Fig 4. 

For - the purpose of obtaining rellable 
data for system deslgn to treat waste water 
containins urine, feces and other solids, a 
brief summary of results obtained with an 
ultraf i 1 trat ion membrane module 1s shown wlii ch 
is contained in toilet-flushing water recycle 
equipment specially designed for bullet train 
which is now on a development and demonstration 
stage. The ultraf iltration module has 4.7m2 of 
surface are and is a hollow fiber type 0. 8mm0 x 
1.4mm0 x lOOOmmL and made of polyacrylon~trile. 

The tollet wlll serve 174 persons and 
wi 11 be used 26 times per hour. The total 
amount of volume of urine and feces per hour 
is estimated as 7 liters. The design 
specifications are listed In Table 7, and a 
flow diagram is shown is Fig 5. 

Used water is pumped through a rotating 
stralner with 0.6mm sllts and fed to a 
prefilter with 75 m screen and a rubber 
scraper. The filtered water is fed to 
ultrafiltration modules. Through which the 
permeation rate is about 200 l/h at the 
beginning but gradually decreared and reaches a 
stable value of 70 l/h after 500 hours of 
operation. The membrane llfe now obtalne is 
about one and a half Years. The average values 
of the quality of Permeate are listed on Table 
8. 

THERMOVAWRATION IN PLACE OF DISTILLATOR 

Reliable data of the performance of 
reverse osmosis module will be obtained in the 
near future. Permeate through reverse osmosis 
membrane will be used as plant cultivation 
water after activated carbon treatment and UV- 
light sterilization. 

Thermova~rization was prowsed recently 
to replace the distlllator for water for small 
animals. The membrane is composed of porous 
~lytetraf luorocarbon. The pressure In the 
permeate side of the membrane 1s 50mmHg and 
temperature will be kept 20%. Membrane area 
needed is estimated as about 0.3~2 to obtain 
distilled water at a rate of 5 1/6h. . . 
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Table 1 Design Goal for Shower Water 
Recycle System 

I I tem j Description 

Water Recovery Ratio 
Pressure Difference <60 atm. 
Capacity >0.5 ton/day 
Operating Time -5 Hr/day 1 '95'kW Power 

Table 2 Monitoring Parameters for 
the Shower Water Recycle System 

Location I Measurements I 

Table 3 Capacity Requirement for the 
System 

Pump Inlet 
RO Filter Inlet 

RO Filter Recir- 
culation Loop 
RO Filter Outlet 

I 
Temperature ,Pressure 
Eletrical conductivi- 
ty,Pressure 
Flow rate 

Electrical conductiv- 
ity,~ressure I 

Table 4 System Design Goals 

Item 

Urine 
Shower Drainage 
Expiration 
Other Drainage 
Total 

1 1tem I Design Goals I 

Arnoun t 

1.8 lit./man-day 
1.0 lit. /man-day 
1.2 lit./man-day 
1.0 lit./man-day 
5.0 lit./man-day 

Recovery Ratio (UF ) 
Pressure ~ifference(UF1 
Recovery Ration (RO) 
Pressure ~ifference(R0) <60 atm 
Capacity >5 lit./day 

19 Hr/day 

Table 5 Monitring Parameters for the 
Water Purification System 

Locat ion Measurements 1 
UF Filter 
Inlet 

RO Filter 
Inlet 

Electrical conductivity, 
Transparency,Pressure, 
Temperature,Urine content 
Biological oxygen demand 
(B .O .D. ) ,Chemical oxygen 
demand (C.O.D.) 
Electrical conductivity, 
Pressure,Temperature 



Table 5 (continue) Table 7 Design Specifications for Toi 
RO Filter Flow rate, pressure let Flushing Water Recycle,~quipm.ent 
Recircula- for Bullet Train 

r 
Item Specifications 220 l/min,22.5 m1l.5kw Flushing pump 27 l/min, 2 m10.4 kW 

~imensions(mm) 450W x 14901-1 x 610D 2.1 kW * - I 

tion Loop 
RO Filter Electrical conductivity, 

Table 6 Specification of the Water 
Recycle System I $volume of water 150 

Ultrafiltration 70 l/h/xvodule x 3, mod 
Prefilter 130 l/h/module x i .mod 

FLOW 

I tem 

Table 8 Quality of Permeate by UF 

HETER 

Specifications 

Requirement -- --. .---- 
Membrane RO: 0.5 ton/day Item - - -. - . - - - . - - - - - 
Filters 0.5 m2~ernbrane area ' BOD (mg/l) 

20-40 atm Press. Diff. COD(mg/l) 
UF: 5 lit./day Suspended Solid (mg/l) 

0.5 m2~embrane area E .Coli 
2 atm Press.Diff. Oder(J1S K0102.10.2) 

Distillator 5 lit. /Hr (Max. ) Transparency (JIS 
Centrifugal Phase Sepa- K0102.10.3) 
ration P H 

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I  Color 
I 

C O N D U C T I V I T ~  

RO S P I R A L  F I L T E R  

S T E R I L I Z A T I O N  FIl.T[.'R , 

-- .-.-".---" 
Tank for flushing Water 200 1 (overflow) 
Tank for used water 350 1 (initial 

-- 
Amount - - I 

--i 
2 5 7 ! 
22.8 
4.5' 

not detected 
4.2 
16 1 

i 

8 -7 i 
white - yellow- 
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Fig.5 Flow diagram o f  toilet flushing water reclcle equipment for bullet train 



The C23A System, an Example of 
Quantitative Control of Plant Growth 

Associated with a Data Base 
Marcel Andre, 

Alain Daguenet, 
Daniel Massimino, 

and Alain Gerbaud 

Centre dlEtudes Nucl&lres de Cadarache 

The architecture of the C 2 3 ~  (~hzmbres de 
Culture Automatique en Atmospheres Artificielles) 
system for the controlled study of plant physiology 
1s described : 

1) Modular plant growth chambers and associated 
instruments ( 1 . R .  C02 analyser, Xass spectrometer 
and Chemical analyser). 

2 )  Network of frontal processors con:rolling 
this apparatus 

3) Central computer for the periodic control 
and the multiplex work of processors. It also 
concentrates the data, obtained from processors, 
and stores them in long term data base. - 

4 )  Network of termlnal computers able to ask 
the data base for data processing and modeling . 

Examples of present results are given : growth 
curve analysis, study of C02 and 02 gas exchanges 
of shoots and roots and daily evolution of algal 
photosynthesis and of the pools of dissolved C02 in 
sea water. 

This system is extrenely useful to continue 
progress in agricultural research. Another 
application is in Controlled Ecological life 
Support Systems (CELSS) for space habitats. 

AGRONOMY AND ECOLOGY are studies of macro- 
systems that require basic knowledge from 
the elementary disciplines of molec~llar bio- 
logy, biochemistry, and cellular physiology 
for the study of botanical systems. None the 
less, whole plant physiology remains a ne- 
cessary field of research because the study 
of the whole system cannot be directly, nor 
even necessarily deduced, from sublevel or 
microscopical characteristics, althought 
these cellular parts are under the control 
of the genetic program and large-scale en- 
vironmental factors. This synthesis shows 
properties which largely remain to be disco- 
vered. The integration of studying plant 
micro-processes with respect to the larger 
environment is necessary to understand the 
function of plants a d  their communities. 

Saint-Paul-les-Durance, France 
The lack of indepth knowledge of plant 

behaviour becomes both more obvious and more 
crucial when studying models of whole sys- 
tems, for example, to predict the long term 
effect of C02 increase on vegetation, (1) or 
to cultivate plants in chambers under total- 
ly artificial conditions in complex ecologi- 
cal cyles such as for the Controlled Ecolo- 
gical Life Support System (CELSS) program 
(21,  suggested for the economical habitation 
of space stations over periods ranging from 
months to years. 

Conversely, studies at the microscopic 
level have most frequently been initiated, 
oriented ans stimulated by observation of 
macroscopical phenomena. That tends to be 
forgotten and the interest in whole plant 
studies has decreased, at least in France, 
to the profit of new areas like molecular 
biology. 

WHAT IS THE CAUSE of this disinterest, 
in spite of the needs mentioned above ? It 
could be that the traditional methods of 
integrated physiology do not fulfill these 
needs, or that they have already given their 
best results using past methodologies, and 
that answers they can bring now do not 
justify the experimental effort involved. 

Among the many possible reasons for the 
difficulty of indepth studies in plant 
physiology , the first is the exagerated 
diversity of plants studied in plant 
physiology (many in the juvenile stage), and 
a seemingly infinite variety of often 
insufficiently defined experimental 
conditions. This leads to a multiplication 
of studies, without allowing a systematic 
comparison of results and progress ( 3 ) .  
Still more important is the separation of 
scientific specialists. 
Studying a complex system where many organs, 
functions, and a climatic or other trophic 
factors are interdependent, progress in 
understanding cannot result without 
systematically studying the correlations 

R e p r i n t e d  w i t h  p e r m i s s i o n  @ 1 9 8 5  
S o c i e t y  o f  A u t o m o t i v e  E n g i n e e r s ,  I n c .  
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between and among the various functions and
organs.

ANOTHER DIFFICULTY is that the time
factor is rarely mastered. The plant system
is growing and evolving, it is shaped by the
history of its environnent and keeps a
memory of it (for example ' the stress
acclimation). So the constant monitoring and
control of all kinetic data* is necessary for
understanding these processes and relating
long-term to short-term responses, long-term
responses being the most interesting to
agronomists.

This explains why we developed a new
experimental system with the purpose of
studying plants as integrated systems, our
main concern being photorespiration. The
equipment should enable us to :

1) Realize an environment approximating
natural conditions, especially light
conditions.

2) Simultaneously measure the main
physiological functions, by non-destructive
methods.

3) Quantify the relations between shoot
and root metabolism.

4) Analyse time effects by short-term
(hour, day) and long-term (month, season)
observations, by means of high capacity data
files.

5) Relate global behaviour of the system
to microscopic characteristics.

THESE AIMS MAY APPEAR AMBITIOUS. Ex-
perience has shown that they are attainable
using automation and computers. It is enough
to apply to plant research the methods com-
mon in medical or physical research. Several
Laboratories have constructed equipment with
similar objectives. The most important to
our knowledge is the SPAR system (4). The
controlled-environment chambers of Jones et
al (1984) is also a good example of the
equipment built in American universities for
the study of increased atmospheric C02 on

crop canopies or natural vegetation.
A first version of our system, named

C23A, developed since 1974, has been descri-
bed (6). It has been improved and the compu-
ter system is being rebuilt on a more decen-
tralized mode. We shall use this opportunity
to present the new version, its principles
and functionning. Experimental possibilities
will be illustrated by typical results.

I - PRINCIPLES OP THE C23A SYSTEM

(for : Chambers for Automatic Cultivation
in Artificial Atmospheres).

The general idea is to achieve a direct
recording of physiological activities of the
plants in culture and store the data in
files fit for immediate or delayed use (fig.
1).

A Projet C2 3A

CHAMBRES DE CULTURE

AUTOMATIQUE EN ATMOSPHERE
ARTIFICIELLE

Figure 1 (A) General Principle of C23A
system.

Figure 1 (B) Experimental area : (1, 2, 3)
Growth chambers. (4) Twin chambers (5) C02
supply. (6) cool water supply. (7) Network
conduit : circuits to analyse, monitor and
control gas and solutions. (8) Little
workshop. Specialized laboratories : (9)
Chemical analysis with (10) torage of
samples in deep-freeze chambers. (11)
Centralized analysis of «>2. (12) (13)
Quadrupolar mass spectrometer. (14) Mini-
chambers (4 to 40 1) iters (15) Computer
control with (16) board of magnetic disks.

56
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To monitor and direct the growth of plants THE LARGE CHAMBERS for the study of canopies 
we associate : comprise a modular frame (1 x 0.6 x 1.2 m 

- leakproof culture chambers of various units), a lighting module, an air conditio- 
dimensions, ning unit, a gas regulation unit, and deta- 

- automatic gas analysis (mass spectro- chable front and rear panels. Several frame 
meter and C02 infrared analyser) and regula- units can be easily assembled for making va- 
tion systems, rious volumes or twin chambers (figure 2). 

- automatic chemical analysis (Tech- The junction between chambers by means of 
nicon), clamps and rubber gaskets ensures the same 

- a computer system that drives in real air-tightness as would O-rings. To optimize 
time the abovementioned apparatus, provides the simulation of a crop canopy, the side 
visual or graphic control and stores all da- and rear panels of the chamber are covered 
ta in short-term and long-term files. with polished aluminium, and the front panel 

The physiological activities, availhble is coated with a semi-reflecting film, so as 
by measurements of matter exchanges between to reduce the border effect 
the plant and its environnents, are : photo- 
synthesis in 02 and C02r photorespiration AIR CONDITIONING UNIT. Dry bulb temperature 
measured by 1802 uptake, respiration of is regulated by the variation of the rate of 
shoots and roots, transpiration, nutrition air flowing through a large area (18 m2) 

, by mcneral uptakes. heat exchanger. This copper-foil exchanger 
receives water at the temperature of the de- 

I1 - TBE CULTURE CHAMBERS sired dew-point. 
rd----- 

The system comprises three types of 
chambers, which differ notably, adapted to 
the study of canopies, isolated plants with 
a separate root compartment, and acquatic 
plants. 

Figure 2A 
Culture chambers are made by assembling Figure 2B 

on a frame unit (1) : an air conditioning Example of realization. The growth chambers 
unit (air-water exchanger) . (21, a gas can be made of 1 module (a,c), 2 modules 
regulation unit ( 3 1 ,  a light unit (41, placed side-by-side (b,d) or single-stacked 
front and rear panels ( 5 )  , and a stand (6). (e), or made of 4 modules (£1. According to 
All assemblies are made with clamps and are need of irradiance tko units to control 
easily disassembled. A nutrient solution temperature and humidity can be attached to 
supply unit can be placed on the stand. the module (on the rear) (c,d,e,f). The 

combinations a,b,c,f are in operation in our 
laboratory. 
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This has two advantages : hygrometry is very 
accurate, and the continuous weighing of the 
water condensed by the exchanger measures 
the transpiration of the plants. 

THE SMALL CHAMBERS ( fig.3) from 1 to 40 
liters in volume are adapted to the study of 
one whole plant. They include a metal base 
containing the heat exchanger. 

The plant pot or a flask for hydroponic 
culture can be fitted below the metal base, 
and a glass container fits over the top of 
the plant. A tight seal is ensured by O- 
rings. 

The root and shoot atmospheres are 
separated by a plastic plate with a hole for 
the plant(s) in the center. The young plant 
is inserted though the disk and the hole is 
sealed around the root-neck with putty a few 
days after germination. These disks can also 
be adapted to holes in the base of the large 
chambers. Two to four small chambers can be 
placed in a large chamber unit, which gives 
light and supplementary air-conditioning. 
Air circulation is ensured by a fan or a 
Venturi pump. 

Humidity is fixed by condensed water, 
and by measurement of water uptake in the 
case of hydroponic culture. 

111 - ANALYSIS AND QUANTITATIVE CONTROL 
OF BT#OSPBEBBS 

ANALYSIS OF SHOOT AND ROOT ATMOSPHERES. 
Each chamber is linked by a network of pipes 
to the multichannel gas introduction systems 
of the C02 analyser and the mass 
spectrometer. Solenoid valves controled by a 
microprocessor draw up gas samples which 
expand either into the C02 analyser or into 
the mass spectrometer. One analysis lasts 15 
seconds ; because of necessary vacuum 
periods, the Cop analyser is limited to 60 
analyses per hour and the mass spectrometer 
from 30 to 40. 

The analysis of a given chamber at- 
mosphere is programmed to occur at given 
times, from 1 to 12 times per hour, 
according to the needs of the experiment. 
The infrared gas analyser (IRGA) takes 50 ml 
samples, which prevents its use with small 
volume chambers. The mass spectrometer uses 
only 0.5 ml or less gas for each analysis. 

This system has the following advan- 
tages : 

- it is simple : only one introductory 
valve per circuit for the spectrometer, one 
for the C02 analyser, 

- sampling times can be freely pro- 
grammed, - unlike more traditional devices, it is 
not sensitive to the flow rate in the gas 
circuit, 

Figure 3 - Small chamber with different 
types of cloches of glass for shoot 
compartment. The module of air circulation 
and cooling is not shown. 

- mixing of gas from different circuits 
never occurs. This is especially important 
when isotopes (1802, 14 ~ 0 2 )  are used or 
when chemical products are tested. 

But the main advantage is the quality 
and the safety of the measurements obtained 

- comparisons between chambers are 
always allowed, whatever the stability or 
calibration of the apparatus, 

- calibration can be automatized. In the 
case of the mass spectrometer, this allows a 
tenfold increase of precision, especially 
with 02. Each measurement is numerically 
compared with the measurement of a reference 
gas, so that the accuracy approaches that of 
differential measurements. 
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QUANTIFICATION OF THE - REGULA'IION OF CO2. 
The microprocessors associated with the 
chambers use the outpl~t signals of the 
centralized (for large chambers) or local 10 

(for small chambers) C02 analyser, and 
.- 
C 

control injections ?f C02 during 
d 

E 

photosynthesis, or trapplng of C02 during $ 
w e  respiration, so as to maintain the C02 level 

at the programmed value. CO2 injections are ,- z 
made by Solenoid valves which grve 

w 
6 

calibrated quantities of C02 at each 2 6 
excitation. The number of injections 
measures the photosynthesis. The regulation 
adapts the frequency of pulses to the rate 
of photosynthesis so as to avoid any L 

systematic lag between the real level of C02 
and the set-point. 

Data entered into the computer are the 
volume of the chamber and that of the 
injection of C02. The range of injection 
frequency is very large (1 to loo), allowing 

0 the measurement of photosynthesis of o Y u 11 21 u z1 

plantlets or adult plants without modifying o HEVRES 

any calibration. The regulation of the C02 Figure 4 : Rate of root respiration of wheat 
level during respiration operates by opening plant measured by mass spectrometry (M.s) 
or closing a C02 trap containing soda lime. 

(0) Cop evolution, (A) 02 uptake. The root 
The amount of C02 envolved by the plant, or container was aerated by C02 free air. The 
trapped, is proportional to be duration of M.S. ,measured the change of C02 and 02 
the opening of the trap, to the flow rate concentrations due to the root metabolism. 
and to the concentration of CO2, in the gas. The 02 uptake was obtained by the 
The regulation program takes these difference of 02 concentratio~l between the 
experimental parameters into account to entrance and the exit of root system i.e. by 
calculate the Cog exchange rate and to the fullscale measurement of about 1.10-2 on 
continue the regulation between times of the background of air, 20.6 10-2. 
measurement, which can be as far apart as 20 
minutes. 

IV - AUTOMATIC CHEMICAL ANALYSIS THE MASS SPECTROMETER. The computerized 
control of the mass spectrometer allows 
repetitive analysis - o f  a sequence of The system used (~echnicon autoanalyser) 

numerous atmospheres, including references is well-known in the field of analysis by 

gases. colorimetry. It was an original application 
to associate it with a system of micro- This . procedure ensures an exceptional 
electrovalves and catheteral sampling. The accuracy of the results, although the 
chemical analyzers are also controlled by a quadrupolar mass spectrometer per se is not 
specific microprocessor, which commands particularly accurate, but is does a lot of 
frequent calibrations with reference measurements rapidly for example of 120 
solutions, and the accuracy of analysis is measurements on 6 peaks in 12 seconds, the always better than 0.5 I .  Using experimental 

total duration of the sampling and 
parameters (volume of the containers, measurements is 15 seconds. Measurements are initial concentrations, etc...) the computer 

taken only on the useful peaks of the directly calculates uptake rates for each 
spectrum concerning each atmosphere. Results element generally, N H 3 ,   NO^, P, and K but are expressed as relative concentrations. also Ca, S, Mg, Mn and C1 I£ necessary. 
The values given are the difference to a Real time use of the automatic chemical 
reference gas of reconstituted air. analysis is limited (Massimino et al, 19811, 

This corrects the isotopic concen- the most frequent use being the delayed 
trations from the natural or artifactual analysis of nutrient solution samples that 
background, and corrects the C02 are taken everyday and stored at - 18O~. 
concentrations from the background due to Then series of samples covering a whole 
the oxidation of the filament. The hourly experiment /for example the whole life cycle 
repetition of the sampling sequence and the of a Maize crop (Andre et al, 1978 b) or the 
adequate programming of the sampling order vegetative stage of wheat Ducloux, 19841 are 
in the sequence prevent disturbance by analysed in one run and daily uptake rates 
memory effects, even at a high frequency of can be calculated as above and filed on 
analysis. An example of the performance of disks. 
the mass spectrometer over 3 days and of its 
interest in the study of root respiration is 
shown in Figure 4. 59 



of the central computer 

A) The micro-processors (p) for the control 
of the growth chambers, the IRGA-mass 
spectrometer system and the Technicon 
Autoanalyzer. 
B) Two discs as data base. 

- - 
I Function 

----- 
Loading of 

Exchanges of data 
Control of process 

I 4 ,  Control of data 

5 Storage of data 
averages 

6 Duplication 
files processing 

7 Standard calculation 

8 Data transfer 

C O M P U T E U R  S A T E L L I T E S  

S A F E T Y  C O N T R O L  

C) The mini-computers satellites for 
modeling and tele-processing. 
D) Safety connection during maintenance or 
disturbance of central computer. 

- -- 
' Command by I Exchanges f r o m q  

- - - ---- 
~ i s ~ l a ~ ~ o n s o l  I Discs, display 
Clocks and soft i 11 - LJ 

Display & consols 4 Displays h 
printer 

Display consols , discs 4 ~ i s ~ l a ~  
& printer 

Clock 61 soft ! u + 9iscs 
Soft-Keyboard I Disc --j Disc 

Display consols Discs -4 Display 

Satellites 
Computers 

printer 
Discs -> Satellites 



V - THE COMPUTER SYSTEM SECURITY. Our experience of using a 
computer for the direct control of ex- 

Its architecture is organized around a periments, since 1976, has shown that the 
central data base in a computer' linked to computer was the most reliable part in the 
decentralized autonomous terminals : whole experiment, with a time availability 

- Seven microprocessors controling the ratio of over 99 %. 
culture chambers and measuring systems. They 
attend to the acquisition of measurements of 
the physiological activity (photosynthesis, 
respiration, photorespiration,transpiration, 
root respiration, nutrition) . and of 
environmental parameters. 

- Peripherals for data control (visual 
display terminals, ~rinter). 

- Terminals for data processing, 
calculating, modeling and programming. 

THE MICROPROCESSOR. It uses a Motorola 
6809 associated with a G64 bus and 
industrial peripherals ("Europet1 card) 
developed by GESPAC (CH R28 Gensve, 
Switzerland) and Thomsou-EFCIS (F 78140 
Velizy-VillaCoublay, France). 

Its characteristics are a memory of 32 K 
bytes, 16 analogical inputs, 8 temperature 
imputs (Pt 100 sensors) 4 analogical 
outputs, 64 channels of logical imput- 
outputs. 

The control and regulation software is 
configurable with 30 modules of elementary 
functions (sequence, comparison threshold, 
proportional regulation, integration,derivate, 
input, output, etc...). 

One microprocessor can control two 
chambers. The gas analysis system (IRGA and 
mass spectrometer) and the Technicon 
chemical analyzer are controlled by two 
specific microprocessors, optical f ib'ers 
cbnnect the central computer and-the micro- 
processors. The general software was studied 
by the CIS1 company (F13115 S t  Paul-Lez- 
Durance) 

THE CENTRAL COMPUTER. We chose an 
industrial computer the Solar 16-40 produced 
by Bull-SEMS (~chirolle 38000 France) 
because a former one had proved very 
reliable. Its main features are the 
following : 

- memory of 256 K-Words of lb'bits, 1 
- communication processor (IoP) :and 

floating point processor (FPP), 
- RTDES real time disk operat.ing 

systems. 
It is associated with two disk units of 

10 M-bytes, each with a fixed head disk and 
a removable disk for data archival. (Figure 
5 1 

THE SATELLITES MICROCOMPUTERS. (Bull- 
micral 30, compatible IBM PC) They use disk 
archival files and are programmable in BASIC 
for non routine data treatment,. Programs 
written on the satellite terminals can be 
tranferred to be used in the central 
computer in compiled BASIC. The long 
distance transfer of the data has been 
envisioned as part of a European project. 

This is made possible by the quality of 
the hardware but also by the safety 
procedures used, as preventive maintenance, 
self-testing and diagnosis of the computer. 
The new descentralized system should be as 
reliable, thanks to the following 
precautions : 

- In case of a default in the central 
system, the microprocessors associated with 
the chambers can control the experiments and 
store the data'within three hours. 

- They can be directly connected with 
the control display terminals and a 
simplified management ot the experiments is 
possible in case of a lengthy deficiency of 
the central computer. 

- Back up of the software and data is 
ensured by a systematic copy procedure. The 
two disks are used symmetrically copy 
procedure. The two disks are used 
symmetrically so that one can replace the 
other. 

VI - EXAWLES OF RESULTS 

The leading idea of our experiments was 
to study the contribution of the main photo- 
phenomena : photosynthesis and photorespiration, 
to the energy budget of the plants. We also 
looked at dark respiration of shoots and 
roots and even root excretion in some 
particular studies. These balances were 
studied at the scale of a plant life 'cycle, 
or in a vegetative stage in light of 
environmental parameters. The parameters 
(light, C02, 02, water) were chosen to 
change the value or the proportion of the 
two photo-phenomena. In a whole plant 
approach the interactions with other 
physiological activities were considered to 
uncover a possible role of the 
photorespiration. 

LARGE CHAMBERS. They have first been 
used for the simllltaneous study of shoot and 
root physiological activities, either during 
the life cycle of a Maize plant (S,9) or 
under the effect of a light reduction simu- 
lating a cloudy day (11,121. Data files were 
used later for the adjustment of growth and 
maintenance respiration models (fig. 6 )  (13) 
(14). 
Maize is a plant with a very low photo- 
respiration, only the photosynthesis was 
concerned, but these studies can be used as 
base line for experiments manipulating both 
photosynthesis-and photorespiration. 
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~igure 6 : Paterns of A) Photosynthesis (P) 
a n d e s p i r a t i o n  (R) during the life cycle 
of maize crop. The measured respiration was 
shared to the sum nf two terms : growth 
respiration Rc = aP, and respiration of 
maintenance Rm = b C (P - R) following the - -  v 

In the case of the wheat plant the 
acceleration of growth at an increased level 
of C02 is due to both the stimulation of 
photosynthesis and the inhibition of 
photorespiration (Fig. 7) 

Curves are drawn from data files, 
without correction or smoothing. The ratio 
between the two curves is ' the growth 
stimulation coefficient. It remains stable 
throughout the experiment. . Contrary to 
previous studies (15) we do not lobserve any 
negative feed-back effect- from the enhan- 
cement of photosynthesis. The results are 
part of a more comprehensive study of the 
effect of C02 on photosynthesis, 
photorespiration, transpiration, nutrition 
and draught effects (DU Cloux,' 1984). 

SMALI. CHAMBERS 
They are adapted to the study of 

photorespiration with 180.'. The mass 
spectrometry technique allows the continuous 
measurement of 02 uptake. and evolution 
during photosynthesis. The first studies in 
wheat under standard growth conditions, 
showed that 02 uptake during photosynthesis 
was nearly as fast as net. photosynthesis 
(16, 17), which corresponds to a loss of 
reductive energy of 50 %. This .is two times 
as much as what could be predicted from the 
biochemical analyses in-vitro of the 
properties of RuBP carboxylase-oxygenase 
(18). Research is in. - progress for 
understanding the reasons ' --for this 
difference and possibly finding a 
physiological role for photorespiration. The 
current hypothesis of a prot'ective role is 
supported by the finding that"2n case of 
water stress, in the soybean, two-thirds of 
the reductive power is diverted to photo- 
respiration (19). Also, a study of gas 

assumption : 
Rt = aP + bC (P-R) (adjustment by last 
square method a = 0.27, b = 0.0032). Rm was 
very low in the vegetative stage 
( $  = silking). 

Figure 7 : Growth of a canopy of wheat = aestivum L. var. capitole) during , 
the vegetative phase at normal (- ) or 
double - -  concentration of C02. Dry 
wei-ght was calculated by the cumulation of 
daily C02 exchange balance, on the 
assumption that 1 g dry weight corresponds 
to 440 mg carbon, stimulation coefficient (0 )  
weights measured on randomly sampled and 
sacrificed plants (10 plants per sample) ( 0 ,  

4). Standard deviation bars show the large 
dispersion of results obtained by sampling 
compared with the stability of gas exchange 
measurement ratios. Plant density was 200 m- 
2, PAR 600 pmol photons m-2 s-2, temperature 
24/18"C, photoperiod 14/10 h, R.H. 50185 %. 



Exchanges in mosses showed that the maximum 
oxygen uptake capacity is low in these 
primitive plants. We suggest that evolution 
towards a greater capacity of orrygea uptake 
is a necessary condition to support stress 
resistance in higher plants. 

Small chambers are also well adapted to 
the study of shoot-root relations, which are 
a key to the understanding of whole plant 
physiology (Figure 4 above). 

t TIflE (HOURS) 

TIME (HOURS) 

Figure 8 : Photosynthesis in the marine 
macroalga Chondrus crispus. A) daily cycle 
of the gas exchanges as measured in the air 
or in the reactor : (0) 02 production or 
uptake, (a) apparent C02 uptake (as measured 
by the regulation) 
B )  Variations of the various forms of 
inorganic carbon in the system : (0) free 
dissolved C02, bicarbonate ions, ( 7 3 )  

gas phase C02 concentration. 

REACTORS FOR AQUATIC PLANTS. The study 
of 02 and C02 uptake in Chondrus crispus has 
shown that the oxygenation is slow in normal 
conditions and that it is due only in part 
to the glycolate pathway. It was shown that, 
like certain microalgae, bicarbonate can be 
taken up directly (21,221 and even pre- 
ferentially to C02 (23). Figure 8 shows an 
example of curves obtained by computer. 

The reactor contains 4 liters of sea 
water in dynamic equilibrium with 1 liter of 
air, 30 g of algae (fresh weight). PAR : 200 
mol photons m-2 
s-1. The atmosphere was recycled through the 
water with a flow rate of 120 1 h-1. 

VII - CONCLUSION 
The system described has been shown to 

advance research in the study of whole 
plants, compared to previous equipment, 
thanks to the following advantages : 

- It can simulate a real climate or 
create an artificial one, with the pos- 
sibility of modifying one parameter or the 
composition of the atmosphere at any time. 

- Cultivation can be prolonged inde- 
finitely in these conditions, while 
measurements are automatically and 
continuously taken and stored. 

- The large number of parameters 
measured, and their accuracy, give at every 
moment a relatively complete picture of the 
plant activity and of its environnent. 

- Mass spectrometry allows the mea- 
surement and study of photorespiration, an 
important component of the gas exchanges 
(the flow of 02 is four times that of the 
dark respiration). The use of other isotopes 
(15~, 1 3 ~ ,  1 4 ~ )  remains possible. 

The price paid for these results is 
moderate. The initial investment (mainly in 
the computer system) has been amortized in 
more than ten years, so that the annual cost 
of the computer was less than the salary of 
two gardeners. 

The field of possible applications is 
vast. Long-term as well as short-term 
effects of any treatment (increase of the 
level of ~ 0 2 ,  climatic variation, disease, 
nutrient deficiency, growth regulations, 
herbicides etc.. .) can be studied in 
unequaled conditions of precision. 
Automatization allows the realization of 
these experiments with the minimum of 
staffs : two persons can easily conduct one 
double experiment in twin chambers. 

The capacity of our centralised 
equipment allows for more possibilities that 
our limited team, focussed on pho- 
torespiration, can use, and gives a 
possibility for collaboration with other 
laboratories. 
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ABSTRACT : 
The BOTANY FACILITY al lows t h e  growth o f  
h ighe r  p l a n t s  and fung i  ove r  a pe r iod  o f  
6 months maximum. I t  i s  a payload planned f o r  
t h e  second f l i g h t  o f  t h e  EURECA p la t fo rm 
around 1990. 

1 .  INTRODUCTION 

One of t h e  c o r e  experiments of  t h e  second 
f l i g h t  of  EURECA (= European REt r i evab le  
CArr ier )  c u r r e n t l y  scheduled f o r  1990 i s  t h e  
BOTANY FACILITY (BF) which i s  a p l a n t  growth 
chamber des igned t o  accommodate v a r i o u s  ex- 

Major t a s k s  o f  t h e  L i f e  Support  Subsystem per iments  w i th  p l a n t s  and/or  f u n g i .  Tab le  1 

(LSS) o f  t h e  BOTANY FACILITY i n c l u d e  t h e  summarizes t h e  BF performance d a t a  wi th  t h e  

c o n t r o l  of  t h e  p r e s s u r e  and composit ion of emphasis l a i d  on t h e  f u n c t i o n s  t h e  l i f e  

t h e  atmosphere w i t h i n  t h e  p l a n t / f u n g i  growth suppor t  subsystem (LSS) has  t o  f u l f i l l .  

chambers, c o n t r o l  o f  t h e  tempera ture  and 
humidity of t h e  a i r  and t h e  r e g u l a t i o n  of t h e  
s o i l  water  c o n t e n t  w i t h i n  s p e c i f i e d  l i m i t s .  

P revious  s t u d i e s  have shown t h a t  v a r i o u s  LSS 
concepts  a r e  f e a s i b l e  ranging from heavy,  
s imple  and cheap t o  l i g h t ,  complex and expen- 
s i v e  s o l u t i o n s .  I n  t h e  f i r s t  p a r t  o f  t h e  
paper  a summary of t h o s e  concepts  i s  g iven .  
I n  t h e  second p a r t  a new approach t o  accom- 
p l i s h  c o n t r o l  o f  t h e  tempera ture  and humidity 
of t h e  a i r  w i t h i n  t h e  growth chambers i s  
desc r ibed  which is  based on water  reclama- 
t i o n .  Th i s  rec lamat ion  is achieved by conden- 
s a t i o n  w i t h  a h e a t  pump and c a p i l l a r y  t r a n s -  
p o r t  of  t h e  condensate  back i n t o  t h e  s o i l  of 
t h e  i n d i v i d u a l  growth chamber. 

P a r t  t h r e e  p rov ides  some a n a l y t i c a l  e s t i m a t e s  
i n  o r d e r  t o  o b t a i n  g u i d e l i n e s  f o r  c i r c t i l a t i o n  
f low r a t e s  and t o  de termine  t h e  s p e c i f i c  
power consumption. 

The des ign  of a wa te r  rec lamat ion  module i s  
desc r ibed  i n  p a r t  f o u r  wh i l e  t h e  t e s t  hard- 
ware i s  i l l u s t r a t e d  i n  p a r t  f i v e .  Part six de- 
s c r i b e s  t h e  test se t -up  whi le  i n  t h e  seven th  
and l a s t  p a r t  of  t h e  paper  t h e  t e s t  r e s u l t s  
a r e  summarized and d i scussed .  

status 

C 

firpax : Growth of higher plants and 
fungi from seed to seed and 
spore to spore 

~ a r r t e r  . EURECA 
Mission dumtion : 6 months maximum 
Features : 12 mlcro gravity cwettes 

6 lg control cwettes 
Illumination 
Video 
Data acquisition 
Pollination device 
Fixation device 

Life SUPF Contamination control 
w bsys t el Air humidity control 
functions Control of soil water 

content 
Control of atmospheric 
pressure 
Control of axnposition 
of atmosphere 

~ental . Phase B 
study completed 

1. flight on 
2 EURECA mission 

BOTANY- FACI L I TY 
f performance data 

Table 1: BOTANY FACILITY performance d a t a  

R e p r i n t e d  w i t h  p e r m i s s i o n  @ 1985 
S o c i e t y  o f  A u t o m o t i v e  E n g i n e e r s ,  Inc. 
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An impress ion  o f  t h e  BF geometry e x i s t i n g  
a t  t h e  end of t h e  phase  A s tudy  can be  ga in -  
ed  from F i g .  1 .  

ERN 
ST& 

1 

CU = CONTROL UNIT 
A 

k j ~  - a ! 

HTR 
- .J 

OPTION ASSUMING WATER CONSUMPTION 
AND DRYING WITH ADSORBER 

F i g .  1 :  ERN0 BOTANY FACILITY CONCEPT 
STATUS: END OF PHASE A 

F ig .  2:  VASAH loop o p t i o n  based on wa te r  
E a r l y  i n  t h e  s t u d y  it turned o u t  t h a t  t h e  LSS adso rp t ion  i n  a  r egene rab le  S i l i c a -  
conven ien t ly  should  be d iv ided  i n t o  a  y e n t i -  g e l  d r y e r  
l a t i c n  And Soil /A_ir  @ m i d i f i c a t i o n  (VASAH) 
loop and a n  Atmosphere S t o r a g e  And Composi- 
t i o n  Con t ro l  (ASACC) loop.  For  each o f  them a  
numbeF of o p t i o n s  have been d e s c r i b e d  and 
d i s c u s s e d  i n  a  p rev ious  pape r ,  see (1)". 
Fo r  each s e t  o f  o p t i o n s  a  t r a d e - o f f  was con- 
ducted  c o n s i d e r i n g  a s p e c t s  such a s  

o  Weight 
o  Technica l  complexity 
o  C r i t i c a l  components 
o  C o m p a t i b i l i t y  w i th  mic rograv i ty  envi ron-  

ment 
0 Costs  

r e s u l t i n g  i n  t h e  recommended o p t i o n s  ( s t a t u s  
end o f  phase  A) which a r e  dep ic t ed  i n  F ig .  2  
and 3. 

* Numbers i n  p a r e n t h e s i s  d e s i g n a t e  r e f e r e n c e s  
a t  end of paper  
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Fig .  3: ASACC loop o p t i o n  us ing  day and 
n i g h t  gas  t ank  i n  combination w i t h  
Lithiumhydroxide c a r t r i d g e  

A s  can be  seen  from F i g .  2 water  i s  s t o r e d  i n  
a water  b l adde r  tank and i s  a t  t h e  begin  of 
t h e  growth pe r iod  al lowed t o  moisten t h e  s o i l  
by means of t h e  s o i l  humidity c o n t r o l  u n i t  
(which can be  p a r t  o f  t h e  on-board d a t a  
handl ing  system).  Fo r  t h a t  purpose s o i l  humi- 
d i t y  senso r s  a r e  used which cause t h e  water -  
ing  va lve  of a p a r t i c u l a r  c u v e t t e  t o  c l o s e  i n  
case  t h e  d e s i r e d  s o i l  water  con ten t  has been 
reached.  Obviously,  each c u v e t t e  needs i t s  
own senso r  because  d i f f e r e n t  p l a n t s  o r  p l a n t  
s i z e s  might cause  d i f f e r e n t  water  consump- 
t i o n / r e s u p p l y .  
The water  evapora ted  by t h e  s u r f a c e  of t h e  
s o i l  o r  a s o l u t i o n  con ta in ing  n u t r i e n t s  
(AGAR) and t h e  p l a n t  i s  c a r r i e d  away by t h e  
a i r  c i r c u l a t i n g  through t h e  c u v e t t e s  and an 
a i r  humidity senso r  c o n t r o l s  t h e  p o s i t i o n  of 
a bypass va lve  a l lowing a c e r t a i n  amount of 
a i r  t o  flow through t h e  a c t i v e  S i l i c a g e l  bed. 

t h e  a i r  w i th  t h e  r e s u l t  t h a t  t h e  
a i r  l eav ing  t h e  bed i s  v e r y  d r y .  By mixing 
t h a t  a i r  f low w i t h  t h e  bypassed flow t h e  
d e s i r e d  humidity a t  t h e  i n l e t  o f  t h e  c u v e t t e s  
is achieved.  The a i r  r e t u r n i n g  t o  t h e  cu- 
v e t t e s  p a s s e s  through a f a n  which p rov ides  
t h e  necessa ry  d i f f e r e n t i a l  p r e s s u r e  t o  over-  
come t h e  p r e s s u r e  l o s s  o f  t h e  v a r i o u s  loop 
components. 

I n  o r d e r  t o  ach ieve  a c l o s e  tempera ture  con- 
t r o l  t h e  a i r  pas ses  through a h e a t e r  be fo re  
it r e t u r n s  t o  t h e  c u v e t t e .  
To avoid  cross-contaminat ion  o f  t h e  v a r i o u s  
c u v e t t e s  a t  t h e  i n l e t  and t h e  o u t l e t  o f  each 
c u v e t t e  a s t e r i l e  f i l t e r  is p o s i t i o n e d  (not  
shown i n  F i g .  2 ) .  

A f t e r  a c e r t a i n  t ime i n t e r v a l  t h e  a d s o r p t i o n  
c a p a c i t y  o f  a d r y e r  bed i s  reached and it 
w i l l  be  i s o l a t e d  from t h e  loop by means o f  
so l eno id  v a l v e s .  The second bed - which i n  
t h e  meantime has  been r egene ra t ed  by t h e  
combined e f f e c t  of  space  vacuum and e l e v a t e d  
tempera ture  - i s  connected wi th  t h e  loop  and 
t a k e s  t h e  f u n c t i o n  o f  t h e  f i r s t  bed.  
The f u n c t i o n  o f  t h e  ASACC loop i s  d i scussed  
i n  d e t a i l  i n  (1) and s h a l l  n o t  be addressed  
he re .  

2.  CONCEPT OF WATER RECLAMATION 

As w i l l  be  n o t i c e d ,  t h e  VASAH concept  i l l u s -  
t r a t e d  i n  Fig .  2 is based on wa te r  consump- 
t i o n  which means t h a t  a l l  t h e  wa te r  needed 
du r ing  a miss ion  has  t o  b e  cons idered  a s  a 
consumable. 
Apart  from t h e  r e s u l t i n g  weight p e n a l t y  t h e  
concept i s  f a i r l y  complex, i n  p a r t i c u l a r  t h e  
water  supp ly  t o  t h e  r o t a t i n g  c u v e t t e s  l o c a t e d  
i n  t h e  c o n t r o l  c e n t r i f u g e  w i l l  n o t  be a n  easy  
t a s k .  
Therefore  t h e  concept based on wa te r  reclama- 
t i o n  was r e -eva lua ted  which had been address-  
ed a l r e a d y  i n  (1) b u t  was r e j e c t e d  due t o  i t s  
appa ren t  complexity.  
F ig .  4 i l l u s t r a t e s  i n  a schemat ic  form t h e  
concept o f  i n t e r n a l  wa te r  management. 

Act ive  d e s i g n a t e s  t h e  bed which is n o t  rege- 
n e r a t e d .  By a d s o r p t i o n  t h e  S i l i c a g e l  removes 
a c e r t a i n  f r a c t i o n  of t h e  wa te r  conta ined i n  



WATER RECLAMATION UNDER 1g -CONDITIONS 

Fig. 4: Cuvette with closed water loop 
feasible for 1 g-environment 

As can be seen, the lower portion of the 
cuvette sidewalls is manufactured from a 
material having a good thermal conductivity 
and is connected with a cooler, e.g. a 
Peltier element. The cooler in turn is in 
contact with the soil by means of a capillary 
material. Atop of the soil several heater 
wires are installed, however, tests may prove 
that they are not required. 

The light input. and - if required - the heat 
liberated by the heater wires will warm up 
the air in the center position of the cu- 
vettes and it will rise due to the density 
difference. At the cooled sidewalls the 
opposite effect will establish and as a 
result a circulation pattern should prevail 
as illustrated in Fig. 4. 
When the air is progressively cooled along 
the sidewalls, condensation will occur and 
the water droplets formed will dripple. into 
the capillary material (wick) which allows 
the water to return to the soil. 
The air flowing across the soil surface and 
passing the heater wires is comparatively dry 
such that the plant (and the soil surface) 
will evaporate water by taking it from the 
soil. 
As can be seen, a closed water loop with two 
phase changes should form: In the plant's 
leaves from liquid to vapour state and at the 
condenser from vapour to liquid. 
The air humidity in the cuvette can be con- 
trolled for a given plant size by varying 
the power applied to the Peltier element. 

Under microgravity conditions the air flow 
pattern caused by density differences dis- 
appears and one has therefore to replace free 
by forced convection by installing a fan. 
A conceivable arrangement is shown in Fig. 5. 

- 
I - FELTIER ELEMENT 

WATER RECLAMATION UNDER 
MICRO GRAVITY CONDITIONS 

I 
1 

Fig. 5: Cuvette with closed water loop 
feasible for microgravity environ- 
ment 

When compared to Fig. 4 there are 7 modifica- 
tions depicted in Fig. 5: 

I. .A ducting system for the supply of dry 
air to the cuvette and the return of wet 
air to the condenser. 

2. Installation of a mini fan to overcome 
the pressure loss of the ducting system. 

3. Deletion of heater wires. 

4. Thermal decoupling of sidewalls from the 
condenser. 

5. Modification of the condenser such that 
a good thermal contact exists between 
its surface and the air flowing past it. 

6. Introduction of a transfer wick which 
allows the transport of the condensate 
from the condenser to the soil. 

7. Installation of regenerative heat ex- 
changer to reheat the air leaving the 
condenser to cuvette temperature by 
using a portion of the waste heat of the 
Peltier element (not shown in Fig. 5). 

The major difference relative to the concept 
feasible under 1 g-conditions is the use of 
capillary forces in order to separate the 
condensate from the air in the concept for 
microgravity conditions. 

If one compares the concept of Fig. 5 with 
the option 4 depicted in Fig 8 of (1) one 
will recognize in the condenser of Fig. 5 the 
condensing heat exchanger of Fig. 8 of (1) 
and in the transfer wick of Fig. 5 the water 
separator of Fig. 8 of (1). 
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Fig .  6:  Conceivable f low p a t t e r n s  f o r  a  
mic rograv i ty  c u v e t t e  w i th  wa te r  
r ec l ama t ion  

The most s o p h i s t i c a t e d  p a t t e r n  is t h a t  shown 
i n  F ig .  6a .  S ince  it i s  symmetrical  it r e -  
q u i r e s  2  condensers  and 2 t r a n s f e r  wicks.  
Another d i sadvan tage  i s  s een  i n  t h e  f a c t  t h a t  
t h e  top  s u r f a c e  of t h e  c u v e t t e  i s  used t o  
d i s t r i b u t e  t h e  a i r  supp l i ed  t o  t h e  c u v e t t e .  
Normally one would want t o  r e s e r v e  t h a t  zone 
a s  a  l i g h t  e n t r a n c e  a r e a .  F ig .  6b shows a  
s i ~ n p l i f i c a t i o n  of t h e  p rev ious  op t ion  i n  t h a t  
on ly  one c o n d e n s e r l t r a n s f e r  wick i s  f o r e s e e n  
and t h e r e f o r e  t h e  f low p a t t e r n  w i l l  b e  asym- 
m e t r i c a l .  F ig .  6 c  f i n a l l y  shows t h e  op t ion  
being a p p a r e n t l y  t h e  s i m p l e s t :  Asymmetrical 
c r o s s  flow. Note t h a t  t h e  t o p  s u r f a c e  ( l i d )  
o f  t h e  c u v e t t e  i s  a v a i l a b l e  f o r  undis turbed 
l i g h t  e n t r y .  

A compi la t ion  o f  t h e  advantages  and t h e  d i s -  
advantages  o f  t h e  wa te r  rec lamat ion  concept  
i s  g iven i n  Table  2. 

m 
vettes need 

Apparent ly  a  number of flow p a t t e r n s  a r e  k7WTM 
p o s s i b l e  f o r  t h e  mic rograv i ty  c u v e t t e  a s  'nS /I!) Cul 

shown i n  Fig .  5 .  For example t h e  k inds  'er SLQP!~. 
i l l u s t r a t e d  i n  Fig. 6a-c can be imagined. 

I @Ye b f t l  
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Table  2: Advantages and d isadvantages  of 
c u v e t t e s  wi th  water  rec lamat ion  

3. ANALYSIS OF WATER RECLAMATION CONCEPT 

F ig .  6  i l l u s t r a t e s  t h e  loop schemat ic  a s  f a r  
a s  thermal  and e l e c t r i c a l  a s p e c t s  a r e  con- 
cerned.  A t  f i r s t ,  a  water  ba lance  s h a l l  be 
made. For t h e  c u v e t t e  t h i s  ba lance  r eads :  

F ig .  6:  Loop Schematic of  mic rograv i ty  
c u v e t t e  w i th  water  rec lamat ion  



S i m i l a r l y ,  t h e  wa te r  ba l ance  f o r  t he  conden- 
s e r  can  be w r i t t e n  a s  

s i n c e  

and because  one w i l l  normal ly  p r e s c r i b e  x , 
one o b t a i n s  from eq .  ( I ) ,  ( 2 ) ,  ( 3 )  t h e  foy- 
lowing r e l a t i o n  f o r  x Co 

From t h e  r e l a t i o n  between wa te r  c o n t e n t ,  x 
Co' 

and a i r  t empera tu re ,  t h e  a i r  tempera ture  a t  

t h e  condenser o u t l e t ,  tCo, can be de t e rmi r~ed .  

A s  can be  seen from eq.  ( 4 ) ,  tCo is a  func- 

t i o n  o f  t h e  c u v e t t e  a i r  tempera ture  and 

r e l a t i v e  humidi ty  and of t h e  r a t i o  EW/kA. 
F i g .  7 i l l u s t r a t e s  t h e  v a r i a t i o n  of t wi th  

C 0 

G W / i A  f o r  a  c u v e t t e  a i r  tempera ture  of 20 O C  

(68 OF) and a  r e l a t i v e  humidity of 80 % l ead -  

i ng  t o  x = 12.15 g ikg .  
0 

CONDENSER TEMPERA TURE VERSUS RA T I 0  
AIRKONDENSA TE FLOW RA TE. t l a i r )  -20 degree C 

F i g .  7 :  Temperature a t  t h e  condenser o u t l e t  
a s  f u n c t i o n  o f  t h e  a i r  mass flow 
r a t e ,  G , d lv ided  by t h e  condensate 
f low r a t e ,  GW 

TWO. l imits a r e  appa ren t  i n  F i g .  7: Minimum 
GA/Gw r a t i o  i s  0.127 (kg /h ) / (g /h )  because 
h e r e  t h e  f r e e z i n g  p o i n t  i s  reached.  Obvious- 
l y ,  one must n o t  o p e r a t e  under t h a t  c o n d i t i o n  
because  no wa te r  t r a n s p o r t  i s  p o s s i b l e  a t  
t h a t  t empera tu re .  An i n f i n i t e  a i r  flow r a t e  
i s  needed on t h e  o t h e r  hand. i f  one wants t o  
remove t h e  e v a p o r a t i o n  r a t e  GW under t h e  con- 
d i t i o n  t h a t  t h e  a i r  tempera ture  a t  t h e  con- 
dense r  o u t l e t  i s  e q u a l  t o  t h a t  a t  t h e  c u v e t t e  
o u t l e t ,  t h i s  c h a r a c t e r i s e s  t h e  second l i m i t .  

The nex t  s t e p  i s  now t o  fo rmula t e  a  h e a t  
ba l ance .  T o t a l  condenser load  i s  

S e n s i b l e  load  

Qs = c . GA ( t o  - t C o )  
P  

(6) 

La ten t  load  

Q l = r -  6W (7)  

Combination of eq .  (5) (6)  (7)  y i e l d s  

For  t h e  h e a t e r  power t o  h e a t  t h e  a i r  r e -  
e n t e r i n g  t h e  c u v e t t e  ( s e e - F i g .  6)  one o b t a i n s  
a f t e r  no rma l i za t ion  wi th  G 

W 

Obviously,  t = t . .  
0 1 

F ig .  8  shows an  numer ica l  e y a l u a t i o n  o f  eq.  
(8) and (9) a s  f u n c t i o n  o f  G / G  f o r  an  a i r  w. tempera ture  o f  20 O C  and a  r & a t i v e  humidity 
of 80 %. 

CONDENSER LOAD AND HEATER POWER VERSUS RATIO 
OF AIR/CONDENSA TE FLOW RA TE. t f a i r )  -20 deg C 

F i g .  8: Normalized condenger load  6 /6 and 
C . W  h e a t e r .  poper QH/GW a s  f u n c t i o n  o f  

r a t i o  G / G  
A W '  

A s  can .be seen  from F i g .  8 an  optimum v a l u e  
f o r  G / G  e x i s t s  f o r  which bo th  t h e  condenser 
l oad  fan! hence t h e  load t o  be removed by t h e  
P e l t i e r  element)  and t h e  h e a t e r  power a t t a i n  



a minimum. This optimum is explainable by the 
fact that at the lower limit of Fig. 7 the 
temperature difference in eq. (8) and (9) (in 
fact the sensible heat Joad) reaches a maxi- 
mum and the flow rate m a minimum while at 

A 
the upper limit of Fig. 7 the opposite is 
true. 

The optimum ratio corresponds to 

(iA/iwlOpt = 0.19 
and the corresponding temperature of the air 
at the condenser outlet is t = 8.1 OC. 

Co 
To get a feeling for the absolute power 
values it shall be assumed that G = 0.1 g/hr. 
Then follows Q = 0.13 W and-Q 0.06 W for 

C the optimum mass flow ratio ( ~ ~ 7 % ) ~ ~ ~ .  

Finally, the required electrical power to 
operate the Peltier element shall be esti- 
mated. As will be recalled, a measure of the 
quality and the actual operation condition 
of a Peltier element is the Coefficient Of 
Performance (COP) which is defined as - 

heat absorbed by cold side 
COP = 

electrical input power (10) 

The heat to be removed on the hot side of the 
element is 

Combination of eq. (10) (11) results in 

6P,H/Nel,P = 1 + COP 
Typical COP-values are in the neighbourhood 
of 0.3. This then leads for the evaporation 
ratio used in the example, namely G = 0.1 g/hr 

to N e l , ~  = 0.43 W and to Q = 0.5g W. 
P,H 

By using a regenerative heat exchanger a 
portion of the hot side heat load of the 
Peltier element can be used to reheat the air 
returning to the cuvette and therefore the 
heater power N 

el ,H 
(0.06 W in the example) 

can be saved. 
Power for the mini-fan is according to 
current experience appr. 0.2 W. So, assuming 
zero heat leaks and heat regeneration the 
total required electrical power would be 
0.43 + 0.2 = 0.63 W for an evaporation rate 
of 0.1 g/hr. 
Presently 18 stationary (microgravity) and 
6 rotating (1 g) cuvettes are specified in 
the BF requirements. Neglecting the fact that 
the heater needed in the 1 g-cuvettes very 
probably will have a lower dissipation than 
the fans in the micro-gravity cuvettes one 
will end up with a total electrical power 
consumption of appr. 

Nel, total 
= 24 W 

assuming zero heat leaks. 
Compared with the budget allocated to the BF 
of 160 W this is already a significant 

So the practical design must be rarefully 
optimised to minimize heat leaks in order to 
come at least close to the theoretical per- 
formance of N el, P+F / G  W : 6.3 W/(g/hr). 

4 .  DESIGN OF A WATER RECLAMATION NODULE 

In order to demor~strate the feasibility of 
the concept of cuvettes with internal water 
reclamation, a Water Reclamation todule (WE!) 
has been conceived, designed, manufactured 
and tested. 
Since it was felt that the concept would be 
more difficult to verify for the microgravity 
cuvettes the design of the kRP1 was limited 
to that part. 

As will be clear from the concept descrip- 
tion, the critical element in a mirrogravi ty 
cuvette is the Condenser/Wick Assembly (CWA) 
which interfaces with the Peltier element. 

The major requirements the CWA has to meet 
are as follows: 

1. Large specific surface area to minimize 
temperature difference between Peltier 
element cold side and condenser surface 
with which the air comes into contact.. 

2. Wick material must have a good ther~nal 
conductivity for the reason mentioned 
in item 1. 

3. Wick material must have a good capillary 
action. 

4. Wick design must be self-priming, i.e. 
it must show capillary action even if 
it is initially completely dry. 

Usual cotton wicks, for example, as used in 
commercial oil lamps have been considered in 
the beginning since they exhibit good capi l -  
lary force but there are 2 drawbacks: 

(a) They contain a small amount of cotton 
oil prohibiting water adsorption and 
(b) thermal conductivity of cotton is very 
poor. The next thought was to use a wick made 
out of a grid of stainless steel. Two samples 
are shown in Fig. 9. 

although not unacceptable amount. 



F i g .  9 :  Gr id  samples c o n s i s t i n g  of  s t a i n -  
l e s s  s t e e l  w i r e s .  Edges a r e  seamed 
by e l e c t r o n  beam welding ,  l e n g t h  
70 mm,  w id th  10 mm 

Although t h e  t he rma l  c o n d u c t i v i t y  was much 
b e t t e r  t h a n  t h a t  of  a  c o t t o n  wick,  t h e  s e l f -  
pr iming requi rement  could  on ly  be met by 
adding  a chemical  w e t t i n g  f l -u id  t o  t h e  wa te r .  
S ince  we were n o t  s u r e  i f  t h a t  f l u i d  would 
s t a y  d u r i n g  a  mi s s ion  t ime  of  s e v e r a l  months 
i n  t h e  s o i l  w i thou t  d e g r a d a t i o n  (and t h u s  
c r e a t i n g  contaminants  f o r  t h e  p l a n t  samples) 
a l s o  t h a t  wick m a t e r i a l  was r e j e c t e d .  

The following s t e p  was t o  t-hink abou t  a  com- 
p o s i t e  wick d e s i g n ,  [lamely t o  u se  one ma te r i -  
a l  having  a  good the rma l  c o n d u c t i v i t y  i n  
o r d e r  t o  f u l f i l l  r equ i r emen t s  1  and 2 and use  
a second m a t e r i a l  p r o v i d i n g  t h e  c a p i l l a r y  
f o r c e  and be ing  s e l f - p r i m i n g  t o  meet r equ i r e -  
ments no. 3 and 4.  The re fo re  v a r i o u s  copper 
n e t s  have t ~ e e n  e v a l u a t e d  a s  condenser e l e -  
ment,  2 samples a r e  shown i n  F i g .  10.  

F i g .  10:  Sampies o f  copper g r i d  m a t e r i a l  
used a s  condenser  m a t e r i a l  

F ig .  11: Design concept  a s  used f o r  wa te r  
r ec l ama t ion  module 

The a c t u a l  d e s i g n  i s  t h e n  i l l u s t r a t e d  i n  
g r e a t e r  d e t a i l  i n  F ig .  12.  

I WTER RECLAMATION MOWLE DESIGN I 

Fig .  12: Water r ec l ama t ion  module d e s i g n  

A s  c an  be s een  from F i g .  12 ambient  a i r  i s  
sucked by means of  a  sma l l  f a n  through t h e  
co ld  gas  duc t  and i s  cooled/dryed a t  t h e  
condenser .  The water  absorbed by t h e  wick 
assembly i s  t r a n s p o r t e d  t o  t h e  s o i l  which i s  
con ta ined  i n  a  c a s i n g  i n  o r d e r  t o  p reven t  
evapora t ion .  
The was te  h e a t  is removed by a i r  drawn by 
ano the r  f a n  through t h e  h o t  gas  d u c t .  

As a  wick m a t e r i a l  a  commercial ly a v a i l a b l e  
c a p i l l a r y  mat was used and t h e  r e s u l t i n g  
des ign  concept  i s  shown i n  F ig .  11 .  - - - . -. . 



5. TEST HARDWARE 

The a c t u a l  hardware used f o r  t h e  t e s t s  i s  
shown i n  F i g .  13  which d e p i c t s  t h e  WRM wi th  
thermal i n s u l a t i o n  i n  o r d e r  t o  minimize h e a t  
exchange w i t h  t h e  environment and from t h e  
ho t  g a s  t o  t h e  c o l d  gas  d u c t .  I n s u l a t i o n  
c o n s i s t e d  o f  a  foam m a t e r i a l  (ROHACELL) and 
a  l a y e r  o f  go ld i zed  KAPTON. 

F ig .  16: D e t a i l  of  wick assembly and i t s  
r o u t i n g  i n t o  t h e  s o i l  hous ing.  Also 
shown a r e  t h e  c o o l i n g  f i n s  

Fig .  13: Assembled WRM wi th  i n s u l a t i o n  

F ig .  14 g i v e s  a  b e t t e r  view how t h e  thermal  
i n t e r a c t i o n  between t h e  2 gas  d u c t s  o t h e r  
than  v i a  t h e  coo l ing  f a n s  was t r i e d  t o  mini-  
mize. 

F ig .  14: Thermal i n s u l a t i o n  o f  co ld  and h o t  
s i d e  a i r  d u c t s  

The d isassembled WRM i s  shown i n  F i g .  15. 

F ig .  15: W, disassembled 

D e t a i l s  o f  t h e  des ign  of t h e  wick assembly,  
t h e  c o o l i n g  f i n s  and t h e  s o i l  housing can be  
d e t e c t e d  from F ig .  16. 

6 .  TEST SET-UP, INSTRUMENTATION AND 
CONDITIONS 

The t e s t  s e t -up  i s  shown i n  F i g .  17. A s  can 
be seen  from t h e  p i c t u r e ,  t h e  WRM was placed 
on an e l e c t r o n i c  s c a l e  i n  o r d e r  t o  determine 
t h e  weight d i f f e r e n c e  i n  a  c e r t a i n  time 
p e r i o d  due t o  t h e  condensate  acc~unula ted  i n  
t h e  s o i l .  

Fig .  17: T e s t  arrangement used f o r  t h e  WRM 

Three power s u p p l i e s  were used t o  provide  
r egu la t ed  DC power t o  t h e  P e l t i e r  e lement ,  
t h e  co ld  s i d e  f a n  and t h e  ho t  s i d e  fan .  
Rather  than  us ing  flow me te r s ,  t h e  co ld  and 
h o t  s i d e  mass f low r a t e  was determined by 
means of a  d e l t a  p r e s s u r e  r ead ing  wi th  a  
micromanometer. The r e l a t i o n  between d e l t a  
p r e s s u r e  and volume flow o f  t h e  two d u c t s  was 
determined p r i o r  by means of a  volume flow 
meter  and t h e  same micromanometer. 
Thermocouples have been p l aced  a t  t h e  follow- 
i n g  l o c a t i o n s :  

1 .  A i r ,  ambient 
2.  A i r ,  o u t l e t ,  f i n  
3. A i r ,  o u t l e t ,  condenser 
4.  Condenser g r i d  
5 .  P e l t i e r  e lement ,  co ld  s i d e  
6. P e l t i e r  e lement ,  h o t  s i d e  



T e s t s  were i n i t i a l l y  performed in  a  c l e a n  
room i n  o r d e r  t o  have f a i r l y  cons t an t  ambient 
c o n d i t i o n s .  But due t o  t h e  compara t ive ly  d r y  
a i r  no condensat ion  could  be observed.  There- 
f o r e  a n o t h e r  room was s e l e c t e d  the  a i r  humi- 
d i t y  o f  which was a r t i f i c i a l l y  inc reased  t o  
approx.  50  % w i t h  a  r a t h e r  p r i m i t i v e  humidi- 
f i e r .  However, t h i s  v a l u e  i s  s t i l l  f a r  below 
t h e  o p e r a t i o n  range o f  80 - 90 % fo re seen  f o r  
t h e  BF. 

7. TEST RESULTS AND DISCUSSION 

S ince  t h e  d e t a i l e d  t e s t  d a t a  r educ t ion  i s  
d e s c r i b e d  i n  (2 )  and ( 3 ) ,  only  t h e  t e s t  
r e s u l t s  s h a l l  be d i s c u s s e d  below. 
F ig .  18 shows t h e  condensat ion  r a t e  a s  func- 
t i o n  of  t h e  co ld  s i d e  mass f low r a t e .  
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Fig .  18: Condensate v e r s u s  co ld  s i d e  f low 
r a t e .  T e s t  d a t a  f o r  condenser g r i d  
no. 3  and 4.  

Desp i t e  of  t h e  c o n s i d e r a b l e  s c a t t e r  it is 
appa ren t  t h a t  t h e  d e v i c e  f u n c t i o n s  a s  expect -  
ed .  
The power of t h e  P e l t i e r  element was N = 

e l  .P 
6 W ,  t h a t  f o r  t h e  f a n  N e l , q  = 0.36 W ,  t h e  

measured condensa t ion  r a t e  G = 0.51 2 0.08 W 
g / h r ,  hence t h e  measured performance 

/ k  = 12.5 W/(g/hr) .  
N e l , ~ + ~  W 

I f  one compares t h a t  va lue  wi th  t h e  theore-  
t i c a l  performance o f  6 .3  W/(g/hr) a s  pre-  
d i c t e d  i n  s e c t i o n  3 one must conclude t h a t  
t h e  d e s i g n  has  t o  be  r e f i n e d  i n  o r d e r  t o  
f u r t h e r  reduce h e a t  l e a k s .  
F i g .  19 i l l u s t r a t e s  t h e  measured condenser 
t empera tu res  and a g a i n  no s i g n i f i c a n t  v a r i a -  
t i o n  w i t h  t h e  co ld  s i d e  mass flow can be ob- 
se rved .  
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Fig .  19: Condenser tempera ture  v e r s u s  co ld  
s i d e  flow r a t e .  T e s t  d a t a  f o r  con- 
denser  g r i d  no. 3 and 4. 

F i g .  20 d e p i c t s  t h e  v a r i a t i o n  of t h e  tempera- 
t u r e  d i f f e r e n c e  between t h e  condenser g r i d  
and t h e  t h e  co ld  s i d e  of t h e  P e l t i e r  element 
w i th  t h e  co ld  s i d e  mass f low r a t e .  
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F i g .  20:  Temperature d i f f e r e n c e  between 
P e l t i e r  element co ld  s i d e  and con- 
dense r  g r i d  v e r s u s  co ld  s i d e  mass 
flow r a t e .  Tes t  d a t a  f o r  condenser 
g r i d  no. 3 and 4 .  

A s  can be seen  from t h e  f i g u r e ,  t h a t  d i f f e r -  
ence i s  i n  t h e  o r d e r  o f  1 .5  O C  (2.7 OF) and 
a l lows  t h e r e f o r e  t h e  conc lus ion  t h a t  t h e  
thermal c o n t a c t  between t h e  co ld  s i d e  o f  t h e  
P e l t i e r  element and t h e  condenser g r i d  i s  
q u i t e  good. 

F i g .  21 shows t h e  d i f f e r e n c e  between t h e  a i r  
a t  t h e  condenser o u t l e t  and t h e  condenser 
g r i d .  
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F i g .  21:  T e m p e r a t u r e  d i f f e r e n c e  be tween  t h e  
a i r  a t  t h e  c o n d e n s e r  o u t l e t  and  t h e  
c o n d e n s e r  g r i d  v e r s u s  c o l d  s i d e  
mass f l o w  r a t e .  ~ e k t  d a t a  f o r  con- 
d e n s e r  g r i d  no .  3 and 4.  

Appr. 5 OC (9 OF) a r e  o b s e r v e d ,  a  f a c t  which  
c l e a r l y  i n d i c a t e s  t h a t  i n  a  f u t u r e  d e s i g n  t h e  
t r a n s f e r  a r e a  s h o u l d  b e  s i g n i f i c a n t l y  i n -  
c r e a s e d  i n  o r d e r  t o  r e d u c e  t h e  t e m p e r a t u r e  
d i f f e r e n c e .  

F i n a l l y ,  F i g .  22 i l l u s t r a t e s  t h a t  t h e  tempe- 
r a t u r e  d i f f e r e n c e  between t h e  P e l t i e r  e l e m e n t  
h o t  s i d e  and t h e  o u t l e t  a i r  is  a p p r .  7.5 O C  

(13.5 OF). C l e a r l y ,  d e s i g n  improvements  a r e  
n e c e s s a r y  a l s o  i n  t h i s  a r e a .  

8 .  SUMMARY AND CONCLUSIONS 

o  A c o n c e p t  f o r  t h e  L i f e  S u p p o r t  Subsystem o f  
t h e  BOTANY FACILITY i s  d e s c r i b e d  which f o r  
t h e  t a s k  o f  t h e  h u m i d i t y  c o n t r o l  o f  t h e  
a tmosphere  i s  hased  on w a t e r  r e c l a m a t i o n .  
Such r e c l a m ~ c i o r i  is o b t a i n e d  by  u s i n g  a  
P e l t i . e r  e lenlent  and a  condenser /wick  
assembly  by which e l e m e n t s  t h e  w a t e r  
removed from t h e  a i r  i s  r o u t e d  back i n t o  
t h e  s o i l  s u p p o r t i n g  t h e  p l a n t  s a m p l e s .  

o  T h i s  r e c l a m a t i o n  c o n c e p t  i s  a p p l i c a b l e  t o  
c u v e t t e s  (= p l a n t  growth chambers)  f lown i n  
m i c r o - g r a v i t y  and 1 g  envi ronment  b u t  i t  
a r e  t h e  fo rmer  which a p p e a r  t e c h n o l o g i c a l l y  
more s o p h i s t i c a t e d .  

o  By s i m p l e  a n a l y s e s  a n  e s t i m a t e  o f  t h e  s p e -  
c i f i c  power consumption ( W a t t / g / h r  conden- 
s a t e )  i s  p r o v i d e d  i n  o r d e r  t o  s e e  i f  t h e  
r e s u l t i n g  power consumption i s  c o m p a t i b l e  
w i t h  t h e  power b u d g e t  a l l o c a t e d  t o  t h e  
BOTANY FACILITY. 

o  I n  o r d e r  t o  p r o v e  t h e  f e a s i b i l i t y  o f  t h e  
c o n c e p t ,  a  p r e - p r o t o t y p e  o f  a  w a t e r  r e c l a -  
m a t i o n  module h a s  been  d e s i g n e d ,  manufac- 
t u r e d  and t e s t e d .  

o  The t e s t  r e s u l t s  c o n f i r m  t h e  v i a b i l i t y  o f  
t h e  c o n c e p t .  They show on t h e  o t h e r  hand 
t h a t  a  v e r y  c a r e f u l  t h e r m a l  d e s i g n  o f  t h e  
P e l t i e r  e l e m e n t / w a s t e  h e a t  r e j e c t i o n / c o n -  
d e n s e r / w i c k  assembly  i s  r e q u i r e d  t o  m i n i -  
mize h e a t  l e a k s  and t o  come a t  l e a s t  c l o s e  
t o  t h e  t h e o r e t i c a l  v a l u e  o f  t h e  s p e c i f i c  
power consumption i n  t e r m s  o f  Watt  p e r  g / h r  
c o n d e n s a t e .  

2 9 .  NOMENCLATURE 

lip 

ASACC BF : Atmosphere p o s i t i o n  C o n t r o l  S t o r a g e  And Corn- 

i 
: Botany F a c i l i t y  

k ?  
COP : C o e f f i c i e n t  o f  per formance  

g 0 G : Mass f l o w  r a t e  i n  k g / h r  ( a i r )  
J o r  g / h r  ( w a t e r )  
f o '  LSS : L i f e  S u p p o r t  Subsys tem 

N : E l e c t r i c a l  power consumption 
8 
i r 0  . I  s .So .5 

(W) 
w =.- Fa- .-ace fignwt 6 : Heat  l o a d  (W) 

mw. DIFFERENCE PE mr SILK-CU~LET AIR v.= VASAH : V e n t i l a t i o n  And S o i l / A i r  Humi- 

1 EDLO S I E  FLOW II1 TE T E I T  DA TA Gf7IOS M. 3. d i f i c a t i o n  
I WRM : Water  R e c l a m a t i o n  Module 

C 
F i g .  22: T e m p e r a t u r e  d i f f e r e n c e  be tween  h o t  P  : S p e c i f i c  h e a t  a t  c o n s t a n t  

s i d e  o f  P e l t i e r  e l e m e n t  and o u t l e t  p r e s s u r e  
r : h e a t  o f  e v a p o r a t i o n  

a i r  v e r s u s  c o l d  s i d e  mass f l o w  t : Tempera ture  i n  d e g r e e  C 
r a t e .  T e s t  d a t a  v a l i d  f o r  c o n d e n s e r  
g r i d  no. 3 and 4. ( d e g r e e  F) 

x : A i r  w a t e r  c o n t e n t  i n  2 w a t e r  
p e r  kg d r y  a i r  



10. SUBSCRIPTS 

Air 
Condenser 
Fan 
Heater 
Peltier element 
Water 
inlet 
latent 
outlet 
sensible 
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ABSTRACT compounds (and elements). 
A wet oxidation system will be But it seems that the discussions on 

useful in CELSS as a facility to treat the applicability of wet oxidation to 
organic wastes sr;d to redistribute CELSS does not fully reflect the 
inorganic compounds and elements. However exper~ences and results obtained in t h ~ s  
at rather hlgher temperatures needed in field. Thls paper will discuss: the 
this reaction, for instance, at 260 OC, usefulness and the unsolved problems of 
only 80:; of organic carbon in a raw wet oxidation in CELSS on the basis of 

r~~aterial can be oxidized, and 20% of it authors' ten-year research .on wet 
will remain ln the llquid mainly as oxidation of sewage sludge. 
acetic acid, which is virtual 1 y non- 
combustible. Furthermore, nitrogen is EXPERIMENTAL METHODS 
transformed to ammonium ions which 
normally cannot be absorbed by plants. To Wet oridation is a reaction in which 
resolve these problems, it becomes organic or reductive compounds are 
necessary to use catalysts. Noble metals oxidized in the presence of liquid water. 
such 3s Pu, Rh and jo on have proved to This reaction occurs between 100°C and 
be pnrtiall~ effective as these catalysts. 374°C which is the critical temperature 
That is, oxidation does not occur of water, so ,the reaction should be 
compl etel y, and the unexpected carried out in a pressure vessel 
denitrification, instead of the expected (autoclave) to prevent evaporation of 
nitrification, occurs. Sotit is essential water. 
to develop the catalysts which are able A1 1 data shown later are the results 
to realize the cnmplete oxidation and the of autoclave tests. The pressure In the 
nitrification. autoclave at a given reaction temperature 

is determined as a sum of the pressures 

MANY RESEARCH EFFORTS have been funded to of water and gases which are introduced 
make wet oxidation systems commercially into t h e  reactor at a room temperature 
available for the purpose of treating before the beginning of the experiment. 
organic wastes, particularly sewage Therefore, it is impossible to keep the 
sludge, and since 1957, the Zimmermann reaction pressure below a saturated vapor 
Process (Zimpro) has been successfully pressure of water at the given reaction 
l~sed in the USA, Japan and other temperature. 
countries. This system seems useful in a Before an experiment,it is necessary 
Closed Ecological Life Support System to introduce enough oxygen gas into the 
(CELSS) to treat and reduce organic reactor so as to accomplish the intended 
components of wastewater from plants, oxidation. The rate of oxygen gas in the 
human beings and so on, into inorganic reactor to the chemical oxygen demand 

Reprinted with permission @ 1985 
Society of Automotive Engineers, Inc. 
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(COD) of a  raw mater ia ' l  t ?$sa:<al3ed. -:addex: 

oxygen index(R) ' .  I n  t h e  case of R = l ,  i t  

means t h a t  t h e  exac t  q u a n t i t y  of oxygen 
has been added t o  o x i d i z e  the  raw 
mhterials comple te ly .  

Pure oxygen gas o r  a  m i x t u r e  o f  

oxygen and n i t r o g e n  gases has been 
used. Even a f t e r  t h e  de te rm ina t i on  of 

I ? ,  i t  i s  p o s s i b l e  t o  exchange t h e  gas 
r a t i o  of oxygen t o  n i t r c g e n  a t  w i l l .  You 

have o n l y  t o  increase o r  decrease t h e  

c~olume o f  the  raw m a t e r i a l .  Sewage s ludge 

IS used as  a  raw m a t e r i a l .  

EFFECTS OF THE REACTION TEMPERATURE 

CARBON - F i g . 1  shows t h e  r e l a t i o n  

between t h e  r e a c t i o n  temperature and 

total organ ic  carbon(TOC).The temperature 

i s  inc reased f rom l l O ° C  t o  310°C a t  an 

i n t e r v a  1 o f  50 O C .  Pressures a r e  a1 1 s e t  

a t  75kgf/cmA2 except  i n  t h e  case o f  310 

"C, where t h e  pressure  i s  c o n t r o l l e d  a t  

115kgf/cmA2.The reason why h i g h  pressures 

a r e  a p p l i e d  a t  lower temperatures o f  1 1 C  
O C  o r  160°C w i l l  be  d iscussed l a t e r .  The 

r e a c t i o n  t ime,  a f t e r  t h e  temperature o f  

t h e  r e a c t o r  reached t h e  designed 

temperature,  i s  30 minutes. Added oxygen 
i ~ d e x ( R >  i s  u n i t y  and pure  oxygen i s  used 

as  an oxygen source. 

Tota 1 o rgan ic  carbonCTOC(mix)l, 

p r e s s d r e  : 7 5 ~ g f / c m  2 

(11  5kgf/cm2 f o r  310*C) 

R e t e n t i o n  Time : 30min. 

Pure oxygen.  ( ~ ) = 1 . 0  

F i g . 1  React ion  Temperature and TOC 

f i l t r a b l e  organ ic  carbonCTOC(f i1 t ) l  and 
c r ~ n v e r t e d  r c a r b o n  q u a n t i t i e s  o f  a c e t i c  

ac id ,  C2-C6 o rgan ic  a c i d s ( t h e  sum o f  

a c e t i c ,  p rop ion i c ,  i - b u t y r i c ,  n -bu ty r i c ,  

i - v a l e r i c ,  n - v a l e r i c ,  1 -capr-ic, n -capr ic  

a c i d s )  i n  o x i t - f ~ r e d  1 i q u o r s  a r e  shown i n  
f i g . 1  a s  t h e  percentage o f  carbon 

q u a n t i t i e s  of t h e  raw m a t e r i a l  versus the  

r e s p e c t i v e  temperature. 

The behaviour of  TOC(mix) curves i n  

t h e  f i g u r e  shows t h a t  t h e  o x i d a t i o n  

occurs when t h e  temperature i s  h igher  

than l C O ° C ,  and t h i s  process becomes more , 
a c t i v e  a t  t h e  h ighe r  temperature. However- 
when t h e  temperature exceeds 260 O C ,  t h e  

r e a c t i o n  w i l l  n o t  proceed any more. The 

va lue  o f  TOC( f i 1 t )  increases w i t h  the 

increase of temperature and passes 

th rough  the h i g h e s t  va lue  i n  t h e  range of 
160 O C  t o  210 'C, then i t decreases and 
approaches t o  t h e  curve  o f  TOC(mix) a f t e r  

210°C. 

I n  the  case where t h e  raw ma te r ia l  

i s  sewage s  1 udge , so 1 ub i 1 i z a t  i on of 
suspended organ i c compounds occurs f i r s t  

a t  a temperature l e s s  than 160 O C ,  ther  
b o t h  s n l u b i l i z a t ~ o n  and oxidation proceeo 

i n  between 160 OC and 210 O C ,  and a f t e r  

210°C o x i d a t i o n  on ly  occurs. 
With t h e  increase o f  r e a c t i o n  

temperature, amount o f  C -C organic 
2 6 

a c i d s  increases and t h e i r  q u a n t i t y  

reaches two- th i rds  o f  TOCtmix) a t  

temperatures h ighe r  than 260°C. On the  

o t h e r  hand, t h e  r a t i o  o f  a c e t i c  a c i d  i n  

C,-C organic a c i d s  increases w i t h  t h e  
L 6 

increase o f  t h e  r e a c t i o n  temperature. 

When i t  reaches 260 "C, a c e t i c  a c i d  

occupies n e a r l y  t h e  t o t a l  amount o f  C -C 
o rgan ic  ac ids ,  and main ta ins  t h i s  am&$ 

independent 1 y t o  t h e  increase o f  

temperature t h e r e a f t e r .  

This  does n o t  mean t h a t  t h e  r e a c t i o n  

had reached e q u i l i b r i u m .  Acet lc  ac id ,  

whose concen t ra t i on  ranges from zero t o  

16g/ l  as conver ted carbon q u a n t i t i e s ,  i s  

n o t  o x i d i z e d  a t  a l l ,  even i f  excessive 

oxygen i s  added t o  t h e  r e a c t o r .  Therefore 

t h e  main products  i n  wet o x i d a t i o n  i s  

' a c e t i c  a c i d '  i n  a d d i t i o n  t o  carbon 

d i o x i d e  and water. 

NITROGEN - Fig.2 shows t h e  r e l a t i o n  

between temperature and n i t r o g e n  output .  

A s  t h e  temperature becomes h igher ,  t he  
so 1 ub i 1 i z a t  i o n  of suspended n  i trogen 

compounds occurs, and i t  i s  almost 



completed at 160 "C. But this 
scllubil ization does n o t  result in the 
format I or) UF arnrnon i a. Between 160°C and 
21O0C, at i th lsh  both the solubilization 
and the oxidation of organic compounds 
occur-, production o f  ammonia increases 

rapidly. Even ~f the solubilization has 
heen compl eted, sol ubl  e n i trogen compounds 
do not beccme anrmor-~ia total 1 j at 210 OC, 
hut 260 OC. 

in wet oxidation without catalysts, 
the nitrogen compounds may not be 
oxidized to nitrite and nitrate. On the 
other hand, forms of nitrogen usable by 
plants a r e  n~trite and/or nitrate with 
the except:ion of some plants such as 
r ~ c e .  So i CELSS, ~t is impossible to 
apply oxidized liquor directly to plant 
culture in hydroponic solutions. It is 

Yi t r o g e n  

1 OOr 
(5) 

50 - 

Phosphorus 

Pressure  .75kz i / cm 7 
( 1 1  5kgf/crn2 For 310'C) 

3erent . lon 71me : jOmln. 

Pure Oxygen. ( 3 ) z l . O  

Fig.3 Reaction Temperature 
and Phosphorus 

temperature is shown. The ratio of 
phosphorus in the liquid to the total 
phosphorus quantity is remarkably small 
comparing with the one of nitrogen in the 
liquid to the total nitrogen quantity, 
which gives only approximately 10 per 
cent at best. This may be caused by the 
fact that sewage sludge contains various 

i o cations such as calc~um ions which 
produce unsoluble salts with phosphorus. 

3 :10 160 210 260 310 
Teapi 'C) 

In CELSS, the w e t  oxidation should 
fu~ction to re-supply nutrient sources 

? r s s s L r e  : 75ksf/:a 2 
For plant culture in hydroponic solutions. 

i i 1 5 x g t / c n 2  f o r  310'C) It is rather desirable for nutritious 
Retent:on Time : 3Omln. elements such as phosphorus, nitrogen 
pure oxygen. ( ? ) = I  - 0  

etc. to be dissolved in water. Therefore, 

F1g.2 Reaction Temperature this phenomenon is not favourable in 
and Nitrogen making use of wet oxidation in CELSS. The 

behavior of phosphorus in wet oxidation 
necessary to convert ammonia to the forms has not been elucidated except in the 
nitrite and/or nitrate by catalysts or by 
any other means. The decrease of Kjeldahl 
-nitrogen above 260°C is due to either 
t he  denitrification or NOx formation. 

PHOSPHORUS - Fig.3 shows the 
relation between the temperature and 
phosphorus output. The percentage of 
total and soluble(fllterable> phosphorus 
ln the oxidized liquor to the quantity of 
raw material versus the respective 

case of sewage sludge. In this respect, 
the study of phosphorus is greatly 

needed. 

EFFECTS OF THE REACTION TIME 

CARBON - Fig.4 shows the status of 
TOC along with time. The reaction 
temperatures are 210°C nnd 260 OC. In 
either cases, the percentage of TOC(mix> 
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and TOC(fi1t) to the quantlty of a raw process. 6ut suspended TOC, i.e. TOC(mix) 
material is shown in relation with time. - minus TOC(filt), does not disappear even 
Pr~ssure 1s kept 35kyf;'cm"2 in the case sfter 45 minutes. 
of 210°C, and 75kgf/cmA2 in the cas-e of TOC(mix),TOC(filt) and the converted 
260°C. The added oxygen index(R> is unity, carbon quantltles of acetic acld and C - 
and pure oxygen is used as a oxygen 

2 C6 iargar~lc aclds are showrj in f ig.5 in 
source. As this is a batch process, time relation to their percentage to raw 
is needed to reach the designated materials versus a time. The reaction 
temperature. In order to know the changes temperature in this case 1s 260 OC. The 
~ ? f  TOC in the heating process, the other experimental conditions are the 
quar~ti t y  of TOC is checked at the same as in f 1g.U. A s  ~t was explarned 
temperature of 160°C. The results are previously, the solubilization of TOC has 
shown in the same figure. finished before the reaction temperature 

The oxidation at 260 O C  occurs reaches the designated temperature, C -C6 
markedly in the Initial 15 minutes; But organic aclds reach their maximum wighin 
after tbat, the reaction curve declines 

- gradually. Fig.4 indicates that, only 80 Carbon 

per cent of TOC(mix) is oxidized at 260 
. "C, even if the reaction time exceeds 45 
kmlnutes. The solubillzation has finished 
-before- the temperature ~f the reactor 
.-'reaches the designated temperature. As a 
result, TOC!filt) quantity will be the 
same as TOC(mix). 

.,, At 210°C, only 15 per cent of TOC 
-(mix) is oxidized at zero minute on the 
..horizontal axis of reaction time in 
--fig.4.. The decrease of TOC(mlx) is 
remarkable dur-ing the first 15 minutes, 
even if it does not show so rapid a Acetic i c l d  

decrease as seen at 260°C. After that, 
D L  . 

the oxidation curve declines gradually. 1 - I 5  

0 1 5  3 0 L 5  

The solubillzation of TOC reaches a . Timeimln.) 

plateau status after the 15-minute T5e ~ n l f l z l  ?orntof 7eatlng uo 

Temperature : 260.C 
2 

Pressure : 75kxf/cm 
TOC Pure Oxygen 

( a ) = i  . o  

'Fig.5 Reaction Time and TOC (2) 

15 minutes and do not decrease any more 
. despite that TOC(m1x) decreases. The 
- ratio of acetic acid to C -C organic 
acids increases with timg tntil 30 
minutes but does not decrease even after 

' 45 minutes. 
Fig.4 and 5 show that the reaction 

i o .  

temperature determines the upper limit o f  

the oxidation. Considering the results of 

.3- I fig.l together with fig.4 and 5, it is r5 o 1 5  30 L 5 understood that only 80 per cent of 
Time(o1n. ) 

organic compounds in raw materials is 

The 1nlt;al polnt of h a t l n g  up 
oxidized even at the reaction'temperature 
of 310°C, and the remaining 20 per cent 

Fig.4 Reaction Time and TOC (1) is non-combustible and consists mainly o f  

. 80 



acet~c acid. 
Probably, acetic acid will not be 

oxidized at more than 310°C. In CELSS, 
~t is desirable that organic compounds in 
a raw material a r e  wet-or idized 

L ~ h e  i n i t i a l  ?oLnt o f  h e a ~ l n g  Up 

Temperasure : 26O'S 

P r e s s u r e  . 75kgf / , cm 
2 

Pure Oxyger, 

CR)=1.0 

Fig.6 Reaction Time and Nitrogen 

c :,niwI etel y ,  and then it is necessary to 
det,el op the catalysts which have 
capabi 1 ity to oxidize acetic acid 
com~letely or to change the course of the 
react ion of wet-oxidation c ~ i  thout 
producing acetic acid. 

N~trogen - Fig.6 shows the status of 
the nitrogen over time. The conditions in 
fiy.6 are the same as the ones of in 
fig.5 experimentally and materially. The 
solubilization of the suspended nitrogen 
compounds has finished before the reactor 
has reached t he  designated temperature. 
The dissolved nitrogen compounds has led 
to ammonia in the same time. After the 
designated temperature has been realized, 
the Kjeldahl-nitrogen curve declines 
gradually with time. The percentage of 
ammonia to the Kjeldahl-nitrogen forms 
the plateau status after 15 minutes. 

various kinds of materials : in wet 
oridatlon. Each material is wet-oxidized 
~ ~ n d e r  the conditions of 260 'C and 
75kgf/cmA2. Pure oxygen is used as an 
cr . yger~ soc~rce . As d iscussed previous1 y , 
acetic acid is virtually non-combustible, 
so orblr a feu percent of acetic acid are 
oxidized. About 50 per cent of stear~c 
acid is o~idized in an hour. Casein, 
sewage sludge and cellulose show slmilar 
chara1:teristics to one another in the 
time-course curves. It can be easily 
r-ca- oyn ized by their posit ions in the 
figure that formic acid and starch are 
easily oxidized. 

It is also known that cyanates in 
raw materials are oxidized to ammonia at 
100 e -  c e n t ,  and 0.01 per cent of -. it 
rernai~ls in gas. Sulfur, sulfide'or 
sulf~te, iu oxidized to sulfate ,and 
remairls in 1 isuid. Sodium, potassium :and 
1 o r e  ions are intact under the wet 
oxi.dation, and remaln in liquid. 

There are w a r -  i ous kinds of - mater i,a 1 s, 
some are easy to oxidized, and-some are 
r,ot. The research of wet oxidation in *the 
CELSS project should start based on :the 
el abo! ate choice of suitable -raw 
materials. 

In CELSS. raw materials will a be 
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kltchen and laundry wastewater, feces, 
non-edible parts of plants. used 
hydroponic solution, trash and so on. 
They are entirely different from sewage 
3 1  udge in char  ac t e r -  . Gl t-bough the resul ts 
of wet ox~datlon s t u d ~ e s  of sewage sludge 
r,a:~not be a~-'l led direct 1 y to CELSS, 
because the fundamental phenomena are the 
same, the results of wet oxidation 
studies of sewage sludge can be of 
reference to the studies of CELSS. 

BEHAVIORS OF METALS 

The a u ~ h o r  has not yet studied the 
behaviour o+ metals in wet oxidation 
experimentally, but has done SO in the 
field. The studies of a wet oxidation 
facil itr-of 3ewage sludge in the Yokohama 
north-side-sewage-treatment plant, whose 
operating conditions are 200 OC in 
temperature, 72 kgf/cmA2 in pressure and 
1 hour in retention time, show that most 
of Cd, Zn, Cu, Pb, Cr, Mn or Fe contents 
in a raw material are transferred to 
solid after the wet oxidation. 

One man, even in a normal life, 
usually uptakes daily 0.05, 10.9, 5.85, 
2 : 7 7 ,  0.177, 0.354, 0.022mg of Cd, Zn, 
Mn, Cu, Pb, As, Hg respectively. These 
are excreted and urinated daily at 1000 
to 1200mls. It is unknown how much part 
of the respective element will be in 
liquid or sol id after the wet oxidation. 
Therefore, trial oxidation in the CELSS 
project should be carried out after the 
studies of the metal behaviors have been 
establ ished. 

Sa5uratea .Japour pressure of  vater 
I I 

Fig.8 Saturated Vapour Pressure 
of Water 
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Fig.9 Pressure and Oxidized Ratio 

PRESSURE AND OXIDIZED RATIO 

Reactlon pressure of the wet 
oxidation is determined as the sum of 
saturated vapor pressure of water at a 
certain reaction temperature and the 
pressure of gases uhich were introduced 
into the reactor at room temperature 
before the beginning of the experiment. 

Fig.8 shows a curve of a saturated 
vapor pressure of water. A reaction 
cannot take place in the conditions of 

any temperature-pressure combination 
above the curve. Experiments to study 
pressure effects are carried out under 
the conditions of temperature-pressure 
combinations below the curve shown in the 
figure(*). The reaction time is 30 
minutes and the added oxygen index(R) is 
unity. The results of tests executed 
under these combinations of condition are 
shown in fig.9. 

Fig.9 shows that the oxidized ratio 
depends on the reaction temperature only. 
This fact is true also in the case in 
which a mixed gas of oxygen and nitrogen 
is used as an oxygen source. It means 
that a pure oxygen gas is not a necessary 
material as an oxygen source in the wet 

(*)The experimental conditions adopted 
in fig.l-3 are the ones enclosed by the 
hatched area in this figure. 



~xidat ion. In other words, the essential ' O C t m l x l  

fact is to ~r~pply a necessary quantity of ( a g / ~ )  -- I Con%-01 
Z 

oxygen in either pure or mlxed status. 
T h i s  fact may be favorak:!e to CELSS. 

EFFECTS nF CATALYSTS 

4s d 1 scussed earl i er, organ i c 
com~ounds in raw materials can not be 
0 x 1  dlzed completely and nltrogen 
compounds remain in liquid in the form of 
arnrrtoriia in the wet oxidation. If and when 
a w e t  oxidation facility 1s used in 
CELSS, ~t IS desirable that carbon in 
organic materials shall be involved in a 
gas recycling system in a form of carbon 
dioxides and that nitrogen in them is 
transformed t i 2  pl ant-avai 1 able nitrates, 
by completing the oxidation process. In 
or-der to real i ze the above process in a 
short time without by-products, it is 
supposed that there would be no 
alternative way besldes utilizing certain 
catalysts for the tlme being. 

From a sewage-sludge-treatment point 
of view, the authors have been engaged in 
research to develop the catalysts so that 
the wet-oxidat~on system can exhibit a 
similar function to a usual combustion 
furnace system, and remove nitrogen from 
1 iquid. 

As the result of surveys, it has 
become clear that noble metals such as 
Pt, Fd, R h  and Ru among the transition 
elements are hopeful as catalysts. These 
metals are needed to be supported on 
carriers made of alumina and titania etc. 

To prevent suspended particles in 
liquid from poisoning a chtalyst, 
filtrated-wet-oxldized-sewage-sludge 
catput is used in the wet oxidation tests 
on the catalysts. One catalyst has been 
used 20 times in wet oxidation of fresh 
'filtrates. The results are as follows. 

When a Pt or Pd catalyst is used, 
qitrogen in the liquid is denitrified at 
100 per cent. When a Ru or Rh catalyst is 
used, a half of nitrogen in the liquid is 
denitrified. The rest remains in the 
liquid as a nitrate when Ru is used and 
as ammonia when Rh is. 

On the other hand, organic compounds 
are not catalytically oxidized at all, 
when Pt is used. The wet-oxidized output 
of TOC decreases to a half of a control, 
when Rh is used. The oxidation c.$talysis 
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Fig.10 Effects of Rh Catalyst 

bf Ru or Pd 1s better than that of Pt 2nd 
~~orse than that of Rh. The result of Rh 
is shown in fig.10. 

Good catalysts for both oxidation 
and nitrification have not yet been found 
up to now. Therefore, research should be 
initiated to develop the catalysts which 
shall be involved in a recycling system 
of CELSS, will not be poisonous , to 
working staff as well as living things in 
a space station, and shall have a 
effective catalysis for oxidation and 
nitrification. 

CONCLUSIONS 

The behaviors of various kinds of 
materials in wet oxidation were shown and 
the applicability of wet oxidation to 
CELSS was discussed. In Japan, a wet- 
oxidation facility for CELSS has been 
designed already. In this , ,  regard, the 
following projects are to start promptly: 
(1)To manufacture a trial wet-oxidation 

f a c i  1 zty, 
(2)To execute tests of wet-oxidation for 
selected materials which are expected 
to be used in practice, and 

(3170 observe the behavior of the 



materials. 
The complete solubilization of raw 

materials will be a desirable way from 
the element-redistribution point of view. 
On the other hand, in the case of 
?~nsol ub1 e phosphorol~s compounds, there 
would be no -,roblem ~f they should be 
sprinkled to 3 plant culture in a 
hydroponic solution, and , at the same 
time, if the plant culture would be able 
to utilize them as nourishment. 

In this respect, studies and 

discussions to confirm if each element, 
in a wet-oxidation output, is desirable 
in a liql~ld, solid or a gas phase. Thus, 
further studies on chemical-form 
contrrlable catalysts of each element can 
commence effective1 y. 
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SIMULATION MODEL FOR PLANT GROWTH 
IN CONTROLLED ENVIRONMENT SYSTEMS 

C. David Raper, J r . ,  and Mien Wann 
Department of Soil Science 

North Carolina S ta te  University 
Raleigh, NC 27695-7619 

INTRODUCTION 

Among the  requirements f o r  a self-sustaining regenerative CELSS a r e  atmo- 

spheric regeneration by reduction of carbon dioxide and evolution of oxygen 

and reincorporation of the  reduced carbon into  the  organic const i tuents  of human 

food. A controlled-environment crop production system i s  a probable component i n  

accomplishing these requirements. However, higher plants ,  together with t h e i r  

reactions to  environmental and cul tural  condit ions,  compri se an extremely compl ex 

biological system, and inclusion of a crop production system i n  a CELSS requires 

answers t o  questions of i t s  r e l i a b i l i t y  and p red i c t ab i l i t y  to  meet the  regen- 

e r a t i ve  requirements i n  response t o  perturbations i n  the environmental conditions 

and i t s  f l e x i b i l i t y  f o r  controlled l eve l s  of functioning in  optimization of rnass 

flows within a CELSS i n  response t o  selected environmental conditions. Two 

concerns i n  evaluation of crop reactions t o  environmental conditions a re  how t o  

evaluate e f f e c t s  of environmental conditions on crop growth and y i e ld ,  and once 

any s e t  of environmental conditions has been experienced by the crop, what can be 

done t o  readjust  crop growth and yie ld  t o  l eve l s  f o r  optimization of the CELSS. 

The capab i l i ty  t o  respond to - the  l a t t e r  concern depends on the a b i l i t y  to  evaluate 

probable outcomes of possible management s t r a t e g i e s ,  including se lect ions  from 

among avai lable  environmental conditions. Mathematical modeling of the  crop 

system can a s s i s t  i n  addressing these questions and in in terpret ing the  r e s u l t s  

of d i s c r e t e  experimental s tud ies  of crop react ions  t o  environmental conditions. 
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The c rop  system t h a t  must be addressed i s  one of a  community o f  p l a n t s  

growing under cond i t i ons  se lec ted  by management and by poss ib le  mal funct ions.  

Bu t  t h e  complex i ty  o f  t h e  system makes i t  i n h e r e n t l y  d i f f i c u l t  t o  de f ine .  

The complex i ty  o f  t h e  c rop  product ion  system i s  manifested i n  t he  l a r g e  number 

o f  i n t e r a c t i n g  v a r i a b l e s  needed t o  descr ibe  t h e  inner  workings o f  the  system, 

i n  t h e  l a r g e  number o f  p o s s i b l e  behaviora l  responses and i n  the  l a r g e  number 

of environmental regimes t o  which t h e  system might  be sub jec t .  Moreover, 

w h i l e  t h e  system i t s e l f  can be h i g h l y  complex, d i s c r e t e  experiments designed 

t o  p rov ide  i n fo rma t ion  about the  behavior o f  the  system can be o n l y  as complex 

as w i l l  a l l o w  i n t e r p r e t a t i o n .  I n  t h i s  context ,  then, the  problem o f  eva lua t ing  

t h e  behaviors o f  c rop  product ion  systems as a  component o f  a  CELSS i s  how t o  

use a  f i n i t e  and r e l a t i v e l y  small number o f  experimental observat ions, made 

under r e l a t i v e l y  s imple de f i ned  cond i t ions ,  t o  make in fe rences t o  a  nea r l y  

i n f i n i t e  s e t  o f  poss ib le  cond i t i ons  f o r  a  v a s t l y  more complex system. 

THE ABSTRACTION HIERARCHY 

I n  address.ing the  problems o f  a  c rop  product ion system wi th - in  a  CELSS, 

i t  i s  usefu l  t o  draw on the  concept o f  a b s t r a c t i o n  h ie ra rchy  (Mesarovic -- e t  a1 . , 
1970) i n  which the  l e v e l s  o f  h ie rarchy  r e f e r  t o  how coarse ly  o r  f i n e l y  ground 

t h e  system i s  taken t o  be. The f o l l o w i n g  l e v e l s  might  be i d e n t i f i e d :  

(a )  CELSS crop ecosystem l e v e l  ; (b)  p l a n t  community l e v e l  ; ( c )  s i n g l e  p l a n t  

l e v e l ;  ( d )  organ s t r u c t u r e s  and elementary func t i ona l  processes such as photo- 

synthesis ,  r e s p i r a t i o n ,  t rans1  oca t i on  , e tc .  , (e)  elementary s t ruc tu res  such 

as c e l l  s, membranes, l o c a l  s t r u c t u r e d  processes, etc .  ; ( f )  mol ecu la r  physiology 

and chemist ry ;  and (g )  atomic and molecular  physics. Each o f  these l e v e l s  i s  

meant t o  stand f o r  a  c o l l e c t i o n  o f  subsystems o r  components t h a t  co -ex i s t  and 
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p o s s i b l y  i n t e r a c t  w i t h i n  the  l e v e l ,  and t h e  nex t  h igher  (coarser )  l e v e l  can 

be viewed as a  l e v e l  o f  o rgan iza t i ona l  s t r u c t u r e  o f  these components (Gold and 

Raper, 1983). If one proceeds w i t h i n  the  h ie rarchy  f rom bottom t o  top, o r  

f i n e r  t o  coarser l eve l s ,  i t  becomes inc reas ing l y  more d i f f i c u l t  t o  c o n t r o l  the 

experimental  environment o f  t h e  system. The breakpoint  i n  b i o l o g i c a l  systems 

comes a t  about the  s i n g l e  p l a n t  l e v e l ,  f o r  which i t  i s  poss ib le  t o  c o n t r o l  the 

environment w i t h i n  phy to t ron  and growth chamber f a c i l  i t i e s .  ( A  phyto t ron  i s  

de f ined as an assemblage o f  contro l led-envi ronment  chambers and glasshouses 
/ 

used simul taneously and i n  var ious  combi na t ions  t o  i n v e s t i g a t e  p l a n t  responses 

t o  environment, and the  term thus imp l i es  f u n c t i o n  r a t h e r  than s i z e  o f  t he  

c o n t r o l  1  ed-environment f a c i  1  i ty. ) Thus, w h i l e  in fe rences f rom experiments are  

des i red  f o r  CELSS a t  l e a s t  a t  t h e  p l a n t  community l e v e l ,  o r  p o s s i b l y  h igher  a t  

t he  c rop  ecosystem l e v e l  , t h e  observat ional  1  eve1 a t  which experimental  con- 

d i t i o n s  can be c o n t r o l l e d  i s  l i m i t e d  t o  t h a t  o f  s i n g l e  p l a n t s  o r  very  small 

groups o f  p lav ts .  The processes, such as photosynthesis,  r e s p i r a t i o n ,  and 

t rans loca t i on ,  t h a t  g i v e  r i s e  t o  these observat ions and upon which extrapo- 

l a t i o n  t o  h igher  l e v e l s  must be based, a re  a t  y e t  a  f i n e r  l e v e l .  The a b i l i t y  

t o  make inferences about the  c lass  o f  systems a t  t he  complex l e v e l  o f  

o rgan iza t i on  i s ,  there fore ,  dependent upon the  a b i l i t y  t o  draw r e l a t i o n s h i p s  

across l e v e l s  i n  the  hiqerarchy. Since the  h i e r a r c h i a l  s t r u c t u r e  i s  an 

a r t i f a c t  t o  f a c i l i t a t e  s c i e n t i f i c  d e s c r i p t i o n  of t he  system, the  usefu lness 

o f  such a  d e s c r i p t i o n  hinges on the  a b i l i t y  t o  descr ibe each o f  t he  l e v e l s  

and each of the subsystems a t  a  g iven l e v e l  independently o f  the  o the r  l e v e l s  

and su bsys terns. 

As one proceeds up the  h ie rarchy ,  i t  should be noted t h a t  the  d e t a i l  

necessary t o  descr ibe a  lower l e v e l  i s  s p e c i f i c a l l y  n o t  wanted f o r  the  



d e s c r i p t i o n  o f  a h igher  l e v e l  (Gold and Raper, 1983). For example, consider  t h e  

r e l a t i o n s h i p  between each component molecule and t h e  aggregate content  o f  carbon 

d i o x i d e  gas w i t h i n  t h e  c rop product ion system. Each o f  the  6 . 0 2 ' 1 0 ~ ~  i n d i v i d u a l  

molecules w i t h i n  a mole o f  gaseous carbon d iox ide  are character ized by t h e i r  

i n d i v i d u a l  p o s i t i o n s  and energy l e v e l s  a t  any i n s t a n t .  While the  ex ten t  o f  t h i s  

c l e a r l y  i s  more than one p a r t i c u l a r l y  wants t o  deal w i t h  f o r  an aggregate des- 

c r i p t i o n ,  t he  t o t a l  , c o l l e c t i o n  of carbon d iox ide  molecules can be charac ter ized 

by d e f i n i t i o n  o f  volume, temperature and pressure. While these th ree va r iab les  
. . 

t h a t  descr ibe t h e  h i g h  l e v e l  a re  funct ions o f  the  i n f i n i t e l y  more extensive 
,,- . 

c o l l e c t i o n  o f  v a r i a b l e s  t h a t  descr ibe t h e  lower, these func t i ons  have no inverse 

and in fo rmat iona l  d e t a i l  i s  l o s t  as one moves from a f i n e r  t o  a coarser l e v e l  

w i t h i n  t h e  h ierarchy.  One r o l e  o f  a mathematical model o f  t he  crop system thus 

i s  t o  a s s i s t  i n  expressing the  re levan t  i n fo rma t ion  func t i ons  and determining 

what d e t a i l  needs t o  be re ta ined  t o  charac ter ize  t h e  p l a n t  growth w i t h i n  t h e  

sys tem . , ,  ' .  
, , 

While t h e  behavior of a system a t  a h igher  l e v e l  o f  abs t rac t i on  i s  a 
' -  

f u n c t i o n  o f  behavior a t  t h e  lower l e v e l ,  t he  lower l e v e l  operates under con- 

s t r a i n t s  imposed by t h e  organ iza t iona l  s t r u c t u r e  o f  t h e  h igher 1 eve1 (Mesarovic 

e t  a l . ,  1970). I n  a b i o l o g i c a l  system the re  i s  the  a d d i t i o n a l  compl icat ion t h a t  -- 

p a r t  o f  t h e  behavior o f  t h e  system a t  any l e v e l  i s  t o  a l t e r  i t s  own s t r u c t u r e  

t o  cause a feedback r e l a t i o n  between c o n s t r a i n t s  and processes. An example o f  .-. I 

such an i n t e r l e v e l  dependency i s  the  r a t e  o f  photosynthet ic  a s s i m i l a t i o n  o f  

energy by the  p l a n t .  The l e a f  s t r u c t u r e  o f  t h e  p l a n t  imposes a h igher l e v e l  

on t h e  i n t e r c e p t i o n  and absorpt ion o f  r a d i a n t  energy as the  i npu t  f o r  t he  

photosynthet ic  process du r ing  a t ime i n t e r v a l .  During the  t ime i n t e r v a l  t he  



structure changes in response to  the production of photoassimilates available 

f o r  growth. 

Several implications can be drawn from these general arguments about the 

re1 ationshi p between 1 evel s of the hierarchial structure (Gold and Raper, 1983). 

First, interactions between subsystems a t  the same 1 evel tend to  proceed through 

the interaction of lower level component processes such as  the interaction 

between a plant and the aer ial  environment. The processes of carbon dioxide 
" t r 

movement within and between the two components i s  governed by the constraints 

on molecular movement within each component and the structural re lat ion between 

the two (which i s  a constraint imposed by yet a higher level 'of organization). 

Second, subsystems a t  different  levels  tend to  operate on different  time scales 

since changes a t  one level are  functions of processes a t  the lower level.  As 

an extreme example, consider morphological features,  such as the position of 

leaves which are  developed on a re la t ive ly  long time scale of days and remain 

constant over even longer periods of weeks once bui l t  into the growth of a 

plant, and physiological character is t ics ,  such a s  photosynthetic r a t e  per u n i t  

leaf area, which a re  reversible on a re la t ive ly  short time scale of minutes or 

seconds. Thirdly, an observation of the s t a t e  of the system in t r ins i ca l ly  

involves an interaction between the system i t s e l f  and the measuring device and 

involves processes a t  a lower level leading u p  t o  the observation. For example, 

attaching a plexiglas cuvette to  a leaf t o  measure net photosynthetic ra te  by 

infrared gas analysis a l t e r s  the microenvironment of the leaf ,  and the net 

exchange of carbon dioxide between the cuvette environment and the c hl oropl a s t s  

within leaf c e l l s  involves changes in thermodynamic constraints imposed by 

s ize and energy fluxes of the cuvette. Finally, because of feedback loops in 
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b i o l og i ca l  systems i nvo l v i ng  process func t ions  (such as photosynthesis) and 

s t r uc tu ra l  funct ions (such as 1  eaf devel opment) between l eve l  s  and the absence 

o f  t o t a l  cognizance o f  processes w i t h i n  any 1  evel , i n t e r 1  evel re la t ionsh ips  

cannot be der ived f rom ex t rapo la t ion  from one leve l  t o  another. Rather, 

i n t e r l e v e l  r e l a t i onsh ips  must be der ived from i n t e rpo la t i on  between l e v e l s  

based upon an understanding of the physical  laws t h a t  govern behavior o f  the 

system a t  the  d i f f e r e n t  l e v e l s  and uoon an understanding o f  the i n t e r l e v e l  

i n te rac t ions .  

SIMULATION MODEL FOR CROP PLANTS 

Describing the dynamic re la t ionsh ips  between l eve l s  o f  the system h ie r -  

archy i s  one o f  the funct ions o f  a  mathematical simulat ion model o f  crop plants.  

Most crop s imula t ion model s  are based on models f o r '  s ing le  p lants,  sometimes 

as modi f ied  by the presence of o ther  p lants .  These models express growth and 

metabol ic a c t i v i t y  as a  func t ion  o f  environmental var iables,  using mathematical 

forms suggested by knowledge o f  basic biochemistry and p l an t  physiology. 

Ve r i f y i ng  the a p p l i c a b i l i t y  o f  these mathematical descr ip t ions and determining 

values o f  the parameters t o  use genera l l y  required rep l i ca ted  experimentation 

under as c a r e f u l l y  con t ro l l ed  and p rec i se l y  i d e n t i f i e d  cond i t ions as possible. 

The cond i t ions f o r  these experiments should n o t  be chosen f o r  the purpose o f  

d i r e c t  ex t rapo la t ion  of r e s u l t s  t o  a  crop production system f o r  CELSS, such 

as i den t i f y i ng  a  se t  of environmental cond i t ions f o r  maximum y i e l d  o f  a  crop 

species. Although such studies are  usefu l  i n  def in ing the upper l i m i t s  o f  

p r o d u c t i v i t y  f o r  the crop production system, sustained l eve l  s  o f  maximum growth 

and y i e l d  do n o t  opt imize the  e n t i r e  CELSS. Also, the technology of ground- 

based experimental systems i s  1  i k e l y  no t  t o  be d i r e c t l y  app l icab le  t o  an 
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ac tua l  CELSS. Rather, cond i t i ons  f o r  exper imentat ion should be chosen f o r  

t he  purpose o f  v e r i f y i n g  the  mathematical f o rmu la t i on  o f  the under ly ing  p l a n t  

physiology, f o r  the  purpose o f  t e s t i n g  the  fo rmula t ion  o f  how t h e  l e v e l s  

r e l a t e  t o  each other ,  and f o r  t he  purpose of l e a r n i n g  t h e  .values o f  t he  ap- 

p r o p r i a t e  parameters (Gold and Raper, 1983). 

As an example o f  model development t o  r e l a t e  i n d i v i d u a l  processes t o  

environmental cond i t i ons  and behavior o f  t h e  whole p l a n t  w i t h  poss ib le  ap- 

p l  i c a t i o n  t o  CELSS, consider  the  simpl e, d e t e r m i n i s t i c  model f o r  p l a n t  growth 

t h a t  we a r e  working on a t  Nor th  Caro l ina  S ta te  U n i v e r s i t y .  A mathematical 

s imu la t i on  model i s  necessa r i l y  a simpl i f i c a t i o n  of t he  actual  system under 

cons idera t ion  i n  which essen t i a l  c h a r a c t e r i s t i c s  o f  t h e  ac tua l  system should 

be mimicked by the  model. I n  t h i s  case our  o b j e c t i v e  i s  t o  take i n t o  account 

t he  dominant f ea tu res  o f  p l a n t  physio logy t o  descr ibe  p l a n t  growth sub jec t  

t o  a wide range o f  v a r i a t i o n s  i n  environmental cond i t ions .  

A general d e s c r i p t i o n  o f  t he  model can be g iven w i thout  going i n t o  the  

mathematical d e t a i l  (Wann -- e t  al.,, 1978, 1979, 1984). The e f f e c t s  o f  i n c i d e n t  

p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n  and ambient carbon d iox ide  concent ra t ion  

a re  incorpora ted  d i r e c t l y  through t h e  process o f  photosynthesis and the  

e f fec ts  o f  temperature d i r e c t l y  through the  processes o f  photosynthesis,  

r e s p i r a t i o n ,  growth, and aging. Leaves, stems, and r o o t s  a re  de f ined as 

separate organ c lasses du r ing  vegeta t ive  growth (F igure  1). For each o f  

these classes, compartments a r e  i d e n t i f i e d  f o r  so lub le  carbohydrate pool, 

young t i ssues  capable o f  a c t i v e  growth, mature t i s s u e s  incapable of a c t i v e  

growth b u t  otherwise capable o f  normal phys io log i ca l  func t ion ing ,  growth 
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Figure 1. Ener y and carbon f lows i n  the p lan t  system as adapted from 
Wann -- e t  al., 9 1978, 1979, 1984, 1986). Rectangular boxes w i t h  s o l i d  
o u t l i n e  represent compartments w i t h i n  the p lan t  system, rectangular  
boxes w i t h  dashed o u t l i n e  represent compartments external  t o  the p l an t  
system, and e l  1 i p t i c a l  boxes represent processes. ,. 

and maintenance resp i ra t ion .  An addi t iona l  compartment f o r  photorespirat ion 

i s  i d e n t i f i e d  f o r  the leaves. Photosynthesis serves as the so le  source for  the 

carbohydrate, pool i n  the  1 eaves, and net  movement o f  carbohydrate i s  from the 

l e a f  pool , to the stem pool and from the stem pool to. , the r o o t  pool. Since 

t rans loca t ion  f l uxes  between pools must be su f f i c i en t  t o  maintain a l i v i n g  



s ta te  and t o  support normal growth of the organs, they are determined under 

two poss ib le  condi t ions (Wann and Raper, 1986). F i r s t ,  when carbohydrate 

supply i n  the source (export ing)  organ i s  no t  l i m i t i n g ,  the f l u x  i s  assumed 

t o  be determined by demand o f  the s ink  ( rece iv ing)  organ and by the a v a i l  - 
a b i l i t y  o f  carbohydrate i n  the source pool. Source strength i s  considered 

as propor t ionate  t o  the col lcentrat ion o f  ca rbohydra te in  the pool o f  the 

expor t ing organ and s ink demand i s  def ined as the amount o f  a c t i v e l y  growing 

t i s sue  i n  the rece iv ing organ. ~ o n v e r s e l ~ ,  i f  carhohydrate a v a i l a b i l  i t y  i n  
.. - .  

pools i s  i n s u f f i c i e n t  t o  . s a t i s f y  a l l  demands o f  growth and r e s p i r a t i o n  by 

organs, maintenance resp i r a t i on  and growth are  assigned the f i r s t  and second 

highest  p r i o r i t i e s  f o r  a1 l oca t i on  o f  carbohydrate w i t h i n  the organ pool. 

The remaining carbohydrate--in the source pool i s  then ava i lab le  f o r  t rans- 

l oca t i on  t o  the s ink  organ. 

O f  the  f i v e  classes o f  parameters included i n  the model, on l y  f ou r  

( the  maximum photosynthetic ra te ,  the spec i f i c  r esp i r a t i on  ra tes ,  the spec i f i c  

aging rates,  and the maximum spec i f i c  growth ra tes )  are d i r e c t l y  dependent on 

temperature (Wann -- e t  al. ,  4978, 1979, 1984). The f i f t h  c lass  o f  parameter,, 

t he  t rans loca t ion  coe f f  ic i .ents, are cons'idered t o  be 'responsive t o  temperature 

i n d i r e c t l y  through the e f f e c t s  of-temperature on the concentrat ion o f  carbo- 

hydrate i n  the source pool and the s i ze  and metabol ic a c t i v i t y  of the s ink  

organ (Wann and Raper, 1984'). , I  . I . . , 

A se t  o f  nonl inear, o r d i n a r y L d i f f e r e n t i a l  equations (Wann -- e t  a1 . , 1978,, 

1979) i s  used t o  describe the  f l o w  o f  energy (and carbon) through a17 com- ' 

partments s p e c i f i e d . i n  ,Figu;re 1. l.For a given i n s t a n t  the net  f l o w  ra tes  , -  



f o r  each compartment are  computed as the dif ference between i npu t  and output  

f low ra tes .  The e n t i r e  se t  o f  d i f f e r e n t i a l  equations has s!imultaneous 

so l u t i on  t o  g i ve  a continuous s imulat ion of p l a n t  phys io log ica l  processes. 

Since the s imula t ion o f  p l a n t  growth i s  continuous, the d i s t i n c t  cond i t ions 

of pool sizes, average age o f  t issues, and metabol i c  a c t i v i t y  t h a t  are  

r e f l e c t i v e  o f  the environmental h i s t o r y  o f  the  p l an t  do n o t  requ i re  updating 

a t  d i s c re te  i n t e r v a l s  o f  t ime o r  growth stage, but  are predicted by the 

performance o f  the  model i n  response t o  environmental cond i t ions during 

~ growth. Furthermore, t h i s  i s  the on ly  s imula t ion model f o r  growth o f  the 

whole p l a n t  o f  which we a re  aware (Legg, 1981) t h a t  the e f f ec t s  of environ- 

ment are  incorporated mechanist ical l y  through t h e i r  e f f o r t s  on the processes 

of photosynthesis and resp i r a t i on .  

MODEL VALIDATION 

Many o f  the important  parameters requ i red by the model, such as t rans- 

l o c a t i o n  c o e f f i c i e n t s  and aging rates,  are  d i f f i c u l t  t o  measure d i r e c t l y  and 

can on ly  be est imated by f i t t i n g  the model against  experimental data through 

the use o f  numerical i n t eg ra t i on  and i t e r a t i v e  weighted l e a s t  squares techniques. 

Data i n i t i a l l y  used i n  f i t t i n g  the model were obtained from experiments con- 

ducted w i t h  tobacco p lan ts  (Nicot iana tabacum L. 'NC 2326') grown f o r  35 days 

a t  constant  temperature condi tons over a range o f  14 t o  3 4 ' ~  and a constant 

pho tosyn the t i ca l l y  a c t i v e  r ea ia t i on  o f  750 pmol m -2,-1 i n  growth rooms o f  the 

phytotron a t  North Carol ina State Un ive rs i t y .  Plants were sampled a t  2 t o  3 

day i n t e r v a l s  dur ing the growth period. The f i t  of the model was v e r i f i e d  by 

comparing the d r y  weights o f  leaves, stems, and roots  w i t h  the measured d ry  

weights a t  each sampling date f o r  each temperature ( ~ a n n  e t  al . ,  1978). 



The model was then v a l  i da ted  aga ins t  independently der ived data se ts  

f rom experiments w i t h  na tu ra l  v a r i a t i o n  i n  r a d i a t i o n  under f i x e d  temperatures 

i n  cont ro l led- tempera ture  glasshouses of t he  phy to t ron  (Wann -- e t  a l . ,  1978) 

and f rom experiments w i t h  weekly (F igure  2 )  and d a i l y  changes i n  temperature 

under cons tant  r a d i a t i o n  i n  growth chambers (Wann and Raper, 1984). The p l a n t s  

i n  a l l  programs of weekly temperature change (F igure  2, i n s e r t s )  were subjected 

t o  each of t h e  f i v e  day/n ight  temperatures du r ing  1 week o f  t he  5-week growth 

per iod,  b u t  s ince  t h e  sequence o f  temperatures was d i f f e r e n t  i n  each of t he  

ten  programs, t he  p l a n t s  i n  each o f  the  programs experienced any s i n g l e  

day/n ight  temperature a t  a d i f f e r e n t  combinat ion o f  growth stage and prev ious 

temperature h i s t o r y .  When r e a c t i n g  t o  a g iven temperature, t h e  p l a n t s  thus 

would be expected t o  have d i s t i n c t  cond i t i ons  o f  pool sizes, average age o f  

t i ssues ,  and metabol ic  a c t i v i t y .  These f a c t o r s  a re  n o t  updated a t  d i s c r e t e  

i n t e r v a l s  o f  t ime o r  growth stage f o r  t h e  cont inuous s imu la t ion  o f  p l a n t  

growth by t h i s  model, b u t  r e f l e c t  t he  performance o f  the  model. Thus, t he  

genera l l y  good agreement between p r e d i c t e d  and measured performance of 

p l a n t s  t o  changes i n  temperature (F igu re  2)  and r a d i a t i o n  (Wann -- e t  a l . ,  1978) 

i n d i c a t e s  t h a t  the  model i s  capable o f  responding t o  v a r i a b l e  cond i t i ons  

du r ing  p l a n t  development. 

A1 though t h e  model was o r i g i n a l l y  developed and val i da ted  w i t h  experimental 

data and parameter values f o r  tobacco, i t  has been adapted f o r  s imu la t i on  o f  

vege ta t i ve  growth o f  soybean (Glyc ine max (L . )  Merr. 'Ransom') w i t h  l i m i t e d  

m o d i f i c a t i o n  o f  parameter values and v a l i d a t e d  aga ins t  data se ts  f o r  p l a n t s  

grown i n  photo t ron  chambers over a 28-day pe r iod  a t  temperatures over  t h e  

range o f  14 t o  3 4 ' ~  (F igure  3 )  and f o r  p l a n t s  grown i n  hydroponic c u l t u r e  

w i t h  independently va r i ed  r o o t  and shoot temperatures (F igure  4 ) .  The good 
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Figure 2. Simulated (continuous l i n e )  and measured (0)  dry  weights o f  

tobacco p lan ts  grown under the weekly changes. i n  temperature schedules 

shown i n  inse ts .  With in the insets ,  the 9-h day temperature i s  ind icated 

by the  continuous l i n e  and the 15-h n i g h t  temperature i s  ind icated by 

the dashed 1 ine. (Adapted from Wann and Raper, 1984. ) 
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Figure 3. Comparison o f  ca lcu la ted and measured d ry  weights of soybean ' 

p lan ts  and p l an t  pa r t s  under f i v e  constant day/night temperatures. 

Photosynthetic photon f l u x  dens i ty  dur ing the  9-h day per iod was 

750 vmol s - I  m-'. (Adapted from Wann and Raper, 1979.) 
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Figure 4 .  Simulated (continuous 1 ine)  and measured (0 )  dry weights of 

soybean plants  and plant  par ts  grown i n  hydroponic cu l tu re  a t  root-  

zone temperatures of 18 and 3 0 ' ~  and photosynthetic photon f l ux  densi- 

t i e s  of 700 and 325 pmol s-' rn-' during a 9-h day period. Daylnight 

a e r i a l  temperatures were 26/22'~. 
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agreement between predictions by the model and measured performance of two 

species of plants to  perturbations in temperature and radiation indicates' 

t h a t  the mode1 structure is  relevant t o  actual growth and can serve as  a 

general model fo r  growth of whole plants. 

SUMMARY 

The role of the mathematical model i s  to re la te  the individual processes 

to  environmental conditions and the behavior of the whole plant. Using the 

control led-environment f ac i l  i t i e s  of the phytotron a t  North Carolina State  

University for  experimentation a t  the whole-plant 1 eve1 and methods f o r  

hand1 ing complex models, we have developed a plant growth model to  describe 

the relationships between hierarchial levels  of the crop production system. 

The fundamental processes tha t  a re  considered are ( a )  interception of photo- 

synthetically act ive radiation by leaves, (b)  absorption of photosynthetically 

act ive radiation, ( c )  photosynthetic transformation of absorbed radiation 

in to  chemical energy of carbon bonding i n  solube carbohydrates in the 

1 eaves, (d)  trans1 ocation between carbohydrate pool s in 1 eaves, stems, and 

roots,  ( e )  flow of energy from carbohydrate pools fo r  respiration, ( f )  flow 

from carbohydrate pools f o r  growth, and (g) aging of t issues.  These pro- 

cesses a re  described a t  the level of organ structure and of elementary 

function processes. The driving variables of incident photosynthetically 

act ive radiation and ambient temperature as  inputs pertain to  character- 

ization a t  the whole-plant level .  The output of the model i s  accumulated 

dry matter partitioned among leaves, stems, and roots;  thus, the elementary 

processes clear ly operate under the constraints of the plant structure 

which i s  i t s e l f  the output of the model. The values of those parameters, 



such a s  r a t e  constants f o r  respiration, growth, e t c . ,  that  cannot be 

d i r ec t ly  measured a s  they operate in the intact  plant b u t  are  necessary 

f o r  mathematical description of the elementary processes a re  inferred 

from estimation procedures based solely on observations a t  the whole- 

plant 1 eve1 under the control 1 ed and repeatable experimental conditions 

of the phytotron. The s t ructure of the model thus provides the capacity 

f o r  interpolating among the levels within a crop production system of 

a CELSS. Continuing development i s  being directed toward including 

nitrogen nutr i t ion and carbon dioxide a s  inputs to  the model, extending 

the s t ructure of the model to  include reproductive growth, and adapting 

the model to  r u n  on a micro-computer. 
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OPENING REMARKS 

S herwood C hang 

Chief. Planetary Biology Branch. NASA-Ames Research Center 

The biogenic elements that are involved in a l l  living systems, is of equal importance to 
CELSS researchers as to those of us interested in planetary biology. Among the research 
thrusts encompassed by what we call exobiology, or planetary biology. is an understanding of 
the pathways by which these biogenic elements have made their way from their nucleosynthe- 
sis in stars to their incorporation into the compounds that were ultimately spawned on the 
primitive Earth before living systems appeared, and were the precursors of living systems. 

Recent work on carbonaceous meteorites has uncovered compelling evidence that, indeed, 
there is material which has made its way to the Earth from the stars, and gives credence to 
the idea that early on similar materials played a very important role in the initial endowment 
of the primordial components of the plants from which living systems eventually emerged. 
Just as the history of these biogenic elements can be traced back to stars and their origins 
in nucleosynthesis, so I believe will the future of Earth's life be ultimately in the stars. And 
a journey to the stars means that humankind will be living in space. an idea that goes far 
beyond the idea simply of humans travelling into space for short trips. 

The notion of humans living in space for lengthy periods is closely linked with discussions 
of Space Stations. Lunar Bases and future expeditions to Mars. Living in space brings to 
mind al l  these activities which lend quality to mere existence. and will probably occur in our 
grandchildren's lifetimes. And living in space is intimately linked with the growing of food 
in space. In the early history of this country. the farmer followed closely on the heels of the 
explorer, and it is quite conceivable that in the future exploration of space and settlement that 
the farmer will be there, too. The first steps may have us living on Space Station, or the 
moon. or the most exciting place of all, on Mars. 
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PLAN FOR CELSS TEST BED PROJECT 

Dr.  W i l l i a m  M. K n o t t ,  B i o l o g i c a l  Sciences O f f i c e r  
Biomedical  O f f i c e ,  John F. Kennedy Space Cente r ,  FL 3 2 8 9 9  

FTS 823-3152,  Commercial ( 3 0 5 )  8 6 7 - 3 1 5 2  

I n t r o d u c t i o n  

The c o n c e p t  o f  a  C o n t r o l  l e d  E n v i r o n m e n t  L i f e  S u p p o r t  Sys tem 
(CELSS) i s  n o t  new, and t h e  s u r v i v a l  o f  man i n  s p a c e  has  been  
d e m o n s t r a t e d  f o r  9 m o n t h s  b y  t h e  S o v i e t  U n i o n .  M o s t  a v a i l a b l e  
d a t a  i n d i c a t e  t h a t  t h e  p r o b l e m s  w i t h  t h e  l o n g - t e r m  p r e s e n c e  o f  
man i n  space  a r e  t h o s e  a s s o c i a t e d  more  w i t h  l i f e  s u p p o r t  s y s t e ~ n s  
and  l e s s  w i t h  t h e  m e c h a n i c a l  i n t e g r i t y  e n g i n e e r e d  i n t o  t h e  
v e h i c l e s  p e r  se.  As t h e  d u r a t i o n  o f  m i s s i o n s  i n  s p a c e  becomes 
l o n g e r  and  l o n g e r  - -  many m o n t h s  t o  y e a r s  - -  t h e  need  f o r  c o n -  
s t r u c t i n g  an i n t e g r a t e d  r e l i a b l e  l i f e  s u p p o r t  s y s t e m  i n c o r p o r -  
a t i n g  r e g e n e r a t i o n  becomes i n c r e a s i n g l y  c r u c i a l .  

I n  o r d e r  t o  d e v e l o p  a  f u n c t i o n i n g  CELSS, a s  r e p r e s e n t e d  i n  
f i g u r e  1, t e s t  m o d u l e s  m u s t  be  d e s i g n e d ,  c o n s t r u c t e d ,  i n t e -  
g r a t e d ,  and t e s t e d  f o r  p e r f o r m a n c e  and r e l i a b i l i t y .  Such t e s t s  . 
s h o u l d  b e  r u n  i n  p a r a l l e l  w i t h  c u r r e n t  b a s i c  r e s e a r c h  e f f o r t s .  
These t e s t s  w i l l  t r a n s l a t e  l a b o r a t o r y  r e s u l t s  i n t o  a  chamber  
f a c i l i t y  t h a t  i n t e g r a t e s  t h e  e s s e n t i a l s  o f  p l a n t  g r o w t h  and  
m a t e r i a l  r e c y c l i n g  p r o c e s s e s  t o  show t h a t  i t  c a n  be done on a  
p r a c t i c a l  s c a l e .  T h i s  e f f o r t  i s  t o  be  f o l l o w e d  b y  a  more  
s o p h i s t i c a t e d  s y s t e m  t h a t  w i l l  a c c o m p l i s h  manned t e s t s  o f  t h e  
CELSS a s  a  l i f e  s u p p o r t  s y s t e m .  C o n c u r r e n t l y ,  s p a c e  s t a t i o n  
e x p e r i m e n t s  w i l l  d e t e r m i n e  w h e t h e r  t h e r e  a r e  f u n d a m e n t a l  
p r o b l e m s  w i t h  g r o w i n g  p l a n t s  i n  w e i g h t l e s s n e s s ,  and  s o l v e  them 
o r  d e v e l o p  w o r k a r o u n d s .  F o l l o w i n g  t h e  manned t e s t  o f  a  
g r o u n d - b a s e d  e n g i n e e r i n g  p r o t o t y p e ,  a  s p a c e  s y s t e m  w i  11  b e  
d e v e l o p e d ,  and i t s  g r a v i t y - s e n s i t i v e  c o m p o n e n t s  t e s t e d  on t h e  
s p a c e  s t a t i o n  as  a p p r o p r i a t e .  T h a t  phase  w i l l  b e  c o m p l e t e d  
a b o u t  2000 A.D., so t h a t  e n g i n e e r s  d e f i n i n g  t h e  2 1 s t  C e n t u r y  
m i s s i o n s  c a n  work  w i t h  h a r d  d a t a ,  and  t h e  d e s i g n  and d e v e l o p m e n t  
o f  CELSS s y s t e m s  f o r  t h e s e  m i s s i o n s  can  b e g i n  when r e q u i r e d .  

F o u r  m a j o r  componen ts  and  t w o  d e v e l o p ~ n e n t  a r e a s  a r e  r e c o g n i z e d  
a s  v i t a l  t o  t h e  c r e a t i o n  o f  a b i o r e g e n e r a t i v e  l i f e  s u p p o r t  
s y s t e m :  

- 
COMPONENTS 

1. A t m o s p h e r i c  r e g e n e r a t i o n  
2. Food p r o d u c t i o n  
3. Food p r o c e s s i n g  
4 .  Waste management  

DEVELOPMENT AREAS 
1. E n g i n e e r i n g  and  c o n t r o l  t e c h n o l o g i e s  
2. A n a l y t i c a l  and m o n i t o r i n g  c a p a b i l i t y  
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The e n t i r e  r a n g e  o f  w a s t e  managemen t  o p t i o n s  f o r  r e d u c i n g  w a s t e  
m u s t  b e  e x a m i n e d  c r i t i c a l l y .  The r e g e n e r a t i o n  o f  w a s t e  w a t e r  
i n t o  a  u s e a b l e  p r o d u c t  w i l l  b e  a  h i g h  p r i o r i t y  i n  t h i s  p r o j e c t .  
R e g a r d l e s s  o f  w h i c h  b i o l o g i c a l  s y s t e m  c r e a t e s  t h e  r e d u c e d  c a r b o n  
u l t i m a t e l y  d e s t i n e d  f o r  human c o n s u m p t i o n ,  p r o c e s s i n g  w i l l  b e  
e s s e n t i a l .  C u r r e n t  f o o d  p r o c e s s i n g  t e c h n i q u e s  m u s t  b e  a d a p t e d ,  
s t r e a m l i n e d ,  m i n i a t u r i z e d  a n d  e f f e c t i v e l y  t a i l o r e d  t o  t h e  n e e d s  
o f  s p a c e .  I t  i s  h i g h l y  p r o b a b l e  t h a t  a  c o u p l i n g  o f  p h y s i c a l ,  
c h e m i c a l ,  a n d  b i o l o g i c a l  t e c h n i q u e s  f o r  t h e  t r e a t m e n t  a n d  s e g r e -  
g a t i o n  o f  w a s t e  a n d  t h e  e f f i c i e n t  c o n v e r s i o n  o f  b i o m a s s  t o  a n  
e d i b l e  s u b s t a n c e  w i l l  b e  t h e  u l t i m a t e  s o l u t i o n  t o  t h e  g e n e r a t i o n  
o f  a  CELSS. An o b j e c t i v e  i s  t o  c o n v e r t  w a s t e  t o  u s e a b l e  f o o d s ,  
f u e l s ,  o r  o t h e r  n e e d e d  c o m ~ n o d i  t i e s  s u c h  a s  a t m o s p h e r i c  s u p p l e -  
m e n t s .  

A t m o s p h e r i c  r e g e n e r a t i o n  m u s t  c o n c e n t r a t e  on  m a i n t a i n i n g  a  
p r o p e r  C 0 2 / 0 2  b a l a n c e  u n d e r  c l o s e d  c h a m b e r  c o n d i t i o n s .  M o n i t o r -  
i n g  f o r  t h e  b u i l d - u p  o f  t r a c e  c o n t a m i n a n t s  w i l l  b e  a n o t h e r  m a j o r  
c o n c e r n  i n  r e s e a r c h i n g  t h i s  p r o g r a m  c o m p o n e n t .  D e v e l o p m e n t  o f  
f o o d  p r o d u c t i o n  h a r d w a r e  w i l l  b e  c l o s e l y  c o o r d i n a t e d  w i t h  t h e  
a t m o s p h e r i c  r e g e n e r a t i v e  c o m p o n e n t .  Food  p r o d u c t i o n  c a n  b e  
a c c o m p l i s h e d  w i t h  h i g h e r  p l a n t s  a n d / o r  p h o t o s y n t h e t i c  m i c r o o r g -  
a n i s m s .  A l t h o u g h  n o t  t o t a l l y  e x c l u d e d ,  a n y  a n i m a l  c o m p o n e n t  i n  
f o o d  p r o d u c t i o n  d u r i n g  e a r l y  p h a s e s  o f  t h i s  p r o j e c t  w i l l  b e  v e r y  
l i m i t e d .  The g r o w t h  o f  b o t a n i c a l  b i o m a s s  o f  d i e t a r y  s a t i s f a c -  
t i o n  t o  man, c o u p l e d  w i t h  a p p r o p r i a t e  a t m o s p h e r i c  r e g e n e r a t i o n ,  
w i l l  b e  t h e  p r i n c i p a l  o b j e c t i v e  o f  t h i s  p r o j e c t .  

General  : P r o j e c t  Technica l  P lan  

The CELSS t e s t b e d  p r o j e c t  w i l l  a c h i e v e  t w o  m a j o r  g o a l s :  

1. I t  w i l l  d e v e l o p  t h e  k n o w l e d g e  a n d  t e c h n o l o g y  
n e e d e d  t o  b u i l d  a n d  t e s t  b i o l o g i c a l  o r  c o m b i n e d  
b i o l o g i c a l  p h y s i c o - c h e m i c a l  r e g e n e r a t i v e  1  i f e  s u p p o r t  . 
s y s t e m s .  

2. I t  w i l l  f a b r i c a t e ,  t e s t ,  a n d  o p e r a t e  g r o u n d  b a s e d  
f a c i l i t i e s  t o  a c c . o m p l i s h  p r o o f - o f - c o n c e p t  t e s t i n g  a n d  
e v a l u a t i o n  l e a d i n g  t o  f l i g h t  e x p e r i m e n t a t i o n .  

The  p r o j e c t  w i l l  c o m b i n e  b a s i c  r e s e a r c h  a n d  a p p l i e d  r e s e a r c h /  
e n g i n e e r i n g  t o  a c h i e v e  a  p h a s e d ,  i n t e g r a t e d  d e v e l o p m e n t  o f  
h a r d w a r e ,  s y s t e m s ,  a n d  t e c h n i q u e s  f o r  f o o d  a n d  o x y g e n  p r o d u c -  
t i o n ,  f o o d  p r o c e s s i n g ,  a n d  w a s t e  p r o c e s s i n g  i n  c l o s e d  s y s t e m s  a s  
f o l  l o w s  : 

1 .  D e s i g n ,  f a b r i c a t e ,  a n d  o p e r a t e  w i t h i n  t h r e e  y e a r s  
a  b o t a n i c a l  p r o d u c t i o n  s y s t e m  s c a l e d  t o  a  s u f f i c i e n t  
s i z e  t o  v e r i f y  o x y g e n  a n d  n u t r i e n t  l o a d  p r o d u c t i o n  
( c a r b o h y d r a t e s ,  f a t s ,  p r o t e i n s )  a t  a  u s e a b l e  l e v e l .  
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2. D e v e l o p  w i t h i n  f i v e  y e a r s  a  w a s t e  management  
s y s t e m  c o m p a t i b l e  w i t h  t h e  b o t a n i c a l  p r o d u c t i o n  s y s t e m  
a n d  a  f o o d  p r o c e s s i n g  s y s t e m  t h a t  c o n v e r t s  a v a i l a b l e  
b i o m a s s  i n t o  e d i b l e  p r o d u c t s .  

3. D e s i g n ,  c o n s t r u c t ,  a n d  - o p e r a t e  w i t h i n  t e n  y e a r s  a  
g r o u n d  b a s e d  c a n d i d a t e  CELSS t h a t  i n c l u d e s  man a s  an  
a c t i v e  p a r t i c i p a n t  i n  t h e  s y s t e m .  

4. D e s i g n  a  f l i g h t  CELSS m o d u l e  w i t h i n  t w e l v e  y e a r s  
a n d  c a n s t r u c t  a n d  c o n d u c t  i n i t i a l  f l i g h t  t e s t s  w i t h i n  
f i f t e e n  y e a r s .  

The  t e s t b e d  p r o j e c t  w i l l  b e  d i v i d e d  i n t o  t h r e e  p h a s e s  w i t h  e a c h  
p h a s e  c o n d u c t e d  i n  s e r i e s  ( F i g u r e  2 ) .  The s u c c e s s f u l  c o m p l e t i o n  
o f  o n e  p h a s e  w i l l  b e  r e q u i r e d  b e f o r e  p r o c e e d i n g  t o  t h e  n e x t .  
E a c h  o f  t h e  p h a s e s  w i l l  b e  s u f f i c i e n t l y  d i s t i n c t  t o  p r o d u c e  
i m p o r t a n t  u s e f u l  r e s u l t s  e v e n  i f  t h e  p r o j e c t  i s  t e r m i n a t e d  p r i o r  
t o  i n i t i a t i o n  o f  t h e  s u b s e q u e n t  p h a s e .  The  t h r e e  p h a s e s  a r e :  

1. B i o r e g e n e r a t i v e  S y s t e m  E v a l  u a t i o n  T e s t  
2. Manned CELSS S y s t e m  E v a l u a t i o n  T e s t  
3. F L i g h t  S y s t e m  E v a l u a t i o n  T e s t  

Each  o f  t h e  t h r e e  p h a s e s  w i l l  t a k e  f r o m  3 - 5  y e a r s  t o  c o m p l e t e .  
A f l i g h t  u n i t  f o r  t e s t i - n g  i n . s p a c e  w i l l  b e  c , o m p l e t e d  w i t h i n , :  
f i f t e e n  y e a r s .  

T h i s  p l a n  w i l l  b e  r e v i 4 ' e d  n e a r  t h e  e n d  o f  Phase  I t o  r e v i e w "  
d e t a i l e d  o b j e c t i v e s  a n d  a p p r o a c h  t o  Phase  1 1 ,  a n d  a g a i n  d u r i n g  
P h a s e  1 1  f o r  Phase  111.- . L 

Phase I : Bi0 regenera t i "ve  Systems- Eval  u a t i o n  Tes t ,  1985-1990 

The s p e c i f i c  o b j e c t i v e s .  o f  t h i s  p o r t i o n  o f  t h e  p r o g r a m  a r e :  

1. D e v e l o p  a  c l o s e d  c h a m b e r  f a c i l i t y  a s  a t e s t  b e d  
f o r  e v a l u a t i n g  b i o r e g e n e r a t i v e  s y s t e m s  u n d e r  g r o u n d  
b a s e d  c o n d i t i o n s .  

2. D e s i g n  a n d  d e v e l o p  a  h i g h e r  p l a n t  p r o d u c t i o n  
m o d u l e  a n d  o p t i m i z e  i t ' s  e f f i c i e n c y  f o r  r e c y c l i n g  a n d  
e n e r g y  u s e .  I n c o r p o r a t e  m i c r o o r g a n i s m  p r o d u c t i o n  
s y s t e m s  i n t o  t h e  m o d u l e  a s  a p p r o p r i a t e .  

3. O p e r a t e  t h e  p1:ant  p r o d u c t i o n  m o d u l e  as a  c l o s e d  
s y s t e m  f o r  a t  l e a s - t  a  s i x  m o n t h  p e r i o d  o f  t i m e .  

4 .  D e t e r m i n e  t h e  - c u r r e n t  s t a t u s  o f  f o o d  p r o c e s s i n g  
a n d  w a t e r  management  s y s t e m s  a n d  i d e n t i f y  c a n d i d a t e  
s y s t e m s  f o r  t e s t i n g  w i t h  t h e  p l a n t  p r o d u c t i o n  m o d u l e .  
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5.  D e v e l o p  s e l e c t e d  f o o d  p r o c e s s i n g  and w a s t e  
management m o d u l e s  and t e s t  t hem as  a  p a r t  o f  an 
i n t e g r a t e d  s y s t e m  w i t h  t h e  p l a n t  p r o d u c t i o n  m o d u l e .  

6. D e s i g n  an i n t e g r a t e d  g r o u n d  b a s e d  CELSS w i t h  man 
a s  an  i n t e g r a l  p a r t  o f  t h e  t e s t  f a c i l i t y .  

T h i s  p h a s e  o f  t h e  p r o g r a m  w i l l  u t i l i z e  a  6.7m x 3.6m c y l i n d r i c a l  
c l o s e d  chamber  f a c i l i t y  i n  H a n g a r  L. ( f i g u r e  3 ) .  T h i s  
h y p o b o r i c  chamber ( f r o m  t h e  M e r c u r y  P r o g r a m )  w i l l  b e  m o d i f i e d  t o  
a c c o m o d a t e  p l a n t  g r o w t h .  U s i n g  t h i s  chamber ,  a  p l a n t  p r o d u c t i o n  
s y s t e m  w i l l  be d e v e l o p e d  and  t e s t e d .  T e s t s  w i l l  b e  c o n d u c t e d  
w i t h  c a n d i d a t e  h i g h e r  p l a n t  s p e c i e s ,  c o n c e n t r a t i n g  on a  s i n g l e  
s p e c i e s  communi t y  and  1  a t e r  mu1 t i p l e  s p e c i e s  c o m m u n i t i e s .  
Emphas is  w i l l  b e  p l a c e d  on e n g i n e e r i n g  i m p r o v e m e n t s  d u r i n g  t h e  
t e s t s ,  p r i m a r i l y  c o n c e r n i n g  n u t r i e n t  d e l i v e r y  s y s t e m s ,  
a u t o m a t e d  m a i n t e n a n c e  and  h a r v e s t  s y s t e m s ,  l i g h t i n g  e l e m e n t s ,  
and  m o n i t o r i n g  and  c o n t r o l  i n s t r u m e n t a t i o n .  Chamber o p e r a t i o n s  
and  s y s t e m s  i n t e g r a t i o n  w i l l  b e  a c c o ~ n p l i s h e d  t h r o u g h  a  
N A S A / C o n t r a c t o r  t eam o n s i t e  a t  t h e  Kennedy Space C e n t e r .  The 
chamber  w i l l  be  r e f u r b i s h e d  and r e a d y  f o r  t e s t i n g  b y  March,  1986 
a n d  p l a n t  s t u d i e s  w i l l  b e g i n  a t  t h a t  t i m e .  An A I B S  a d v i s o r y  
p a n e l  has  been a p p o i n t e d  t o  o v e r s e e  t h i s  p o r t i o n  o f  t h e  p r o j e c t .  

A s e t  o f  chamber t e s t s  w i l l  be  i n i t i a t e d  i n  A p r i l  1986 t o  
e s t a b l i s h  t h e  o p e r a t i o n a l  c a p a b i l i t y  o f  t h e  p l a n t  p r o d u c t i o n  
s y s t e m s  and b a s e l i n e  mass and e n e r g y  f l u x  f o r  t h e  p r o d u c t i o n  
m o d u l e .  M i c r o o r g a n i s m  p r o d u c t i o n  s y s t e m s  w i l l  b e  d e v e l o p e d  and  
i n c o r p o r a t e d  i n t o  t h e  chamber  t e s t s  as  r e q u i r e d .  A t  l e a s t  one 
e x t e n d e d  t i m e  p e r i o d  ( >  30 d a y s )  t e s t  w i t h  m u l t i p l e  s p e c i e s  c r o p  
c o m m u n i t y  w i l l  be  c o n d v c t e d  d u r i n g  t h e  f i r s t  2 y e a r s  o f  t h e :  
p r o j e c t .  

As p r o b l e m s  d e v e l o p  d u r i n g  chamber  t e s t s ,  d e c i s i o n s  w i l l  b e  made 
t o  w h e t h e r  t h e y  c a n  b e s t  be  r e s e a r c h e d  i n  t h e  chamber  o r  s h o u l d  
b e  r e f e r r e d  t o  o t h e r  1  a b o r a t o r i e s .  C o n t r a c t s  w i  11  b e  d e v e l o p e d  
w i t h  o u t s i d e  o r g a n i z a t i o n s  on a  s p e c i f i c  p r o b l e m  s o l v i n g  b a s i s  
a s  t h e  t e s t  p r o g r a m  d i c t a t e s .  A n t i c i p a t e d  a r e a s  o f  r e s e a r c h  
i n c l u d e  d e f i n i t i v e  n u t r i e n t  r e q u i r e m e n t s ,  s e l e c t e d  c r o p  
p r o d u c t i o n ,  e v a l u a t i n g  p l a n t  p r o p o g a t i o n  t e c h n i q u e s ,  p l a n t  
m o n i t o r i n g  i n s t r u m e n t a t i o n ,  m i c r o o r g a n i s m  c u l t u r e  s y s t e m s ,  
l i g h t i n g  s y s t e m s ,  and h i g h e r  p l a n t  n u t r i e n t  d e l i v e r y  s y s t e m s .  
A c t u a l  a r e a s  o f  r e s e a r c h  w i l l  b e  i d e n t i f i e d  d u r i n g  t h e  s e c o n d  
y e a r  o f  t h e  p r o j e c t  and  c o n t i n u i n g  f o r  t h e  r e m a i n d e r  o f  Phase 
I. New c o n c e p t s  and e q u i p m e n t  r e s u l t i n g  f r o m  t h i s  r e s e a r c h  w i l l  
b e  i n c o r p o r a t e d  i n t o  t h e  t e s t  f a c i l i t y  as a p p r o p r i a t e  t o  i m p r o v e  
t h e  s y s t e m  s t a r t i n g  w i t h  y e a r  3. 



A f u n c t i o n i n g  p l a n t  p r o d u c t i o n  s y s t e m  w i l l  e v o l v e  o v e r  t h i s  3 -5  
y e a r  Phase  I p o r t i o n  o f  t h e  p r o g r a m .  T e s t s  w i l l  become l o n g e r  
i n  d u r a t i o n  r e a c h i n g  a  > 9 0  d a y  p e r i o d  b y  t h e  end o f  t h i s  
p h a s e .  An e f f i c i e n t ,  h i g h l y  a u t o m a t e d  p l a n t  p r o d u c t i o n  m o d u l e  
w i l l  b e  a  p r o d u c t  o f  t h i s  Phase I e f f o r t .  The i n t e g r a t i o n  o f  
f o o d  p r o c e s s i n g  and  w a s t e  management  s y s t e m s  w i l l  a l s o  b e  done  
d u r i n g  Phase  I. Food p r o c e s s i n g  a n d  w a s t e  management s y s t e m s  
w i l l  b e  a s s e s s e d  w h i l e  t h e  f o o d  p r o d u c t i o n  m o d u l e  i s  b e i n g  
d e v e l o p e d ,  and  t h e  b e s t  s y s t e m s  s e l e c t e d  f o r  e v a l u a t i o n .  Food  
p r o c e s s i n g  w i l l  c o n c e n t r a t e  on m i n i m i z i n g  and c o n v e r t i n g  p l a n t  
w a s t e s  i n t o  r e u s e a b l e  componen ts ,  and  w a s t e  mangement w i l l  
e m p h a s i z e  n i t r o g e n  c y c l  i n g .  T h i s  f o l  l o w - o n  s y s t e m  s e l e c t i o n  
w i l l  b e  a c c o m p l i s h e d  w i t h  g u i d a n c e  f r o m  A I B S  t e c h n i c a l  
c o m m i t t e e s  t h a t  w i l l  mee t  f o r  t h e  f i r s t  t i m e  i n  A u g u s t  1985.  A 
r e v i s i o n  t o  t h e  p r o j e c t  p l a n  w i l l  b e  made b y  t h e  end o f  1985  
t h a t  a d d r e s s e s  i n  d e t a i l  how t h e  r e s e a r c h  and d e v e l o p m e n t  o f  
t h e s e  s y s t e m s  w i l l  p r o c e e d .  

The g e n e r a l  a p p r o a c h  t o  how t h e  a t m o s p h e r i c  c o n t r o l ,  w a s t e  
management ,  and  f o o d  p r o c e s s i n g  c o m p o n e n t s  w i l l  b e  d e v e l o p e d ,  
i n t e g r a t e d ,  and  e v a l u a t e d  c a n  be o u t l i n e d .  Sys tems t o  c o n t r o l  
g a s e o u s  c o n t a m i n a n t s  i n  t h e  a t m o s p h e r e  o f  t h e  c l o s e d  p l a n t  
p r o d u c t i o n  f a c i l i t y  w i l l  b e  t h e  f i r s t  a d d i t i o n  t o  t h e  chamber .  
I t  i s  a n t i c i p a t e d  t h a t  v o l a t i l e  h y d r o c a r b o n s  w i l l  b e  t h e  m a j o r  
c o n t a m i n a n t s  r e s u l t i n g  f r o m  n a t u r a l  m e t a b o l i c  p r o c e s s e s  (e.g.,  
m e t h a n e ,  e t h y l e n e )  and  f r o m  o u t g a s s i n g  o f  m a t e r i a l s  and e q u i p -  
m e n t  (e.g.,  t h a l  a t e s ) .  Sys tems d e v e l o p e d  p r e v i o u s l y  h a v e  
i n c l u d e d  c y r o g e n i c  t r a p s ,  i n c i n e r a t o r s ,  .and c a r b o n  a d s o r p t i o n .  
C o n t a m i n a n t  c o n t r o l  s y s t e m s  m u s t  b e  i n t e r a c t i v e  w i t h  a t m o s p h e r i c  
c o n t r o l  s y s t e m s .  E x a c t  r e q u i r e m e n t s  m u s t  depend on i n f o r m a t i o n  
g a i n e d  f r o m  d e t a i l e d  a n a l y t i c a l  c h e m i c a l  s t u d i e s  o f  p r o c e s s e s ,  

. . m a t e r i a l s ,  and  e q u i p m e n t  e a r l y  i n  t h e  o p e r a t i o n  o f  t h e  p l a n t  
p r o c d u c t i o n  chamber .  An a t m o s p h e r i c  " f i n e t u n i n g "  s y s t e m  w i l l  be  
a d d e d  t o  t h e  a i r  h a n d l i n g  d u c t s  o f  t h e  chamber  d u r i n g  1986.  

A w a t e r  r e c o v e r y  s y s t e m  w i l l  b e  i n t e g r a t e d  i n t o  t h e  t e s t  t h a t  
w i l l  r e c y c l e  s p e n t  n u t r i e n t  s o l u t i o n s  and c o n d e n s a t e  f r o m  t h e  
c h a m b e r .  The s y s t e m  w i l l  be  d e r i v e d  f r o m  a p p r o p r i a t e  f i l t r a t i o n  
a n d / o r  c h e m i c a l  t r e a t m e n t  t e c h n i q u e s .  The u l t i m a t e  o b j e c t i v e  o f  
t h i s  s y s t e m  w i l l  b e  t o  i m p r o v e  t h e  g e n e r a t i o n  o f  w a t e r  w h i c h  i s  
u s e f u l  i n  s u s t a i n i n g  p l a n t  g r o w t h  i n  a t i m e l y  and e f f i c i e n t  
m a n n e r .  The w a t e r  r e c o v e r y  s y s t e m  w i l l  be i n t e g r a t e d  w i t h  t h e  
chamber  f a c i l i t y  d u r i n g  l a t e  1986.  

I n t e g r a t i o n  o f  a  c a n d i d a t e  w a s t e  management  s y s t e m  w i t h  t h e  
p l a n t  p r o d u c t i o n  u n i t  w i l l  b e  c o m p l e t e d  b y  l a t e  1987.  T h i s  
s y s t e m  w i l l  b e  o p e r a t e d  i n  l a b o r a t o r i e s  a d j a c e n t  t o  t h e  chamber  
u s i n g  p r i m a r i l y  n o n e d i b l e  p l a n t  b i o m a s s .  Human w a s t e s  c o u l d  b e  
a d d e d  t o  t h e  s y s t e m  l a t e r  a s  a p p r o p r i a t e  t o  d e v e l o p  s a t i s f a c t o r y  
o p e r a t i o n s .  Much o f  t h e  p l a n t  w a s t e  p r o d u c t  c o u l d  be  r e c y c l e d  
t h r o u g h  t h e  s o l i d  w a s t e  management  s y s t e m  i n v o l v i n g  
b i o d i g e s t e r s ,  p y r o l y z e r s ,  a n d / o r  i n c i n e r a t o r s .  U n f o r t u n a t e l y ,  
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:nuch o f  t h e  e n g i n e e r i n g  e f f o r t  r e l a t i v e  t o  t h e s e  s y s t e m s  h a s  
c e n t e r e d  o n - d i s p o s a l  r a t h e r  t h a n  t h e  r e c o v e r y  o f  w a t e r  a n d  
c h e m i c a l s .  A d d i t i o n a l  i n f o r m a t i o n  w i l l  b e  n e e d e d  t o  c h o o s e  a n d  
e v a l u a t e  t h e  o p t i m u m  p r o c e s s  o n c e  t h e  m o s t  l i k e l y  s o l i d  a n d  
l i q u i d  w a s t e s  a r e  known .  D e s i g n  p a r a m e t e r s  a r e  a v a i l a b l e  f o r  
many p h y s i o c h e m i c a l  a n d  b i o l o g i c a l  s o l i d  o r g a n i c  w a s t e  t r e a t m e n t  
p r o c e s s e s ,  b u t  i n t e g r a t e d ,  o p e r a t i o n a l  s y s t e m s  h a v e  n o t  b e e n  
c o m p l e t e d .  I n  a d d i t i o n ,  q u e s t i o n s  o n  m i n e r a l  s e p a r a t i o n ,  
r e c o v e r y  a n d  c o n v e r s i o n ,  v i t a m i n  r e c o v e r y  ( o r  s u p p l e m e n t ) ,  p l u s  
i n f o r m a t i o n  o n  s a n i t a t i o n ,  s a f e t y ,  r e c y c l i n g  t i m e ,  a n d  s y s t e m  
b y - p r o d u c t s - m u s t  b e  r e s e a r c h e d .  

F o o d  p r o c e s s i n g  s y s t e m s  a l s o  w i l l  b e  d e v e l o p e d  i n  l a b o r a t o r i e s  
a d j a c e n t  t o  t h e  p l a n t  p r o d u c t i o n  c h a m b e r .  P r e p a r a t i o n  a n d  s t o r -  
a g e  o f  e d i b l e  f o o d  m a t e r i a l s  w i l l  b e  one  p a r t  o f  t h i s  s y s t e m .  
The  m o r e  d i f f i c u l t  p a r t  o f  t h i s  s y s t e m  w i l l  b e  t h a t  p o r t i o n  d e s -  
i g n e d  t o  c o n v e r t  n o n e d i b l e  p l a n t  b i o m a s s  i n t o  an  e d i b l e  m a t e r -  
i a l .  C a n d i d a t e  t e c h n i q u e s  t o  a c c o m p l i s h  t h i s  c o n v e r s i o n  i n c l u d e  
m i c r o b i a l ,  c h e m i c a l ,  a n d / o r  e n z y m a t i c  s y s t e m s .  The  d e v e l o p m e n t  
o f  f o o d  p r o c e s s i n g  s y s t e m s  w i l l  b e g i n  i n  e a r l y  1986 ,  a n d  c h a m b e r  
t e s t s  w i l l  b e g i n  i n  l a t e  1 9 8 7  o r  e a r l y  1988 .  I t  s h o u l d  b e  
s t a t e d  p e r h a p s ,  t h a t  p l a n t s  s e l e c t e d  f o r  u s e  i n  t h e  s y s t e m  w i l l  
b e  c h o s e n ,  i n  p a r t ,  f o r  t h e i r  h i g h  p e r c e n t a g e  o f  e d i b l e  mass,  
t h u s  m i n i m i z i n g  t h i s  p r o b l e m  o n  t h e  i n p u t  s i d e .  U n e a t e n  r e s i d u e  
may, h o w e v e r ,  n e u t r a l i z e  t h i s  h o p e d  f o r  a d v a n t a g e .  

A l l  c a n d i d a t e  w a s t e  management  a n d  f o o d  p r o c e s s i n g  s y s t e m s  w i l l  
b e  i n t e r f a c e d  w i t h  t h e  p l a n t  p r o d u c t i o n  c h a m b e r  f a c i l i t y  a n d  
o p e r a t e d ,  t e s t e d ,  a n d  e v a l u a t e d .  T e s t s  a n d  r e s e a r c h  w i l l  
e m p h a s i z e  t h e  i n t e g r a t i o n  o f  m u l t i p l e  s u b s y s t e m s  i n t o  a  t o t a l  
o p e r a t i o n a l  s y s t e m .  M e a s u r e m e n t s  made d u r i n g  c h a m b e r  t e s t s  w i l l  
i n c l u d e  C02 u p t a k e  a n d  0 2  g e n e r a t i o n ,  m o i s t u r e  l e v e l s ,  n u t r i e n t  
u p t a k e ,  n i t r o g e n  c o n c e n t r a t i o n ,  w a s t e  d e c o m p o s i t i o n ,  a n d  p l a n t  
g r o w t h  a n d  p r o d u c t i v i t y .  S p e c i a l  a t t e n t i o n  w i l l  b e  g i v e n  t o  t h e  
g e n e r a t i o n  o f  c o n t a m i n a n t s  u n d e r  c l o s e d  a t m o s p h e r e  a n d  
r e c i r c u l a t i n g  n u t r i e n t  s o l u t i o n  c o n d i t i o n s .  I m p r o v e m e n t  i n  t h e  
e f f i c i e n c y  a n d  r e l i a b i l i t y  o f  t h e  i n t e g r a t e d  s y s t e m s  t o  o p e r a t e  
a s  a  b i o r e g e n e r a t i v e  c o m p o n e n t  w i l l  b e  t h e  p r i m a r y  g o a l  o f  t h i s  
p h a s e  o f  t h e  p r o j e c t .  T e s t s  w i l l  c o n c e n t r a t e  on  mass  a n d  e n e r g y  
f l u x e s ,  a n d  s y s t e m s  t o  i m p r o v e  r e c y c l i n g .  

The  f i n a l  p r o d u c t  o f  P h a s e  I w i l l  b e  an  i n t e g r a t e d  s y s t e m  t h a t  
w i l l  p r o d u c e  f o o d  ( m a j o r  n u t r i e n t s ) ,  p r o d u c e  0 2  a n d  consume C02, 
a n d  r e c y c l e  e s s e n t i a l  w a s t e  a n d  w a t e r  c o m p o n e n t s  s u f f i c i e n t  t o  
m a i n t a i n  3 - 4  p e o p l e  ( f i g u r e  4 ) .  The g o a l  i s  t o  make t h e  s y s t e m  
f u n c t i o n a l  a t  a  4 - 5  KW maximum p o w e r  l e v e l  a n d  1 0  ~2 g r o w i n g  
a r e a  p e r  p e r s o n .  P h a s e  11 a n d  111 w i l l  f o l l o w  i n  s e r i e s  a f t e r  
t h e  c o m p l e t i o n  o f  P h a s e  I. G e n e r a l  o b j e c t i v e s  f o r  t h e s e  l a t e r  
t w o  p h a s e s  h a v e  b e e n  e s t a b l i s h e d ,  b u t  d e t a i l s  o f . t e c h n i c a 1  p l a n s  
a r e  s c a r c e  and ,  t h e r e f o r e ,  w i l l  n o t  b e  d i s c u s s e d  i n  t h i s  r e p o r t .  
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INTRODUCTION: 

C r o p  p r o d u c t i o n  i s  j u s t  o n e  o f  t h e  many p r o c e s s e s  i n v o l v e d  i n  

e s t a b l i s h i n g  l o n g  t e r m  s u r v i v a l  o f  man i n  s p a c e .  The  b e n e -  

f i t s  o f  i n t e g r a t i n g  h i g h e r  p l a n t s  i n t o  t h e  o v e r a l l  p l a n  was  

r e c o g n i z e d  e a r l y  b y  NASA t h r o u g h  t h e  C o n t r o l l e d  E n v i r o n m e n t  

L i f e  S u p p o r t  S y s t e m  (CELSS) p r o g r a m .  A s  i t  c o n t i n u e s  t o  

e x p l o r e  t h e  f u n d a m e n t a l  c o n c e p t s  o f  p l a n t  l i f e ,  p l a n s  a r e  t o  

d e v e l o p  t h e  c a p a b i l i t y  f o r  i n t e g r a t i n g  t h e  b i o l o g i c a l ,  p h y s i -  

c a l ,  c h e m i c a l  a n d  c o n t r o l  c o m p o n e n t s  i n t o  a w o r k i n g  g r o u n d -  

b a s e d  u n i t .  

The  f i r s t  s t e p  i n  a  s e q u e n c e  o f  a c t i v i t i e s  p l a n n e d  f o r  t h e  

J o h n  F .  Kennedy  S p a c e  C e n t e r  i s  t o  d e s i g n ,  c o n s t r u c t ,  a n d  

o p e r a t e  a  s e a l e d  ( g a s ,  l i q u i d ,  a n d  s o l i d )  p l a n t  g r o w t h  cham- 

b e r .  A 3.6m d i a m e t e r  by  6.7m h i g h  c l o s e d  c y l i n d e r  ( p r e v -  

i o u s l y  u s e d  a s  a  h y p o b a r i c  v e s s e l  d u r i n g  t h e  M e r c u r y  p r o g r a m )  

i s  b e i n g  m o d i f i e d  f o r  t h i s  p u r p o s e .  The  chamber  i s  m o u n t e d  

o n  l e g s  w i t h  t h e  c e n t r a l  a x i s  v e r t i c a l .  E n t r a n c e  t o  t h e  

c h a m b e r  i s  t h r o u g h  a n  a i r l o c k .  I t  i s  l o c a t e d  i n  H a n g a r  L  on 

t h e  Cape  C a n a v e r a l  A i r  F o r c e  S t a t i o n .  T h i s  c h a m b e r  w i l l  b e  
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d e v o t e d  e n t i r e l y  t o  h i g h e r  p l a n t  e x p e r i m e n t a t i o n .  Any w a s t e  

t r e a t m e n t ,  f o o d  p r o c e s s i n g  o r  p r o d u c t  s t o r a g e  s t u d i e s  w i l l  b e  

c a r r i e d  on o u t s i d e  o f  t h i s  c h a m b e r .  

I c 

I t s  p r i m a r y  p u r p o s e  i s  t o  p r o v i d e  i n p u t  a n d  o u t p u t  d a t a  on 

s o l i d s ,  l i q u i d s ,  a n d  g a s e s  f o r  s i n g l e  c r o p  s p e c i e s  a n d  
., . -, 

m u l t i p l e  s p e c i e s  p r o d u c t i o n  u s i n g  d i f f e r e n t  n u t r i e n t  d e l i v e r y  

s y s t e m s .  . . ,- 

, 8 
8 C 

INTEGRATION PLAN 

T h e  f o o d  p r o d u c t i o n  c o m p o n e n t  w i l l  become , t h e  c e n t r a l  f o c u s  
-. . ' .  

f o r  t h e  f o o d  p r o c e s s i n g ,  f o o d  p r e p a r a t i o n ,  s o l i d s  a n d  l i q u i d s  

w a s t e  t r e a t m e n t ,  g a s  r e g e n e r a t i o n ,  s t o r a g e ,  a n d  m o n i t o r i n g  

a n d  c o n t r o l  c o m p o n e n t s .  D a t a  r e s u l t i n g  f r o m  t h i s  f o o d  

p r o d u c t i o n  u n i t  w i l l  b e  u s e d  i n  t h e  d e s i g n  a n d  o p e r a t i o n  o f  

o t h e r  c o m p o n e n t s .  T h i s  c h a m b e r  i s  e x p e c t e d  t o  be  o p e r a t i o n a l  

i n  M a r c h  1 9 8 6 .  

C H A M B E R  DESIGN 

P h y s i c a l  F e a t u r e s .  T h e  c h a m b e r  i s  3.6m ( 1 2  f t . )  d i a m e t e r  by  

6.7m ( 2 2  f t . )  h i g h  c o n t a i n i n g  68m3 ( 2 5 0 0  f t 3 ) .  A p p r o x i m a t e l y  

25m2 ( 2 5 0  f t 2 )  o f  c o n v e n t i o n a l  c r o p  g r o w i n g  a r e a  c a n  b e  

o b t a i n e d  by d i v i d i n g  t h e  c h a m b e r  i n t o  2  s e c t i o n s  w i t h  2 g row-  
r : 



i n g  l e v e l s  e a c h ,  a s  shown i n  F i g u r e  1. T h i s  c 'hamber s h o u l d  

p r o d u c e  e n o u g h  e d i b l e  d r y  m a t t e r  t o  s u p p l y  o n e - h a l f  o f  t h e  

d i e t  f o r  a  p e r s o n  b a s e d  on a  p r o d u c t i o n  r a t e  o f  l o g / m 2 / d a y  

( T i b b i t t s  a n d  A l f o r d ,  1 9 8 2 )  a n d  a  c o n s u m p t i o n  o f  5 0 0 g  o f  
\ I  I 

e d i b l e  d r y  m a t t e r  p e r  d a y .  A s o l i d  f l o o r  b e t w e e n  l e v e l s  w i l l  

p e r m i t  d i f f e r e n t  r a d i a t i o n  t r e a t m e n t s  t o  be  c o n d u c t e d  e v e n  

t h o u g h  a l l  o f  t h e  o t h e r  p a r a m e t e r s  w i l l  n o t  b e  a f f e c t e d .  

C r o p s  c a n  b e  g rown  a r o u n d  t h e  p e r i p h e r y  o f  t h e  chamber  

l e a v i n g  t h e  c e n t e r  c l e a r  f o r  w o r k ,  a  l i f t  a n d  a l a d d e r .  

T e m p e r a t u r e  a n d  m o i s t u r e  r e g u l a t i o n  f o r  t h e  g r o w i n g  a r e a  a n d  

f o r  t h e  l a m p  b a n k s  w i l l  t a k e  p l a c e  o u t s i d e  t h e  c h a m b e r .  The  

c h a m b e r  i s  t o  o p e r a t e  ' a t  .5 k P a  ( 2  i n  ~ ~ 0 ' )  6 i e s s u r e  a n d  

c h a m b e r  a i r  w i l l  t o  b e  c i r c u l a t e d  t h r o u g h  a b s o l u t e  f i l t e r s .  
- t \, 

C a r b o n  d i o x i d e  w i l l  b e  f r o m  b o t t l e d  g a s  a n d '  a i r  w i l l  b e  

e x c h a n g e d  w i t h  t h e  a t m o s p h e r e .  

To a c c o m m o d a t e  t a l l  c r o p s  t h e  l o w e r  l a m p  b a n k s  on e a c h  l e v e l  

w i l l  b e  r e m o v a b l e .  A l l  c r o p  s u p p o r t  s h e l v e s  w i l l  b e  a d j u s t -  

a b l e  f r o m  t h e  l o w e r  p o s i t i o n  t o  w i t h i n  .56m o f  t h e  l a m p  

b a n k .  T h e  w a l l s  w i l l  b e  f i n i s h e d  w i t h  m i r r o r e d  s u r f a c e s .  

S a f e t y  m e a s u r e s  w i l l  b e  d e s i g n e d  a n d  b u i l t  i n t o  t h e  c h a m b e r  

t o  t a k e  c a r e  o f  e q u i p m e n t  f a i l u r e  a n d  human a c c i d e n t .  

T e l e v i s i o n  c a m e r a s  w i l l  m o n i t o r  b o t h  l e v e l s .  
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G r o w t h  P a r a m e t e r s .  B e c a u s e  o f  t h e  n e e d  t o  g r o w  many 

d i f f e r e n t  c r o p s ,  t h e  l i m i t s  on e s s e n t i a l  g r o w t h  p a r a m e t e r s  

were s e t  a s  shown i n  T a b l e  1 .  The l i m i t s  w i l l  p e r m i t  a  w i d e  

s p e c t r u m  o f  e x p e r i m e n t s  t o  be  c o n d u c t e d .  I t  w i l l  b e  p o s s i b l e  

t o  m a i n t a i n  two l i g h t  r e g i m e s  on t h e  two l e v e l s  o f  t h e  

c h a m b e r .  T e m p e r a t u r e ,  m o i s t u r e ,  a n d  c a r b o n  d i o x i d e  w i l l  be  

u n i f o r m  t h r o u g h o u t  t h e  c h a m b e r .  N u t r i e n t  s o l u t i o n  c o m p o s i -  

t i o n ,  c o n c e n t r a t i o n ,  pH a n d  t e m p e r a t u r e  c a n  b e  s p e c i f i e d  a s  

c a n  n u t r i e n t  q u a n t i t y  p e r  p l a n t ,  a n d  n u t r i e n t  v e l o c i t y  p a s t  

t h e  p l a n t  r o o t  when u s i n g  a  f i l m .  

N u t r i e n t  D e l i v e r y  S y s t e m .  A c o n v e n t i o n a l  n u t r i e n t  d e l i v e r y  

s y s t e m  w i l l  b e  u s e d  f o r  t h e  i n i t i a l  p l a n t  g r o w t h  e x p e r i -  

m e n t s .  I t  w i l l  b e  f l i i i b l e  a l l o w i n g  f o r  t y p e  o f  g r o w i n g  

s y s t e m s  ( t r o u g h  o r  p i p e ,  g u l l e y ,  a n d  t u b e )  a n d  modes o f  

p r o d u c t i o n  ( c o n t i n u o u s  a n d  a l l - i n l a l l - o u t ) .  S p e c i f i c  

r e q u i r e m e n t s  f o r  t h e  p a r t i c u l a r  c r o p  a n d  e x p e r i m e n t  c a n  be  

m e t .  

E x p e r i m e n t a l  n u t r i e n t  d e l i v e r y  s y s t e m s  s u c h  a s  t h e  C a p i l l a r y  

E f f e c t  R o o t  E n v i r o n m e n t a l  S y s t e m  (CERES) ( W r i g h t  a n d  B a u s c h ,  

1 9 8 4 )  w i l l  b e  s t u d i e d .  C r o p  p r o d u c t i o n  w i l l  b e  u s e d  a s  a  

p a r t  o f  t h e  o v e r a l l  e v a l u a t i o n  on n u t r i e n t  d e l i v e r y  s y s t e m s .  



.Tab le  1. ~ n v i r o n m e n t a l  pa ramete rs  t o  be monitored and c o n t r o l l e d  i n  t h e  p l a n t  

p roduc t  i o n  compartment. 

Max. Min. 
LIMIT CONTROL MONITOR 

PARAIGTER s .- 7 LOW H I G H  . ERROR SENSITIVITY 

P h o t o s y n t h e t i c a l l y -  ' ' - 
a c t i v e  r a d i a t i o n  

a t  p lany! lq; l  
( ~ r n o l - s  m 200 - >lo00 NA N A 

P h o t o p e r i o d  (min) s p e c i e s -  cont inuous  1 NA 
s p e c i f i c  

. - 
Tempera tu re  (C) 

l i g h t  1 5  40 . 1 0.2 
d a r k  , lo  3 0 ' 1  0.2 

Humidity ( %RH) 60 - >90 7 2 

Carbon d i o x i d e  (ppm) 300 - >2 500 10 10 

Oxygen ( p p t )  c o n t r o l  t o  L20.9X : ' 10 5 
(added o r  sc rubbed)  

A i r  movement a c r g f s  
l e a f  canopy (m.9 ) 2 5 NA 0.1 

, , 
I 

- .  



MONITORING A N D  CONTROL 

I t  i s  n e c e s s a r y  f o r  t h i s  c h a m b e r  t o  f u r n i s h  d a t a  on e n e r g y ,  

s o l i d s ,  l i q u i d s ,  a n d  g a s e s .  I n p u t s  a n d  o u t p u t s  o f  s o l i d s  a n d  

l i q u i d s  f o r  t h e  v a r i o u s  e x p e r i m e n t s  c a n  b e  o b t a i n e d .  
J '  

. . . ." 
C o n t i n u o u s  m o n i t o r i n g  o f  o x y g e n  a n d  c a r b o n  d i o x i d e  w i l l  

i .nsur -e  t h a t  c r o p  g r o w i n g  conditions a r e  m a i n t a i n e d .  P e r i o d i s  -. - 

s a m p l i n g  o f  e t h y l e n e  a n d  o t h e r  g a s e s  ( T a b l e  2 )  w i l l  p r o v i d e  ;- 

i n f o r m a t i o n  on s p e c i f i c  c r o p s ,  m u l t i p l e  c r o p  s p e c i e s ,  a n d  

p r o c e s s e s  n e e d e d  f o r  f u t u r e  s t u d i e s .  

I n i t i a l l y ,  s e r v i c e  p e r s o n n e l  w i l l  w e a r  f a c e  masks  t h a t  a r e  

s u p p l i e d  w i t h  o u t s i d e  a i r ,  L a t e r  i n  t h e  p r o g r a m ,  a n d  a s  

e x p e r i m e n t s  d i c t a t e ,  c o m p l . e t e  s u i t s  may b e  worn by  p e r s o n n e l  

e n t e r i n g  t h e  c h a m b e r  w h i c h  s h o u l d  p e r m i t  a  c o m p l e t e  t h e r m a l ,  

m o i s t u r e ,  a n d  g a s  a n a l y s i s .  

EXPERIMENTS 

I t  i s  i m p e r a t i v e  t h a t  p e r f o r m a n c e  o f  t h e  chamber  b e  e v a l u a t e d  

w i t h  a s i n g l e  c r o p  s p e c i e s .  B u s h  b e a n s  h a v e  b e e n  s u g g e s t e d  

a s  a  g o o d  c a n d i d a t e  f o r  t h i s  f i r s t  c r o p .  O t h e r  c r o p  s p e c i e s ,  

m o d e s  o f  o p e r a t i o n ,  a n d  n u t r i e n t  d e l i v e r y  s y s t e m s  c a n  be  

a d d e d  a s  c o n f i d e n c e  i s  g a i n e d  w i t h  a n a l y s i s  o f  t h e  s y s t e m  

o p e r a t i o n .  



Table  2.  Gases and p a r t i c u l a t e s  t h a t  shou ld  be c o n t r o l l e d  and /or  moni to red  i n  

t h e  t e s t  chamber. 

GAS EXPECTED CONC. M I N .  INSTR. SENS. 

Oxygen 20.9% 0.1X 

Ni t rogen  78.1X 0.1% 

Carbon d i o x i d e  300 t o  2500 ppm 10 PPm 

NO 

N02 

N2° 
Ozone 

co 
Ethy 1 ene 

H2 
Neon 

Ammonia 

C h l o r i n e  

F l u o r i n e  

Formaldehyde 

Methane 

Propy l e n e  

Propane 

Viny l  C h l o r i d e  

Terpenoids  and o i l s  

Krypton 

Freon 

( o t h e r s  a s  d i s c o v e r e d )  

P o l l e n  

Mold Spores  

Dust 



E x p e r i m e n t s  d e s i g n e d  t o  m a x i m i z e  v o l u m e  u t i l i z a t i o n ,  m i n i m i z e  

e n e r g y  r e q u i r e m e n t s ,  a n d  m i n i m i z e  w a t e r  u s e a g e  a r e  i m p o r -  

t a n t .  O t h e r s  t o  d e t e r m i n e  t h e  i n i t i a t i o n  p o i n t s  o f  t o x i c  

s u b s t a n c e s  ( s o l i d ,  l i q u i d ,  a n d  g a s )  w i l l  b e  s t u d i e d  i f  

n e e d e d .  S t u d i e s  t o  e v a l u a t e  s h o o t - t o - r o o t ,  a n d  e d i b l e - t o -  

n o n - e d i b l e  r a t i o s  n e e d  t o  b e  c o n d u c t e d .  A c a r e f u l  a s s e s s m e n t  

o f  f o o d  a n d  o x y g e n  p r o d u c t i o n  p e r  u n i t  o f  a r e a  a n d  p e r  u n i t  

o f  v o l u m e  f o r  s e v e r a l  c r o p  g e n e r a t i o n s  m u s t  b e  made .  T h e s e  

d a t a  w i l l  p r o v i d e  a  b a s e  f o r  f u r t h e r  r e s e a r c h  a n d  f o r  a  m o r e  

d e l i b e r a t e  d e s i g n  o f  f u t u r e  f o o d  p r o d u c t i o n  c o m p o n e n t s .  

T h i s  c h a m b e r  w i l l  c o n t r i b u t e  t o w a r d  t h e  d e t a i l e d  u n d e r s t a n d -  

i n g  o f  w a t e r  ( c o n d e n s a t e ,  t r a n s p i r e d ,  n u t r i e n t  s o l u t i o n ,  a n d  

p l a n t )  r e c y c l i n g ,  b i o m a s s  t r e a t m e n t ,  a n d  g a s  r e g e n e r a t i o n .  

I t  w i l l  become t h e  t e s t - b e d  f o r  c o n t r o l l e d  p r o c e s s e s  l e a d i n g  

t o  r e c y c l i n g  o f  s o l i d s ,  l i q u i d s ,  a n d  g a s e s .  

C r o p s  d e s t i n e d  f o r  s t u d y  a n d  e v a l u a t i o n  i n c l u d e  : b e a n s  

( b u s h ) ,  w h e a t ,  p o t a t o e s ,  s o y b e a n s ,  r i c e ,  c a r r o t s ,  c o w p e a ,  

w i n g e d  b e a n ,  e t c .  T h e s e  a r e  some o f  t h e  c r o p s  l i s t e d  by  

T i b b i t t s  a n d  A l f o r d ,  1 9 8 2 .  
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OPERATIONAL DEVELOPMENT OF SMALL PLANT GROWTH SYSTEMS 

H. W. S c h e l d  
- J. W .  Magnuson 

P h y t o R e s o u r c e  R e s e a r c h ,  I n c . ,  707 T e x a s  Ave.,  S t e .  202.:~ 
C o l l e g e  S t a t i o n ,  TX 77840  

R .  L. S a u e r  
NASA J o h n s o n  S p a c e  C e n t e r ,  H o u s t o n ,  TX 7 7 0 5 8  

B a c k g r o u n d  

T h i s  r e p o r t  s u m m a r i z e s  t h e  r e s u l t s  o f  a  s t u d y  u n d e r t a k e n  

o n  t h e  f i r s t  p h a s e  o f  a n  e m p i r i c a l  e f f o r t  i n  t h e  d e v e l o p m e n t  

o f  s m a l l  p l a n t  g r o w t h  c h a m b e r s  f o r  p r o d u c t i o n  o f  s a l a d  t y p e  

v e g e t a b l e s  o n  S p a c e  S h u t t l e  o r  S p a c e  S t a t i o n .  The o v e r a l l  

e f f o r t  i s  v i s u a l i z e d  a s  p r o v i d i n g  t h e  u n d e r p i n n i n g  o f  p r a c t i -  

c a l  e x p e r i e n c e  i n  h a n d l i n g  o f  p l a n t  s y s t e m s  i n  s p a c e  w h i c h  

w i l l  p r o v i d e  m a j o r  s u p p o r t  f o r  f u t u r e  e f f o r t s  i n  p l a n n i n g ,  

d e s i g n ,  and  c o n s t r u c t i o n  o f  p l a n t - b a s e d  ( p h y t o m e c h a n i c a l )  

s y s t e m s  f o r  s u p p o r t  o f  human h a b i t a t i o n  i n  s p a c e .  The assump-  

t i o n s  u n d e r l y i n g  t h e  e f f o r t  h o l d  t h a t  l a r g e  s c a l e  p h y t o m e c h a n -  

i c a l  h a b i t a b i l i t y  s u p p o r t  s y s t e m s  f o r  f u t u r e  s p a c e  s t a t i o n s  

mus t  e v o l v e  f r o m  t h e  s i m p l e  t o  t h e  c o m p l e x .  The h i g h l y  com- 

p l e x  f i n a l  s y s t e m s  w i l l  b e  d e v e l o p e d  f r o m  t h e  a c c u m u l a t e d  

e x p e r i e n c e  a n d  d a t a  g a t h e r e d  f r o m  r e p e t i t i v e  t e s t s  and  t r i a l s  

o f  f r a g m e n t s  o r  s u b s y s t e m s  o f  t h e  w h o l e  i n  a n  o p e r a t i o n a l  

mode. T h e s e  d e v e l o p i n g  s y s t e m  c o m p o n e n t s  w i l l ,  r l e a n w h i l e ,  

s e r v e  a  u s e f u l  o p e r a t i o n a l  f u n c t i o n  i n  p r o v i d i n g  p s y c h o l o g i c a l  



Figure 1. Time course for development of space-borne habitability support systems. 
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s u p p o r t  a n d  d i v e r s i o n  f o r  t h e  c r e w s ,  a n d / o r  some m o d e s t  c o n -  

t r i b u t i o n  t o  t h e  f o o d  s u p p l y .  

R a t i o n a l e  

An e m p i r i c a l  a p p r o a c h  a p p e a r s  e n t i r e l y  j u s t i f i e d  b a s e d  

upon  o u r  q u i t e  l i m i t e d  k n o w l e d g e  o f  t h e  s p a c e  f l i g h t  e n v i r o n -  

ment  a n d  t h e  r e s p o n s e s  o f  p l a n t s  i n  t h a t  e n v i r o n m e n t .  I t  i s  

u s e f u l  t o  r e m e m b e r  t h a t  t h e  b a s i s  o f  w h a t  w e  c o n s i d e r  t o  b e  

modern  t e r r e s t r i a l  a g r i c u l t u r e  a n d  h o r t i c u l t u r e  was l a i d  o v e r  

t h e  c e n t u r i e s  i n  e m p i r i c i s m  a n d  a r t .  Modern  s c i e n c e  a n d  

e n g i n e e r i n g  h a v e  p r o d u c e d  some r e m a r k a b l e  a d v a n c e s ,  b u t  n o n e  

o f  t h e s e  w o u l d  h a v e  b e e n  p o s s i b l e  w i t h o u t  t h e  a b i l i t y  t o  b u i l d  

upon  t h e  a n c i e n t  f o u n d a t i o n .  T h a t  same f o u n d a t i o n  o f  e x p e r i -  

e n c e  i s  n o t  y e t  a v a i l a b l e  t o  t h o s e  who w i s h  t o  c u l t u r e  p l a n t s  

i n  s p a c e .  We, t h e r e f o r e ,  w i l l  o n l y  b e  a b l e  t o  make a p p r e c i -  

a b l e  p r o g r e s s  i f  we h a v e  some r e a s o n a b l e  body o f  e m p i r i c a l l y  

d e r i v e d  d a t a  upon w h i c h  t o  b u i l d .  

A g e n e r a l  s c e n a r i o  f o r  t h e  l o n g - t e r m  d e v e l o p m e n t  o f  p l a n t  

c u l t u r e  s y s t e m s  f o r  s p a c e  i s  p r e s e n t e d  i n  F i g u r e  1. T h e r e  i s  

n o t h i n g  a b o u t  t h e  t a r g e t  s y s t e m  o r  t h e  p a t h w a y  t o  i t s  d e v e l o p -  

ment  t h a t  s p e c i f i e s  p r e c i s e  c o n f i g u r a t i o n s  o r  t e c h n o l o g i e s  

e m p l o y e d .  We a r e ,  i n  e f f e c t ,  d e f e r r i n g  s p e c i f i c  q u e s t i o n s  

r e l a t e d  t o  t h e  s e l e c t i o n  o f  f i n a l  s y s t e m  c o n c e p t s  a n d  

a p p r o a c h e s  u n t i l  we h a v e  g a i n e d  s u f f i c i e n t  d a t a  a n d  o p e r a -  

t i o n a l  e x p e r i e n c e  i n  t h e  h a n d l i n g  o f  p l a n t s  i n  s p a c e  t o  s u p -  

p o r t  r a t i o n a l  d e c i s i o n s .  The p r e s e n t  r e p o r t  s u m m a r i z e s  t h e  



r e s u l t s  o f  e f f o r t s  i n  d e f i n i t i o n  o f  p l a n t  g r o w t h  s y s t e m s  w h i c h  

w i l l  p r o v i d e  t h e  n e e d e d  o p e r a t i o n a l  e x p e r i e n c e  a n d  d a t a  on  

h a n d l i n g  p l a n t  s y s t e m s  i n  s p a c e  a s  w e l l  a s  some p r a c t i c a l  

s u p p o r t  o f  t h e  f l i g h t  f o o d  s y s t e m .  

The f o c u s  o f  t h i s  e f f o r t  h a s  b e e n  upon ,  a s  i n d i c a t e d  i n  

t h e  I n t r o d u c t i o n ,  t h e  e x a m i n a t i o n  o f  t h e  p r a c t i c a l  p r o b l e m s  

o f  i n - f l i g h t  p l a n t  g r o w t h  s y s t e m s  a t  t h e  s i m p l e s t  u s e f u l  

l e v e l .  I t  b e g a n  w i t h  a  g i v e n  s e t  o f  c o n s t r a i n t s  a n d  r e q u i r e -  

m e n t s  a n d  e x p l ' o r e d  t h e  p o s s i b i l A i e s  w i t h i n  t h e  e n v e l o p e  o f  

t h e s e  r e q u i r e m e n t s .  A r e l a t i v e l y  l a r g e  number  o f  d e a d - e n d s  

were  e n c o u n t e r e d  a n d  w h i l e  t h e s e  a r e  u s e f u l  t o  k n o w ,  a  d e -  

t a i l e d  a c c o u n t  w i l l  l a r g e l y  d e t r a c t  f r o m  a  d i s c u s s i o n  o f  t h e  

c o n c e p t  d e v e l o p m e n t .  The d i s c u s s i o n s  and d i a g r a m s  w h i c h  f o l -  

l o w  o u t l i n e  t h e  m a j o r  s t e p s  i n  t h e  p r o c e s s  o f  d e v e l o p i n g  

a p p r o a c h e s  t o  s m a l l  p l a n t  g r o w t h  s y s t e m s  f o r  S h u t t l e .  

D e s i g n  C r i t e r i a  

The f o l l o w i n g  c o n s t r a i n t s  w e r e  p l a c e d  o n  t h e  p l a n t  g r o w t h  

s y s t e m :  

A.  F u n c t i o n a l  R e q u i r e m e n t s  

1. t o  p r o v i d e  u s e f u l  c o n t r i b u t i o n s  t o  t h e  f o o d  

s y s t e m  - p r i m e  r e q u i r e m e n t ;  

2 .  t o  t e s t  e m p i r i c a l l y  t h e  " b e s t  g u e s s "  o f  wha t  a  

g r o w t h  s y s t e m  s h o u l d  b e ;  

3. t o  p r o v i d e  a  t e s t  b e d  f o r  a c q u i s i t i o n  o f  

e x p e r i e n c e  and  d a t a .  



B .  H a r d w a r e  C o n f i g u r a t i o n  

1. mus t  f i t  i n t o  a  s t a n d a r d  s l o t  i n  t h e  o r b i t e r ;  t h e  

b u l k h e a d  s t o r a g e  l o c k e r  s y s t e m ;  

2 .  must  h a v e  s i m p l e ,  low c o s t  c o n s t r u c t i o n ;  

3. must  u s e  t h e  l e a s t  c o m p l e x  g r o w t h  s y s t e m s  c o n s i s -  

t e n t  w i t h  a d e q u a t e  f u n c t i o n ;  a n d  

4 .  must  b e  c o n f i g u r e d  t o  grow s a l a d - t y p e  v e g e t a b l e  

p l a n t s .  

A f t e r  a n  e x a m i n a t i o n  o f  t h e  v a r i o u s  p o s s i b i l i t i e s  w i t h i n  

t h e  c o n s t r a i n t  e n v e l o p e ,  t h r e e  g e n e r a l  a p p r o a c h e s  w e r e  a d o p t e d  

a n d  p u r s u e d .  The f i r s t ,  a n d  s i m p l e s t ,  was  i n  t h e  u s e  o f  s e e d  

s p r o u t s  a s  a l o w  c o s t ,  l o w  t e c h n o l o g y  means  o f  p r o d u c i n g  f r e s h  

s a l a d  v e g e t a b l e  m a t e r i a l .  The s e c o n d  was ,  more  c o n v e n t i o n a l -  

l y ,  t h e  u s e  of  s t a n d a r d  g r e e n  v e g e t a b l e  p l a n t s  i n  a  s m a l l ,  

l i g h t e d  g r o w t h  chamber .  The t h i r d  was a  t e s t  bed  c o n f i g u r a -  

t i o n  f o r  a c q u i s i t i o n  o f  b a s i c  d a t a  on p l a n t  r e s p o n s e  i n  z e r o -  

G. 

S p r o u t i n g  S y s t e m s  

S e e d  s p r o u t s  o f f e r  a  n u m b e r  o f  a d v a n t a g e s  b o t h  a s  a  q u i c k  

a n d  e a s y  way o f  p r o v i d i n g  f r e s h  v e g e t a b l e  m a t e r i a l  i n  s h o r t  

S h u t t l e  f l i g h t s  a n d  a s  a  more  r o u t i n e  f o o d  f o r  much l o n g e r  

d u r a t i o n  s p a c e  f l i g h t s  ( T a b l e  1) .  S e e d s  o f  v a r i o u s  v e g e t a b l e s  

a n d  f i e l d  and  f o r a g e  c r o p s  c a n  b e  s t o r e d  d r y  f o r  c o n s i d e r a b l e  

p e r i o d s  o f  t i m e .  When f r e s h  s p r o u t s  a r e  r e q u i r e d ,  w a t e r  i s  

t h e  o n l y  i n p u t  n e e d e d  t o  b r i n g  a b o u t  a  f i v e  t o  s e v e n - f o l d  

i n c r e a s e  i n  f r e s h  w e i g h t .  The mos t  i m p o r t a n t  c h a r a c t e r i s t i c  
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Table 1. Comparative characteristics of seed sprouts and mature salad vegetable plants as candidates for testing and use 
in small, in-flight fresh food systems. 

CHARACTERISTIC SPROUTS MATURE PLANTS 

Time to Maturity 4 - 6 days Up to 90 days 

Complexity of Apparatus Simple and compact: Necessity only for More complex and larger: Provision for 
water and aeration; orientation not soil and nutrients, light and tempera- 
problematic. ture control, orientation of plant parts. 

Variety of Food Items Limited: A single type of item with Variety large: Limited only by ability 
limitations in taste texture and range to contain and grow the plant. 
of uses. 

Popularity/Aesthetic Appeal Limited because of food habits of general Wide popularity; high aesthetic appeal 
population. Not aesthetically appealing. both during growth and at consumption. 

- 
Nutritional Value Limited on amount which can be consumed Adequate. 

raw without complications. 

Processing/Use Very simple. No waste, no mess. Not complex, but with significant 
waste disposal problems. 

Experimental Value Useful for development of fluid/air Useful for development of soil, nutrient 
handling and control technology. and microbiological technology. Useful 

for light and energy technology develop- 
ment and for study of air/gas handling. 



i s  t h e  m a r k e d  i n c r e a s e  i n  f o o d  v a l u e  a s s o c i a t e d  w i t h  s p r o u t i n g  

( T a b l e  2).  V i t a m i n  c o n t e n t  i n c r e a s e s  d r a m a t i c a l l y ,  f a t  a n d  

c a r b o h y d r a t e  c o n t e n t  a r e  r e d u c e d  w h i l e  r e l a t i v e l y  l i t t l e  p r o -  

t e i n  i s  l o s t ,  f i b e r  c o n t e n t  i n c r e a s e s ,  a n d  many o f  t h e  i n h i b i -  

t o r s  a n d  t o x i c a n t s  a s s o c i a t e d  w i t h  s e e d s  a p p e a r  t o  b e  l o s t  o r  

r e d u c e d  s i g n i f i c a n t l y .  

Table 2. Nutritional value of dry seeds and their sprouts. I 

A p p a r a t u s  n e c e s s a r y  f o r  s e e d  s p r o u t i n g  i s  m i n i m a l .  

L i g h t ,  s o i l ,  a n d  t h e  c o n t a i n e r s  n e c e s s a r y  f o r  w h o l e  p l a n t  

c u l t i v a t i o n  a r e  n o t  n e c e s s a r y ;  w a t e r  a n d  a  w e l l  d r a i n e d ,  

a e r a t e d  c o n t a i n e r  a r e  t h e  m a j o r  r e q u i r e m e n t s .  The s p a c e  e n v i -  

r o n m e n t  w i t h  t h e  a l t e r e d  c o n d i t i o n s  o f  f l u i d  movement  p l a c e s  

some c o n s t r a i n t s  upon  t h e  p r o c e s s ,  b u t  o n c e  r e c o g n i z e d ,  e l i m i -  

n a t i o n  o f  t h e s e  c o n s t r a i n t s  i s  m e r e l y  a n  e n g i n e e r i n g  p r o b l e m .  

DPT Slgm s m m  

Hinerals 

P K ca Pe 

3750 1701 93.4 

337 790 79 6.8 

340 1028 118 7.7 

I 
I 

Plant I Nutritional Value 

1 

I C.I RO rib Pat 
I 
I 

Amaranth I 16.7 6.2 7.5 

I 

Lentil 1 340 24.7 3.9 1.1 
I 

Hung ' 310 24.2 4.6 1.3 
I 

Hinerala 

P K C. ~c 

456 2796 1818 26.1 

240 670 39 7.6 

648 1561 133 9.1 

602 - 288 6.0 

Nutritional Value 

~ a l  RO ~ i b  pet 

246 24.0 

306 23.8 1 .O 

245 26.6 6.9 1.4 

276 37.2 6.8 8.b 

Vitamins 

A 81 BZ c 

.21 .09 2.25 

60 .37 .22 t 

80 .38 .21 - 

Vitamins 

A BI 82 c 

6918 .56 1.08 546 

.SO .20 t 

110 .91 .91 133 

480 1.6 1.20 78 Soybean I 403 34.1 6.9 17.1 

I 

I 

80 1.1 .31 - I 554 1677 226 8.4 



A number  o f  p o t e n t i a l  i s s u e s  w e r e  a d d r e s s e d  a n d  r e s o l v e d  

d u r i n g  t h e  d e v e l o p m e n t  e f f o r t .  T h e s e  w i l l  o n l y  b e  l i s t e d  

h e r e :  

, 
1. m i c r o b i a l  c o n t a m i n a t i o n ;  

2. t o x i c a n t  c o n t e n t  o f  s e e d s  a n d  s p r o u t s ;  

3.  s e l e c t i o n  o f  s p e c i e s  f o r  u s e  i n  f l i g h t  c o n d i t i o n s ;  

4 .  s o u r c e s  o f  w a t e r  a n d  w a t e r  a d d i t i o n  s c h e d u l e s  

p a r t i c u l a ' r l y  a s  t h e y  r e l a t e d  t o  f l i g h t  c o n d i t i o n s ;  

a n d  

5.  s t o r a g e . a n d / o r  p r e - g e r m i n a t i o n  o f  s e e d s .  

None o f  t h e s e  were s e e n  a s  h a v i n g  a n  a p p r e c i a b l e  i m p a c t  upon  

t h e  u s e  o f  s e e d  s p r o u t s  i n  S h u t t l e  o r  e x t e n d e d  m i s s i o n s .  

The s y s t e m s  d e p i c t e d  i n  F i g u r e  2 r e p r e s e n t  t h e  e n d  p o i n t  

o f  a n  e x e r c i s e  w h i c h  c o n s i d e r e d  s e v e r a l  d i f f e r e n t  a p p r o a c h e s  

t o  t h e  p r o b l e m  o f  r o u t i n e l y  p r o d u c i n g  s a l a d  s p r o u t s  on  S h u t -  

t l e .  I t  u t i l i z e s  t h e  s t o r a g e  l o c k e r  and t h e  c o n f i g u r a t i o n  o f  

t h e  s t a n d a r d  h a l f - l o c k e r  t r a y  (NASA. 1 9 8 4 )  a s  a  s t r u c t u r a l  

e n v e l o p e .  A number  o f  i s s u e s  r e l a t e d  t o  o p e r a t i o n  r e m a i n  t o  

b e  w o r k e d  o u t ;  many w i l l  d e p e n d  upon  f l i g h t  t e s t i n g  f o r  re- 

s o l u t i o n .  

The g e n e r a l  f e a t u r e s  o f  t h e  s y s t e m s  a r e  a s  f o l l o w s :  

1. The s e e d  s p r o u t  c o n t a i n e r  i s  t h e  s t a n d a r d  s i x  o u n c e  

S h u t t l e  f o o d  s y s t e m  pack .  S e e d s  a r e  p a c k a g e d  a n d  

s t o r e d  d r y  u n d e r  v a c u u m  i n  t h e  s a m e  m a n n e r  a s  t h e  

d e h y d r a t e d  f o o d s .  

2 .  The d r y  p a c k s  a r e  i n s t a l l e d  i n  t h e  u n i t  a s  n e e d e d .  
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The f i r s t  s y s t e m . u s e s  a  t o o l  w h i c h  p e r f o r a t e s  t h e  

b o t t o m  o f  t h e  f o o d  p a c k ,  a n d  t h e  f l e x i b l e  c o v e r  i s  

e i t h e r  p e r f o r a t e d  o r  r emoved .  The s e c o n d  s y s t e m  

c o n n e c t s  t o  t h e  s t a n d a r d  " d r i n k i n g  s t r a w "  o f  t h e  f o o d  

p a c k .  

3. W a t e r  i s  a d d e d  t o  t h e  d r y  s e e d s  t o  i n i t i a t e  
I ,  . 

g e r m i n a t  i o n  a n d  i s  a d d e d  p e r i o d i c , a l , l y ,  a s  r e q u i r e d ,  

t o  m a i n t a i n  s p r o u t i n g .  W a t e r i n g ' c o u l d  b e  

a c c o m p l i s h e d  by h a n d ,  b u t  a  s y s t e m  f o r  s e n s i n g  

m o i s t u r e  c o n t e n t  a n d  a d d i n g  w a t e r  a s  n e e d e d  c o u l d  b e  

u t i l i z e d .  - '  I / _  

4. I n  o p e r a t i o n  a t  micro-G,  t h e  s y s t e m  u s e s  e i t h e r  a  f a n  

t o  p u l l  a  l o w  f l o w  o f  a i r  down t h r g u g h  t h e  s e e d s  i n t o  

t h e  s p a c e  b e l o w  o r  a  m i c r o p r o c e s s o r  c o n t r o l l e d  w a t e r  

a n d  a i r  m e t e r i n g  s y s t e m  c o n n e c t e d ,  t o  t h e  s t a n d a r d  

" d r i n k i n g  s t r a w " .  I n  t h e  f i r s t  s y s t e m ,  t h e  s m a l l  a i r  

f  1 , o w  s e r v e s  t o  a e r a t e  t h e  s e e d s  a n d -  i n  m i c r o - G ,  

t h e o r e t i c a l l y ,  s h o u l d  b e  a d e q u a t e  t o  p r e v e n t :  t h e  

s e e d s  o r  s p r o u t s  f r o m  f l o a t i n g  o u t  i n t o ,  t h e  c a b i n  

e n v i r o n m e n t .  I n  t h e  s e c o n d  s y s t e m ,  no o p e n i n g  t o  t h e  

c a b i n  i s  p e r m i t t e d .  

The c o n f i g u r a t i o n s  shown i n  F i g u r e  2 h a v e  b e e n  b u i l t  a n d  

o p e r a t e d  on  t h e  g r o u n d  a s  a  n o n f l i g h t - q u a l i f i e d  i t e m s .  I s s u e s  

s u c h  a s  w a t e r i n g  p r a c t i c e ,  a i r  f l o w ,  a n d  g e n e r a l  w o r k a b i l i t y  

o f  t h e  a p p a r a t u s  i n  micro-G w i l l  o n l y  b e  r e s o l v e d  by f l i g h t  

e x p e r i e n c e .  



Figure 2. Configuration o f  S h u t t l e  Middeck locker-based seed 

sprout ing  systems.  Units  are  s i z e d  t o  a  h a l f - l o c k e r  tray .  

Whole  P l a n t  C h a m b e r s  

T h e  m o r e  c o n v e n t i o n a l  a p p r o a c h  t o  g r o w t h  h a s  t a k e n ,  a s  a  

s t a r t i n g  p o i n t ,  t h e  e n v e l o p e  o f  o n e  m i d d e c k  f o r w a r d  b u l k h e a d  

l o c k e r ,  t h e  e x t e r i o r  m i d d e c k  d i m e n s i o n s  o f  w h i c h  a r e  21.062 

i n .  x 1 0 . 7 5 7  i n .  x 1 8 . 1 2 5  i n .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  

l o c k e r  i s  i n c l u d e d  i n  t h e  O r b i t e r  M i d d e c k  P a y l o a d  P r o v i s i o n s  

H a n d b o o k  ( H i x ,  1 9 8 4 ) .  B e c a u s e  o f  t h e  p r a c t i c a l  a p p r o a c h  

t a k e n  i n  t h i s  e f f o r t ,  many o f  t h e  o r i e n t a t i o n  a n d  s p a c e  c o n -  

s t r a i n t s  o f  a n  e a r l i e r  e f f o r t  ( M a i n e  e t  a l . ,  1 9 7 9 ;  C o w l e s  e t  -- - 
a l . ,  1 9 8 2 ,  1 9 8 4 )  d o  n o t  a p p l y  a n d  t h u s  m o r e  o p t i m a l  u s e  c o u l d  - 
b e  made o f  t h e  a v a i l a b l e  s p a c e .  



The general effort had two thrusts: 

1. A study of optimized configuration for the envisioned 

use; and 

2 .  Consideration of the general array of technology to 

be taken into account in development of a growth 

system. 

Figure 3 schematically summarizes the various issues as 

outlined below: 

1. Optimal configuration of the container. 

a. Geometry - which may be very dependent upon tests 
in a zero-G environment. 

b. Volume of contained area - related to plant size 
and species. 

2 .  Composition ,of the growth/support medium. 

a. Synthetic, versus natural materials, versus a 

modified hydroponic/aeroponic system. 

b. Porosity and affinity for water. 

c. Fertilizer delivery system -slow release, versus 

ion exchange, versus hydroponic solution. 

3 .  Operating parameters. 

a. Air and liquid movement rates. 

b. Temperat-ure regulation of the root zone. 

c. The role of microorganisms - important because of 
disease, human and plant, but also because 

microbes could function in atmosphere scrubbing. 

4 0  Mechanical systems. 

a. Air and water handling, zero-G separation of the 

two being the main problem. 

139 



b .  W a t e r  c l e a n u p  a n d  c o n d i t i o n i n g .  

i .  N u t r i e n t  a d j u s t m e n t .  

. R e m o v a l  o f  r o o t  a n d  m i c r o b i a l  m e t a b o l i t e s .  

5 .  T h e  a d a p t a b i l i t y  o f  v a r i o u s  p l a n t  s p e c i e s  t o  t h e  

s y s t e m .  
-. .. 

- wn rr son ?unxx 
08 ~ L L T  sm- 

Figure 3. Concepts for control of watering and aeration in a 

:zero-gravity environment. 

1 o f  t h e  p o i n t s  l i s t e d  a r e  s u b j e c t s  0 ' f " c o n t i n u i n g  e f f o r t s .  

T h i s  r e p o r t  a n d  ' t h e  g r o w t h  c h a m b e r  c o n c e p t s  i t  p r e s e n t s  a r e  

- ' m e r e l y  s i n g l e  f r o z e n  momen t s  i n  a n  e v o l v i n g  f i e l d .  Much o f  

w h a t  we a d d  w i l i  d e p e n d  o n  f l i g h t  . t e s t  d a t a  a n d  e x p e r i e n c e .  

G r o w t h  C h a m b e r  C o n c e p t s  

T h e  g r o w t h  c h a m b e r s ,  s h o w n  i n  F i g u r e  4 ,  e m b o d i e s  m o s t  o f  



t h e  i s s u e s  l i s t e d  a b o v e .  F i g u r e  4-b d e p i c t s  a  c o n f i g u r a t i o n  

a p p r o p r i a t e  f o r  d w a r f  v a r i e t i e s  o f  s m a l l ,  b u s h - t y p e  p l a n t s  
A. 

s u c h  a s  t o m a t o e s  o r  p e p p e r s .  F i g u r e  4-a d e p i c t s  t h e  c o n -  

f i g u r a t i o n  more  a p p r o p r i a t e  f o r  a  l o w  p r o f i l e  l e a f  o r  r o o t  

v e g e t a b l e s  s u c h  a s  l e t t u c e ,  o n i o n s ,  o r  r a d i s h e s .  I n  a l l  t e s t s  

i t  h a s  b e e n  u s e d  t o  .grow " f e l d s a l a t "  s t y l e  l e t t u c e .  A l l  

e x t e r i o r  d imens ions - .o f  t h e  c h a m b e r s  shown a r e  t , h e  d i m e n s i o n s  

o f  t h e  S h u t t l e  l o c k e r .  M a t e r i a l s  a r e  y e t  t o  b e  d e t e r m i n e d  by 

f l i g h t  c o n f i g u r a t i o n .  I n  t h e  m o d e l s  d e p i c t e d ,  a l l  m a t e r i a l s  

a r e  o f f - t h e - s h e l f  f o a m c o r e ,  o r  l e x a n  f o r  t h e  s h e l l s  

w i t h  s t a n d a r d  f l u o r e s c e n t  l i g h t  a n d  e l e c t r o n i c  c o m p o n e n t s .  

U n i t s  c u r r e n t l y  u n d e r  c o n s t r u c t i o n  u t i l i z e  l i g h t  m e t a l  a n d  

p l a s t i c  s i z e d  t o  f i t  i n s i d e  a  s t a n d a r d  l o c k e r  w h i c h  p r o v i d e s  

t h e  p r i m a r y  s t r u c t u r a l  s t r e n g t h  and  c o n t a i n m e n t .  A i r  i n l e t s  
". 

a n d  o u t l e t s ,  power  c a b l e s ;  a n d  c o n t r o l  p a n e l s  a r e  mounted  i n  

t h e  m o d i f i e d  l o c k e r  a c c ' e s s  d o o r  p r o v i d e d  a s  a n  a l t e r n a t i v e  t o  

t h e  s t a n d a r d  l o c k e r  d o o r  ' ( H i x ,  1984) .  

A i r  f l o w  i s  s e t  t o m o v e  a c r o s s  t h e  p l a n t  f r o m  t h e  S h u t t l e  

e n v i r o n m e n t  a n d  t o  e x i t  a c r o s s  t h e  l a m p s  t o  p r o v i d e  c o o l i n g .  

Growth  m e d i a  a n d  r o o t s  a r e  a e r a t e d  a n d  w a t e r  i s  c o n t r o l l e d  by 

p o s i t i v e  movement  o f  a i r  down t h r o u g h  t h e  g r o w t h  s u b s t r a t e  

a r e a  a i d e d  b y  a  s m a l l  v a c u u m  pump. W a t e r  i s  m e t e r e d  i n t o  t h e  

g r o w t h  s u b s t r a t e  a r e a  u n d e r  c o n t r o l  o f  a  m i c r o p r o c e s s o r  c o n -  
I I (  

t r o l l e d  s y s t e m  t h a t  l i m i t s  o v e r w a t e r i n g  a n d  movement o f  e x c e s s  

f l u i d  



A 

Figure 4. Conf igurat ion  o f  s h u t t l e  middeck l o c k e r  based 

' growth chambers f o r  s a l a d  v e g e t a b l e s .  A - Dwarf f r u i t  bear ing  

p l a n t s .  B - Leaf and roo t  v e g e t a b l e s .  

Working models of  both configurations have been built and 

tested in the 1 -G  configuration with orientation of the 

lights, and other components, 90' to the flight orientation as 

the instruments would be mounted in a Shuttle locker. These 

configurations thus form a baseline and starting point for an 

effort aimed at flight development and testing of small growth 

systems. 

Test Bed Configuration 

Thus far two different plant growth chamber designs have 

flown on Shuttle. These instruments were essentially single 
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p u r p o s e ,  b u i l t  t o  t e s t  s p e c i f i c  h y p o t h e s e s  i n  g r a v i t a t i o n a l  

b i o l o g y .  P u b l i s h e d  r e s u l t s  f r o m  t h e s e  e x p e r i m e n t s  show i n  

a g r e e m e n t  w i t h  a  number  o f  r e p o r t s  f r o m  t h e  S o v i e t  e x p e r i -  

m e n t s ,  t h a t  r o o t  g r o w t h  h a d  b e e n  a f f e c t e d  i n  ways  t h a t  were 

v i s i b l e  a t  t h e  m i c r o s c o p i c  l e v e l  ( C o w l e s  -- e t  a l . ,  1 9 8 2 ,  1 9 8 4 ;  

K r i k o r i a n  and  O°Connor, 1 9 8 2 ,  1 9 8 4 ;  S l o c u m  -- e t  a l . ,  1 9 8 2 ,  

1984) .  T h i s  p r o v i d e s  some c i r c u m s t a n t i a l  e v i d e n c e  t o  s u p p o r t  

t h e  i n t u i t i v e  e x p e c t a t i o n s  -- w h i c h  a r e  b a s e d  o n  a m p l e  e x p e r i -  

m e n t a l  e v i d e n c e  a t  one-G ( G a t e s ,  1 9 7 5 )  -- t h a t  a b s e n c e  o f  

g r a v i t y - d r i v e n  c o n v e c t i o n  w i l l  h a v e  a  c o n s i d e r a b l e  i m p a c t  upon  

t h e  n o r m a l  g a s  a n d  h e a t  e x c h a n g e  phenomena t h a t  a r e  i m p o r t a n t  

t o  p l a n t  f u n c t i o n s .  

W i t h  t h e  e x p e c t a t i o n  t h a t  a  t h o r o u g h  u n d e r s t a n d i n g  o f  a i r  

and  f l u i d  movement phenomena i n  lower-G w i l l  b e  i m p o r t a n t  t o  

e f f e c t i v e  d e s i g n  o f  a d v a n c e d  p l a n t  c u l t u r e  s y s t e m s ,  a n  e f f o r t  

w a s  b e g u n  t o  d e v e l o p  a t e s t  b e d  s y s t e m  i n  w h i c h  s u c h  p h e n o m e n a  

c o u l d  b e  s t u d i e d .  One o f  t h e  i n s t r u m e n t s  r e f e r r e d  t o  a b o v e ,  

t h e  PGU, w h i c h  was u s e d  i n  p l a n t  g r o w t h  e x p e r i m e n t s  o n  t h e  

STS-3 f l i g h t  a n d  was s c h e d u l e d  a g a i n  i n  s l i g h t l y  m o d i f i e d  f o r m  

on SL-2, was e v a l u a t e d  f i r s t  f o r  i t s  p o t e n t i a l  u s e  i n  s u p p o r t -  

i n g  s u c h  e x p e r i m e n t s .  

The PGU was  o r i g i n a l l y  d e s i g n e d  f o r  s i m p l e  c o n t a i n m e n t  o f  

a  l a r g e  number  o f  s m a l l  g r o w i n g  p l a n t s  w i t h  o n l y  a  m i n o r  

amount  o f  m o n i t o r i n g  o r  m a n i p u l a t i o n  d u r i n g  f l i g h f .  The r e -  

q u i r e m e n t s  o f  a n  e n g i n e e r i n g  d a t a  a c q u i s i t i o n  e f f o r t  a r e ,  on  



the other hand, for con'tainmenk.of one to a few highly instru- 
J 

mented plants. The firoblem is 'th'us to replace much of the 

growth space to contain instrumentation for monitoring plant 

response. Figure 5 shows-the original PGU flight package. . --  . i 
t 

Figure 6 shows an analysis of the availability of space for ~ 
! 

components of the expected experimental systems. The space 

available without major modification is the cavity occupied by 

the six PGCs (plant growth chambers). If only one or two of 

the PGCs are needed for containment of experimental organisms, 

then the remainder of the space is available for mounting of 

monitoring or experiment control instrumentation. There are a 

number of experimental operations involving primarily aspects 

of biochemistry or tropistic behavior which can be accommo- 

dated in the PGU under these conditions. Except for prelimi- 

nary experiments on monitoring, it is of somewhat limited use 

in physical testing, particularly of the sort that employs 

optical measurements. Because it is difficult to modify for 

highly instrumented experiments that would require extensive 

rearrangement of the interior, the needs of a much broader 

range of tests can be better served by a more open structure. 

Other deficiencies of the PGU are in the absence of tempera- 

ture control below ambient and in the control over quality and .. 
quantity of light. 

The PGU, either in its present or derivative forms, has 

one other major deficiency: it is too complex and expensive 

to build for the number of units which are needed for routine 

experiment development. A basic need of nearly all flight 

1 4 4  

- - - 
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Figure 5. The Plant G t o w t ~  unit (PGU) of the STS-3 and SL-2 

Lignification Experiments. Dimensions - 56 x 36 x 27 cm and 
. , 

sized to fit a standard middeck locker space. Weight as used 

on STS-3, approximately 24 Kg. Average Power as used on STS- 
. -  . 

3, 52 W at 28 Vdc. Power interface by single power cable to 

an outlet in the ceiling of the shuttle middeck. Source: 

V.S. Clifton, 1982. ~ p a e e l a b  ~ i s s i o n  2 Experiment 

~escri~tions-second Edition. NASA Tw-82477. NASA George C. 

Marshall Spaceflight Center. 

- 1 

e x p e r i m e n t e r s  i s  f o r  a n  e a s i l y  o b t s i n a b l e ,  i n e x p e n s i v e ,  a n d  

w e l l - s t a n d a r d i z e d  e x p e r i m e n t  c o n t a i n e r  w h i c h  c a n  b e  u s e d  i n  

t h e  l a b o r a t o r y  f o r  e x p e r i m e n t  d e v e l o p m e n t  and  t h e n  i n t e g r a t e d  

i n t o  a  f l i g h t  p r o g r a m  w i t h  m i n i m a l  e f f o r t .  

The  d e s i g n  shown  i n  F i g u r e  7 i s  a f i r s t  a t t e m p t  a t  m e e t -  
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F i g u r e  6. Blow-up a n a l y s i s  o f  s p a c e  a v a i l a b l e  f o r  u s e  i n  t h e  

PGU. Drawing i s  n o t  t o  s c a l e .  

i n g  a s e t  o f  r e q u i r e m e n t s  common  t o  b o t h  o u r  own s p e c i f i c  l i n e  

o f  e x p e r i m e n t a t i o n  a n d  t h e  g e n e r a l  r u n  o f  b a s i c  s c i e n c e  f l i g h t  

e x p e r i m e n t a t i o n  w i t h  s m a l l  p l a n t s .  Our  own e x p e r i m e n t s  r e -  

q u i r e  a  f l e x i b l y  o p e n  a p a c e  i n  w h i c h  t o  m o u n t  a  v a r i e t y  o f  

t e s t  f i x t u r e s .  The  s y s t e m  u s e d  i n  d e v e l o p m e n t  a n d  e x e r c i s i n g  

o f  t h e  d e s i g n  i s  a  s y s t e m  f o r  o p t i c a l  m o n i t o r i n g  o f  s m a l l  

p l a n t s ,  p l a n t  s u r r o g a t e s ,  g a s  o r  f l u i d  e x p e r i m e n t s  i n  w h i c h  

d i f f e r e n c e s  i n  d e n s i t y  o c c u r .  T h e  e x p e r i m e n t a l  s u p p o r t  p l a t -  

f o r m  c o n s i s t s  o f  a  m o n o c o q u e  f r a m e  o f  a l u m i n u m  s h e e t  a n d  

h o n e y c o m b  p l a s t i c  b u i l t  t o  t h e  d i m e n s i o n s  o f  a  f u l l  l o c k e r  

t r a y  a n d  t h u s  c a p a b l e  o f  b e i n g  i n s e r t e d  i n t o  a  s t a n d a r d  l o c k -  

e r .  S i d e  m e m b e r s  o f  s h e e t  a l u m i n u m  f o r m e d  i n t o  t u b e s  s e r v e  a s  

a i r  c h a n n e l s  f o r  c o o l i n g  o f  t h e  i n t e r i o r .  I n l e t  a n d  e x h a u s t  

s c r e e n s  a r e  m o u n t e d  i n  t h e  m o d i f i e d  l o c k e r  d o o r .  The  e n d  c a p s  



Figure 7. Plant experiment platform designed to support 

engineering data acquisition on the interaction of plants with 

the zero-g environment- The optical system is based upon a 

design by W. M. Poteet of System Specialists, Tucson, 

Arizona- 



of aluminum covered lexan honeycomb provide additional rigi- 

dity. The side frame and the end caps are mounted with a 

regular array of channels or brackets which serve as attach- 

ment points for a variety of instruments. The version shown 

mounts an optical bench configured for color Schlieren optical 

monitoring of air movements around small plants mounted in a 

small wind tunnel instrumented for control of air velocity, 
- .  

temperature, humidity and atmosph'eric gas composition. The 

optical system was designed by W. M. Poteet of System 

Specialists, Tucson, Arizona. Continued development is aimed 
. . .  L I 

at the incorporation of microprocessor control of experiment 
<. 

functions and data acquisition. 

Parts of the work reported here were supported by NASA 

contracts NAS9-16671 and NAS9-17253 and by an award from the 
.. 4 .  

NASA Small Business Innovation Research Program, NAS-17291. 
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Electrochemical Control of pH in a Hydroponic 
Nutrient Solution 

Steven H. Schwartzkopf 
Complex Systems Research Center 
University of New Hampshire 

Durham, N.H. 03824 

ABSTRACT 

The pH of hydroponic nutrient solution is usually controlled by 
addition of dilute acid or base solutions. In a CELSS, this 
sort of control would eventually produce an accumulation of the 
elements composing the acid and base. This paper describes the 
utilization of an electrochemical cell for pH control, and 
discusses its effects on hydroponically grown lettuce. 

INTRODUCTION 

In a functional CELSS system, a large number of 

environmental variables will require careful monitoring and 

control. One environmental variable of major importance for 

the higher plants will be the pH of the hydroponic nutrient 

solution. During the growth cycle of higher plants, individual 

nutrient elements are taken up in different amounts, and at 

varying rates. As a result, the pH of the nutrient solution 

changes. Additionally, plants release a variety of organic 

compounds into the nutrient solution, and these compounds also 

change the pH of the solution. Consequently, the pH of the 

nutrient solution shifts with the changes produced by the 

uptake/release of substances in the nutrient solution. 
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Nut r i en t  s o l u t i o n  pH i s  u s u a l l y  c o n t r o l l e d  by adding 

e i t h e r  d i l u t e  acid o r  base t o  maintain t h e  d e s i r e d  va lue .  

There are two problems wi th  t h i s  technique i n  a CELSS, however. 

F i r s t ,  t h e  u s e  of acid and base f o r  pH c o n t r o l  adds the 

chemical e lements  of t h o s e  compounds t o  t h e  n u t r i e n t  s o l u t i o n ,  

and e v e n t u a l l y  may produce an accumulation of those  elements.  

The e f f e c t s  of t h i s  accumulation have not  been determined 

exper imenta l ly  f o r  h igher  p l a n t s ,  but  i n  bacterial chemostats,  

such accumulations can r e t a r d  t h e  growth of t h e  c u l t u r e d  c e l l s  

(1). Secondly, t h e  use  of d i l u t e  a c i d i c  o r  basic s o l u t i o n s  

r e q u i r e s  t h a t  s u i t a b l e  concent ra tes  be carried along with t h e  

CELSS u n i t  i n  o rde r  t o  mix the requi red  s o l u t i o n s .  ~ h e s e  

concen t ra te s  could  add s i g n i f i c a n t l y  t o  the  amount of mass 

requ i red  t o  assemble a f u n c t i o n a l  CELSS. 

An a l t e r n a t i v e  method of pH c o n t r o l ,  t h e  use of an 

e l ec t rochemica l  c e l l ,  circumvents both of t h e s e  problems. The . 

use  of an e l c t rochemica l  method of pH c o n t r o l  p resen t s  a 

p o s s i b l e  problem, however, i n  t h a t  t h e  compounds i n  t h e  

n u t r i e n t  s o l u t i o n  c o u l d . p o t e n t i a l l y  be a f f e c t e d  by t h e  flow of 

e l e c t r o n s .  The focus  of t h i s  paper i s  t o  describe an 

experiment i n  which convent ional  chemica-1 pH c o n t r o l  was 

compared wi th  e lec t rochemical  pH c o n t r o l ,  wi th  regard  t o  both 

t h e  e f f i c i e n c y  of the e lec t rochemical  system and t o  any e f f e c t s  

it might have on t h e  growth of h i g e r  p l a n t s .  



MATERIALS AND METHODS 

Seedlings were prepared for the experiment by germinating 

Lettuce (Lactuca sativa, cv. Grand Rapids) seeds between 

sheets of filter paper suspended over standard ASHS nutrient 

solution (2). Opaque plastic covers were placed over the seeds 
. . 

to maintain humidity and enhance hypocotyl elongation. The 

covers were removed 4 days after sowing, and 3.days later the 

, seedlings were transfered to an NFT nutriculture system located 

inside a controlled environment room. Each seedling was held 

in the nutriculture system in a polyurethane foam plug, treated .. . 

to prevent toxicity to the seedlings 3 Two identical 

nutriculture systems were used, each consisting of a 120 1 

nutrient reservoir, a magnetically coupled pump to circulate 

t3e solution, a supply manifold of PVC pipe, 4'troughs (1.5 m 

long by 12.7 cm wide) made of PVC vinyl gutter, and a drain 

manifold of PVC which returned the nutrient - solution to the 

reservoir. The troughs for the control and experimental groups 

were arranged in alternating order across the width of the 

environment room to minimize the effects of any environmental 

gradients on the experiment. Trough covers were made from 3mm 

thick PVC vinyl sheet, cut to cover each trough completely. 

Each cover was drilled with 31 holes (1.6 cm diameter) on 3.8 

Cm centers through which the polyurethane plugs holding the 

seedlings were inserted. For each experiment, 100 1 of 

modified Hoaglands solution (2) was used in each resevoir. 

Nutrient solution was maintained at a constant volume in both 

reservoirs during the experiment by a level-contro3ing float 
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r e l a y  connected t o  a pump and a make-up resevo i r  f i l l ed  wi th  

de ionized  water. Water use  was monitored by r e c o r d i n g - t h e  

amounts of make-up water added. 

Environment room a i r  temperature was c o n t r o l l e d  a t  25/20° c 

D/N. R e l a t i v e  humidity was maintained a t  70%. C02 

concen t ra t ion  was monitored and c o n t r o l l e d  a t  1200 ppm. PAR 

was supp l i ed  by f o u r  400 W metal h a l i d e  H I D  and two 400 W h igh  

p r e s s u r e  sodium lamps, producing an average t o t a l  i r r a d i a n c e  of 

550 jrrno1/m2/8. Photoperiod was 16h18h D/N. 

The pH c o n t r o l  system was i d e n t i c a l  f o r  both  n u t r i e n t  

s o l u t i o n s ,  and cons i s t ed  of a pH e l e c t r o d e ,  a pH c o n t r o l l e r  

wi th  h igh  and low l i m i t  switches (Chemtrix 4581, and t h e  pH 

c o n t r o l l i n g  hardware. I n  t h e  c o n t r o l  r e s e r v o i r ,  t h e  hardware 

c o n s i s t e d  of two p e r i s t a l t i c  pumps, one connected t o  a 

r e s e r v o i r  of 0.1N HC1, and t h e  o the r  connected t o  a r e s e r v o i r  

of 0.1N KOH. I n  t h e  experimental  r e s e r v o i r ,  t h e  pH c o n t r o l  

system c o n s i s t e d  of two platinum wires ,  one placed d i r e c t l y  i n  

t h e  n u t r i e n t  s o l u t i o n ,  and t h e  o t h e r  placed i n  an agar  br idge  

p a r t i a l l y  submerged i n  t h e  s o l u t i o n .  The two wires were 

connected t o  a DC power supply (1). 

I n  t h e  convent ional  pH c o n t r o l  system, t h e  pH c o n t r o l l e r  

a p p l i e d  power t o  t h e  a c i d  o r  base pumps t o  add t h e  r equ i red  

chemical.  I n  t h e  e lec t rochemical  r e s e r v o i r ,  t h e  pH c o n t r o l l e r  

added "ac id"  o r  "base" by t u r n i n g  on one of a p a i r  of r e l a y s  

which determined t h e  p o l a r i t y  of t h e  e l e c t r o d e s  and app l i ed  a 

v o l t a g e  a c r o s s  them. The r e l a y s  appl ied  a vo l t age  of e i t h e r  
L 

+45 V DC o r  -45 V DC a c r o s s  t h e  platinum e l e c t r o d e  w i r e s ,  



depending on whether the pH was t o o  high o r  t o o  low. 

P l a n t s  were harves ted  a t  14, 21 and 28 days of age. For 

the f i r s t  two h a r v e s t s  every o the r  p l a n t  from each t rough was 

removed, t h u s  th inn ing  the p l a n t s  a s  we l l  as providing data on 

growth. For t he  t h i rd  and f i n a l  h a r v e s t ,  a l l  t h e  remaining 

p l a n t s  i n  each t rough were removed. Fresh weights were 

determined, t h e  p l a n t s  d r i e d  t o  cons tant  weight a t  BOOC,  and 

t h e  d r y  weights measured. 

RESULTS 

Figure 1 i l l u s t r a t e s  t h e  record  of n u t r i e n t  s o l u t i o n  pH 

f o r  t h e  two n u t r i e n t  reserv.oirs .  A s  can .be  seen from t h i s  

f i g u r e ,  t h e  e lec t rochemical  cell  l o s t  some c o n t r o l  c a p a b i l i t y  

near  t h e  end of t h e  experiment. 

8 - 

7 - 
I 
a 

6 

5 7  1 1 
I d 

0 5 10 15 20 25 

TIME (days) 

Figure 1. Nutr ien t  s o l u t i o n  pH versus  time f o r  cont'rol (C) 
and e lec t rochemical ly-cont ro l led  (E) r e s e r v o i r s .  
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Table 1 p r e s e n t s  biomass data c o l l e c t e d  from t h e  l e t t u c e  

p l a n t s  ha rves ted  from *he c o n t r o l  and experimental  t rea tments .  

These data i n d i c a t e  t h a t  both  t h e  c o n t r o l  and experimental  

t r ea tmen t s  produced t h e  same r e s u l t s  with regard  t o  p l a n t  

growth. 

. . . .> .a - 
Table 1. Average s i z e s  of harves ted  p l a n t s  f o r  c o n t r o l  and 

e lec t rochemical ly-cont ro l led  (experimental)  groups. 

Harvest Fresh  Weight(gm) Dry Weight(gm) 
Age .(.Days) Contro l  - Experimental Control  Experimental 

DISCUSSION 

The most s e r i o u s  problems encountered w i t h  t h e  

e l ec t rochemica l  pH c o n t r o l  method seem t o  be related t o  t h e  

des ign  of the agar  br idge .  This  br idge  design worked w e l l  a t  

low c u r r e n t  d e n s i t i e s ,  but near  the end of t h e  experiment did .,. 
no t  opera te  a t  s u f f i c i e n t l y  high cur ren t  flow t o  c o r r e c t  t h e  

pH, and consequent ly t h e  n u t r i e n t  s o l u t i o n  pH tended t o  d r i f t  
. ,  :- 

out  of bounds. Add i t iona l ly ,  t he  l i m i t e d  volume of e l e c t r o l y t e  

i n  t h e  c e l l  (approximately 200 m l )  r equi red  replacement every 

24 hours  i n  o rde r  t o  maintain a s u f f i c i e n t  pool of e l e c t r o l y t e s  

f o r  pH c o n t r o l .  



Despite these difficulties, the electrochemical control 

method worked well, '.and there were no detectable differences 

between the lettuce plants grown in the electrochemical system 

and the conventional control system. Apparently, there was no 

accumulation of toxic or inhibitory compounds in the 

electrochemically controlled nutrient solution. This finding 

provides support for the idea of using electrochemical pH 

control for CELSS applications. 

, . 
Prom the pH record in Figure 1, however, it seems - ,  - -  

advisable to develop a new electrode design for long term use. 

This development is currently in progress. 

CONCLUSION 

The electrochemical pH control system described here was 

found to provide a feasible alternative method of controlling 

nutrient solution pH for CELSS applications. The plants grown 

in nutrient splution in which the pH was controlled 

electrochemically showed, no adverse effects. Further research 

into the design of a larger capacity electrode bridge for 
, * 

better control is indicated by the results of this experiment, 

and is currently under way. 



- -pH 

LITERATURE CITED 

1. Thompson, B.G. and D. F. Gerson. 1985. Electrochemical 
pH Control of Saccharomvces cerevisiae Batch Cultures. 
Biotech. and Bioeng. 27:214. 

2. Hammer, P.A., T.W. Tibbitts, R.W. Langhans and J.C. 
McFarlane. 1978.. Base-line Growth Studies of "Grand Rapids" 
Lettuce in Controlled Environments. J. Amer. Soc. Hort. 
Sci. 103 : 649. 

3 Wheeler, R.M., S.H. Schwartzkopf, T.W. Tibbitts and R.W. 
Langhans. 1985. Elimination of Toxicity from Polyurethane 
Plugs used for Plant Culture. HortSci. 20(3):448. 



AN ENGINEERING ANALYSIS OF A CLOSED CYCLE 
PLANT GROWTH MODULE 

George H. Stickford, Jr. 
Frank E. Jakob 

D. Karl Landstrom 

BATTELLE 
Columbus Laboratories 

505 King Avenue 
Columbus, Ohio 43201 

ABSTRACT 

The SOLGEM model has been applied to calculate the per- 

formance of a plant growth module similar to the module under 

study at NASA Ames. The plant growth module is a ground- 
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An engineering computer model has been developed at 

Battelle to simulate the performance of a controlled environ- 

ment agriculture system. This computer model, called SOLGEM, 

was developed to provide a dynamic performance simulation 

of an enclosed growing system in which the ventilating and 

air conditioning power required to maintain ideal growing 

conditions was provided entirely by solar energy. The model 

is made up of 1 1  primary subroutines which simulate the per- 

formance of the major components of the system, including 

a plant growth and evapotranspiration model, ventilation 

and flow model, evaporative cooling and solar-driven absorp- 

tion cooling, and photovoltaic power generation. 



based plant growth research facility, intended for the study 

of bioregenerative life support theories. 

This report presents the results of a performance analysis 

o'f the plant growth module. The estimated energy requirements 

of the module components and the total energy are given. 

The water- balance and estimated plant evaporation are presented. 

An analysis of the effect of design alternatives of component 

sizing and energy use is discussed. 

INTRODUCTION 

.- The SOLGEM model is a numerical engineering model which 

solves the flow and energy balance equations for the air 

flowing through a growing environment, assuming quasi-steady 

state conditions within the system. SOLGEM provides a dynamic 

simulation of the controlled environment system in that the 

temperature and flow conditions of the growing environment 

are estimated on an hourly basis in response to the weather 

data and the plant growth parameters. The flow energy balance 

Considers the incident solar flux; incoming air temperature, 

humidity, and flow rate; heat exchange with the roof and 

floor; and heat and moisture-exchange with the plants. 

A plant transpiration subroutine has been developed 



to simulate the heat and moisture transfer between the plants 

and the air. This routine provides a realistic model of 

transpiration and leaf temperature in terms of incident 

solar flux, air temperature, air-flow velocity,.roof and 

floor temperature, andl humidity. Important plant character- 

istics such as stomata1 opening, convective and radiative 

heat exchange, and canopy development are all included in , 

the model. . .. 

The purpose of the SOLGEM dynamic simulation model 

is to provide an engineering estimate of the performance 

of a controlled-environment growing system. The required 

input to the model is a complete physical description of 

the system, i.e., size of all components, performance character- 

istics of the energy subsystems, and the weather data. 

For a given system design and a specific location, the hourly 

air temperature, humidity, and solar intensity experienced 

by the plants are determined.. Thep results indicate whether 

or not the growing enviromnent maintained by the system 

was satisfactory for optimum plant growth. 

The simulation model also determines the quantities of mass 

and energy flowing between components. The sizing of compo,nents 

can be accomplished by monitoring the component output and . 

noting excesses or deficiencies. In most cases, the perfor- 

mance of the overall system will be affected by varying 



the size until the desired system performance is achieved. 

The model can also be used to conduct parameter sensi- 

tivity studies. By varying the value of a specific input 

and repeating the simulation run with all other parameters 

fixed, it is possible to determine the sensitivity of the 

system performance to changes in this parameter. Sensitivity 

studies can be used to determine the most important design 

variables, and to indicate the benefits possible by making 

changes in system design. 
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APPROACH TO ANALYSIS OF PLANT GROWTH MODULE 

Plant Growth Module 

The SOLGEM model has been used to conduct an engineering 

analysis of a simplified version of a plant growth module. 

A sketch of the module is presented in Figure 1. The module 

simulated consisted of a growing space 1m wide, 1m tall, 

and 5m long. A bank of grow lights provided radiation. 

The air was circulated by a single fan which passed air 

over a cooling coil before cycling it back to the growing 

space. The cooling coil removed the thermal energy added 

by the grow lights, and condensed and removed the moisture 

transpired by the plants. 

Modeling Plant Heat Transfer 

In an enclosed growing environment the plants are a 

major factor in determining the energy balance of the system. 

The plants absorb the incident radiant energy and convert 

it to thermal energy, and to latent heat in the form of 

water vapor. ( A  small percentage of the energy is converted 

to chemical energy by the plants. This energy is negligibly 

small and consequently has not been included in the analysis.) 



FIGURE 1. SKETCH OF PLANT GROWTH MODULE 



The transpiration and leaf temperature model of Gates 1,2 

was used to calculate the energy balance of the plants. 

The Gates model considers three energy transfer mechanisms: 

o Convection 

o Radiation 

o Transpiration 

The convection of energy between the leaf and the air 

stream is governed by the temperature difference between 

the leaf and the air, and by the air flow velocity. The 

convection coefficients depend on the leaf geometry and 

are given by Gates. 

The radiative exchange between the leaf and its surround- 

ing is determined by considering five radiation sources as 

shown in Figure 2. The primary radiant energy input is 

QSOL, which in this case is the radiation supplied by the 

grow lights. Radiative exchange with the roof and the floor 

is included, as is the reflected radiation from the floor. 

Radiation from surrounding leaves is also considered in 

the energy balance. 

Transpiration by the leaves is actually a mass transfer 

mechanism and is a significant term in the plant energy 

balance. The amount of energy that is absorbed by trans- 

piration can range from 1/3  to 1/2 of the incoming radiation. 

The Gates transpiration model depends on leaf temperature, 
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FIGURE 2. R A D I A T I V E  HEAT TRANSFER TERMS 
INCLUDED I N  THE LEAF ENERGY BALANCE 
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air temperature and humidity, air flow velocity, and a leaf 

stomatal resistance term. 

The stomatal resistance is an attempt to simulate the 

opening and closing of the plant stomate, shown in Figure 3. 

The stornatal resistance was selected so the predicted water 

transpiration rate of a mature plant canopy matched the 

known performance of a greenhouse. The nighttime stornatal 

resistance of 500 sec/cm was recommended which virtually 

eliminated transpiration at night. The daytime value of 

5 sec/cm was found to result in a transpiration rate sufficient 

to absorb 1/2 of the incoming solar radiation by a mature 

plant canopy during full sun conditions. 

Description of Component Models 

Cooling Coil. The cooling coil consists of a liquid- 

to-air heat exchanger using chilled water as the liquid 

cooling medium. The amount of air passing through the heat 

exchanger was varied by bypassing a portion of the recircula- 

tion air around the heat exchanger. The two air streams 

were then mixed together before reentering the growing zone. 

This simple system is capable of providing dehumidifica- 

tion and removal of thermal energy in one process. By vary- 

ing the chilled water temperature and the fraction of the 

recirculation air that is bypassed, it is possible to achieve 
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desirable levels of temperature and humidity in the growing 

zone for all realistic conditions of radiation input and 

plant transpiration. A detailed discussion of this process 

follows in a later section. 

Grow Lights. The grow lights provide radiant energy 

input to the plant canopy. In addition to triggering the 

growth process, which is not included in the SOLGEM model, 

the radiant energy affects the leaf temperature and the 

amount of water vapor transpired by the plants. 

For the purposes of this simulation, th,e 'gcow lights 
8 i l t l ,  

were assumed to be 80% efficient, meaning that 80% of the 

energy input to the grow lights was emitted as radiation, ". . > 

and 20% was given off as thermal energy. Th6 radiant energy 

was transmitted to the- plants, then to the air b; convection 

and transpiration.   he thermal energy was transmitted directly 

to the air by convection from the lights. 

Circulation Fan. The electric energy supplied to a 

fan motor is transfered to the air stream in three distinct 

forms: kinetic, potential, and thermal. Kinetic energy 

is imparted to the air by the fan blades creating a moving 

air stream. Potential energy is imparted to the air by 

the fan blades in the form of the pressure rise across the 

fan. Thermal energy is imparted to the air stream in several 



ways. Viscous frictional heating of the air stream occurs 

because of the interactions between the air and the fan 

surfaces. Conduction to the air stream of the thermal energy 

generated by mechanical friction and electrical resistance 

also occurs. 

For a particular air flow rate, the kinetic energy 

is proportional to the velocity squared. The air velocity 

through the fan can be reduced significantly by using larger 

diameter fans. The required flow rate and pressure rise 

can be achieved by selecting the appropriate fan speed. 
. , 

Thus by using large-diameter, variable-speed fans the kinetic 

energy can be minimized. 

Potential energy considerations lead to the need to 

minimize the product of flow rate and pressure rise. The 

flow rate requirements are fixed by the thermal energy input . 
of the grow lights. However, the pressure rise is a function 

of the system design. Thus a low pressure rise system is 

desirable. 

The temperature rise of the air through the fan system 
I 

results from frictional effects and inefficient hardware. 

Thus fans and motors having the highest efficiency should 

be selected for the plant growth module. 



Given a particular plant growth module design(i.e., 

the pressure drop is a function of the air flow rate), the 

fan energy must be minimized by minimizing the air flow 

requirements, and by choosing the appropriate number and 

size of fans. 

Temperature and Humidity Control Strategy 

The air passing through the growing zone absorbs the 

heat generated by the grow lights and increases in tempera- 

ture. The air also absorbs the moisture transpired by the 

plants. All the thermal energy and moisture absorbed by 

the air must be removed as the air passes through the recir- 

culation ducts. 

Air Flow Velocity. The air flow velocity can be increased 

by increasing the recirculation fan speed. As the air flow 

velocity increases the temperature rise across the growing 

zone decreases. Thus the air flow velocity can be used 

to control the allowable temperature variation across the 

growing zone. 

Chiller Control. Two chiller control variables are 

required in order to condition the recirculation air. By 

varying the chilled water temperature and the fraction of 

air bypassing the chiller, the temperature and humidity 
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o f  t h e  r e c i r c u l a t i o n  a i r  c a n  be  c o n ' t r o l l e d .  L o w e r i n g  t h e  

c h i l l e d  water t e m p e r a t u r e  a n d  i n c r e a s i n g  t h e  b y p a s s  i n c r e a s e s  - 

t h e  amount  o f  water removed r e l a t i v e  t o  t h e  amount  o f  s e n s i b l e  

h e a t .  R a i s i n g  't'he c h i l l e d  water t e i n p e r a t u r e  w h i l e  r e d u c i n g  

t h e  b y p a s s  w i l l  r e s ' u l t  i n  more  s e n s X b l e  h e a t  r e d u c t i o n  a n d  

less water removed .  ' 

." 



RESULTS OF ANALYSIS 

An analysis of the plant growth module was conducted 

2 for an illumination level of 1000pmol/sec/m . The tempera- 

ture of the air exiting the growth zone was fixed between 

25 C and 26 C. The relative humidity was held between 60 

and 70 percent. 

The air temperature rise through the 5 m plant growth module 

is shown in Figure 4. For the mature plants, the temperature 

3 rise is less than 1 C at an air flow rate of 60 m /min. 

This is equivalent to 1 m/sec flow velocity. 

For seedlings the amount of water transpired is signif- 

icantly less. Thus the temperature rise at a given air 

flow rate is greater than for mature plants. 

Figure 5 presents the average leaf temperature as a function 

of air flow rate. The average leaf temperature appears 

to be slightly less sensitive to air flow rate than the 

air temperature. Thus increasing the air flow velocity 

is not as beneficial to reducing plant temperatures as would 

be indicated by calculating air temperature only. 

The effect of cooling water temperature on the humidity 
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level in the growing zone is presented in Figures 6 and 7. 

For practical levels of the latent heat ratio(the ratio 

of energy absorbed by transpiration to the total energy 

absorbed by the air stream), it is possible to achieve humidities 

down to 65 percent with a cooling coil. At lower transpiration 

rates characteristic of young plants, the humidity could 

be controlled with water1 near room temperature. 

Figure 7 shows the effect of air temperature on cooling 

water temperature. For higher air~temperatures in the grow- 

ing zone, the allowable cooling water temperature is higher. 

Higher cooling water temperatures result in lower energy 

requirements for humidity control. 

Energy Requirements. The energy requirements for the 

plant growth module are given in Table 1. Shown are the 
> 

estimates for a 5 m and a 30 m module. Lighting is the 

major energy user, although the energy required for cooling 

is significant. The fan energy is relatively small for 

the 5 m module, but becomes sizable when scaled up to 30 m. 

The 30 m module is assumed to have the same cross section 

area in the air return ducts as the 5 m module and the same 

air flow velocity. The fan energy could be reduced by 2 or 3 

by enlarging the air return ducts and cooling coil. 

Water Usage. The total water transpired by the plant 
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Table 1. Plant Growth Module Energy Requirements. 

Total Lighting Cooling Fan 
Power, kw % % % 

5 meter 2.5 69 27 4 

30 meter 16.0 65 25  10 

growth module filled with mature plants is estimated to 

be approximately 850 gm/hr. This level of transpiration, 

coupled with the light energy input, results in a latent 

heat ratio of 1 / 3 .  



C O N C L U S I O N S  

The temperature and humidity of a closed-cycle plant 

growth module can be controlled with a circulating fan and 

a chilled water cooling coil. The fan speed controls the 

temperature rise of the air passing through the growing 

zone. The amount of thermal energy removed from the recir- 

culating air can be controlled by the fraction of air passing 

through the cooling coil, the remainder being bypassed. 

The temperature of the circulating water controls the amount 

of moisture removed, thus controlling the humidity level 

in the growth zone. 

Minimizing the energy requirements of the plant growth 

module will require minimizing the air flow rate, and reducing 

the pressure drop through the recirculation ducts. It will 

also require operating the cooling coil in the most energy 

efficient mode. If the chilled water is generated by a 

heat pump, the higher the chilled water temperature, the 

more efficiently the heat pump will operate. Thus it will 

be most efficient to operate the plant growth module at 

the highest acceptable temperature and humidity. 
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f o r  I O C  V i v a r i u m  E x p e r i m e n t s  
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A b s t r a c t  

The a n i m a l  a n d  p l a n t  e x p e r i m e n t s  f o r  t h e  J a p a n e s e  l i f e  

s c i e n c e  m i s s i o n  a t  t h e  i n i t i a l  o p e r a t i o n a l  c a p a b i l i t y  o f  

s p a c e  s t a t i o n  a n d  t h e  a s s o c i a t e d  g a s  a n d  w a t e r  r e c y c l i n g  

u n i t s  f o r  s u p p o r t i n g  t h e s e  e x p e r i m e n t s  w e r e  i n v e s t i g a t e d .  

B a s e d  o n  t h e s e  i n v e s t i g a t i o n s ,  p r e l i m i n a r y  d e s i g n  was  

c o n d u c t e d .  The i n t e r f a c e s  b e t w e e n  a n i m a l  e x p e r i m e n t  

f a c i l i t y ,  l a r g e  s c a l e  p h y t o t r o n  a n d  t h e s e  u n i t s  a n d  t h e  

s c a l e  o f  t h e s e  u n i t s  s u c h  a s  e s t i m a t e d  power  r e q u i r e m e n t s ,  

c a p a c i t y  a n d  s o  on  a r e  d e s c r i b e d .  

1 .  J a p a n e s e  l i f e  s c i e n c e  m i s s i o n s  

Many l i f e  s c i e n c e  e x p e r i m e n t s  a r e  p r o p o s e d  b y  J a p a n e s e  

r e s e a r c h e r s  t o  b e  c o n d u c t e d  i n  t h e  J a p a n e s e  e x p e r i m e n t  

m o d u l e  (JEM) w h i c h  w i l l  b e  a t t a c h e d  t o  t h e  s p a c e  s t a t i o n  

common m o d u l e .  T h e s e  e x p e r i m e n t s  a r e  c l a s s i f i e d  i n t o  

t h r e e  t i m e  p h a s e d  m i s s i o n s  s u c h  a s  t h e  I O C  p h a s e ,  mid  

p h a s e  a n d  g r o w t h  p h a s e .  I n  t h e  I O C  p h a s e  28  e x p e r i m e n t s  

( 1 ) , ( 2 )  a r e  p r o p o s e d  s o  f a r  a n d  t h e y  a r e  a l s o  c l a s s i f i e d  
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i n t o  f o u r  f i e l d s  s u c h  a s  b i o l o g y ,  s p a c e  m e d i c i n e ,  CELSS 

a n d  b i o t e c h n o l o g y .  The g a s  a n d  w a t e r  r e c y c l i n g  u n i t s  a r e  

u s e d  t o  s u p p o r t  b i o l o g y ,  CELSS a n d  m e d i c i n e  e x p e r i m e n t s  

w h i c h  u s e  s m a l l  a n i m a l s ,  p l a n t s  a n d  a l g a e  i n  t h e  I O C  

p h a s e .  T a b l e  1 s h o w s  t h e  m i s s i o n s  p r o p o s e d  i n  J a p a n .  

M a i n  e x p e r i m e n t  i t e m s  u s i n g  s m a l l  a n i m a l s  a r e  a s  f o l l o w s .  

. M e c h a n i s m  o f  s p a c e  m o t i o n  s i c k n e s s  a n d  i t s  c o u n t e r -  

m e a s u r e .  

. M u s c u l o s k e l e t a l  d e g r a d a t i o n  m e c h a n i s m  a n d  i t s  

c o u n t e r m e a s u r e .  

. C h a n g e  o f  k i d n e y  f u n c t i o n  a n d  i t s  c o u n t e r m e a s u r e .  

. B l o o d  a n d  i m m u n o l o g i c a l  c h a n g e  a n d  i t s  c o u n t e r -  

m e a s u r e .  

Table 1. Proposed Missions 
7 

Small 
Animal 

Higher 
P l a n t  

Algae 

Spec ies  

R a t ,  Mouse, S q u i r r e l  
Monkey, e t c .  

Le t tuce ,  Spinach,  
Soy bean, P o t a t o ,  
Tomato, e t c .  

S p i r u l i n a  
C h l o r e l l a  

Research F i e l d  
- 

, Medicine/Biology 

Biology/CELSS 

CELSS 



Main  e x p e r i m e n t  i t e m s  u s i n g  p l a n t s  a n d  a l g a e  a r e  a s  

f o l l o w s  . 

. D e v e l o p m e n t ,  m a t u r i t y ,  f l o w e r i n g ,  f r u c t i f i c a t i o n  

a n d  g e o t r o p i s m  o f  p l a n t s .  

. M o r p h o l o g i c a l  a n d  m e t a b o l i c  c h a n g e  o f  a l g a e  a n d  

p l a n t s  n e c e s s a r y  f o r  c o n t r o l l e d  e c o l o g i c a l  l i f e  

s u p p o r t  s y s t e m  (CELSS) .  

. Optimum c u l t i v a t i o n  t e c h n o l o g y  i n  s p a c e  f o r  CELSS. 

2 .  S y s t e m  R e q u i r e m e n t s  

A c c o r d i n g  t o  t h e  c o n c e p t  s t u d y  o f  J a p a n e s e  e x p e r i m e n t  

m o d u l e  s o  f a r ,  a  s i n g l e  r a c k  s p a c e  w i l l  b e  p r o v i d e d  f o r  

t h e  e x p e r i m e n t s  u s i n g  s m a l l  a n i m a l s  a n d  p l a n t s  r e s p e c t i v e -  

l y  a n d  a  h a l f  r a c k  s p a c e  f o r  t h e  e x p e r i m e n t s  o f  a l g a e .  

T h i s  m o d u l e  c o n c e p t  d e s i g n  w i l l  p e r h a p s  b e  c h a n g e d  i n  t h e  

p h a s e  B s t u d y ,  b u t  seems n o t  t o  b e  c h a n g e d  d r a s t i c a l l y .  

T h e r e f o r e ,  t h e  s t u d y  f o r  tha r e q u i r e d  a b i l i t y  of  w a t e r  a n d  

g a s  r e c y c l i n g  u n i t s  d e p e n d s  on  t h e  c o n c e p t  d e s i g n  o f  

J a p a n e s e  m'odule.  I n  a s i n g l e  r a c k  s i x  s q u a r r e l  m o n k e y s  

c a n  b e  b r e d  a n d  45cm x 60cm c u l t i v a t i o n  a r e a  c a n  b e  u s e d  

f o r  p l a n t s  a n d  a l s o  f o r  a  h a l f  r a c k  s p a c e  2 l i t t e r  v o l u m e  

c u l t i v a t i o n  c a n  b e  u s e d  f o r  a l g a e  ( 3 1 ,  ( 4 )  

E s t i m a t e d  a m o u n t s  o f  m e t a b o l i s m  o f  t h e s e  a n i m a l s ,  p l a n t s  



Table 2 .  Metabolism of  Proposed Missions 

7 .  r - 
( u n i t :  Kg) 

Rat S q u a r r e l  P l a n t  ' A l g a e  T o t a l  
2  

( 1 0 )  Monkey ( 6 )  ( 4 5 ~ 6 0 c m  ( 2  l i t .  ) 

1 day . 0.3 0 . 4 8  0 . 2  - 0 . 1  1 . 0 8  
A Water 
u 
-d 
u 9 0  d a y s  ' 27:'O' 4 3 . 2  1 8 . 0  9 . 0  9 7 . 2  
C '  
4 - - w 1  day 0 . 0 9  0 . 1 5  0 . 2 4  

O2 Gas 
0 - 
Y 9 0 d a y s  8 . 1  1 3 . 5  - 2 1 . 6  
a 
u 
C M 1 day  - - - 0 . 1  0 . 1  

C02  g a s  - - 
9 0  d a y s  - - 0 . 6 - 1 . 0  9 . 0  9 . 6 - 1 0 . 0  

C 

1 day 0 . 1 4  - - 
F e c e s  

9 0  d a y s  . 1 2 . 6  - - 
U r i n e /  1 d a y  0 . 1 5  0 . 2 5  - - 0 . 4  
Waste  . *  . 
Water 9 0  d a y s  13 .5  2 2 . 5  3 0 . 0 - 5 0 . 0  2  .O-4 .O 6 8 . 0 - 9 0 . 0  

* Trans -  1 d a y  - ' 0:15' 0 . 2 3  0 . 2  0 . 1  0 . 6 8  

p i r a t i o n  
m 90 d a y s  1 3 . 5  2 0 . 7  1 8 . 0  -. 9 .0  6 1 . 2  
0 
C 
x 1 day  . 0 . 1  . 0 . 1 8  - - u 0 . 2 8  

C02 9 0  d a y s  9 . 0  1 6 . 2  - - 25 .2  
. - 

1 day  - - - 0 . 0 7  0 . 0 7  

O  2  . . 
9 0  d a y s  - - '0 .4 -0 .7  6 . 3  6 . 7 - 7 . 0  

0 



a n d  a l g a e  a r e  shown  i n  T a b l e  2 .  

3 .  C o m p o s i t i o n  a n d  f u n c t i o n  o f  t h e  s y s t e m  

The  s y s t e m  c o n s i s t s  o f  t w o  m a i n  p r o c e s s i n g  u n i t s ,  o n e  o f  

w h i c h  i s  t h e  g a s  r e c y c l i n g  s y s t e m  a n d  t h e  o t h e r  i s  t h e  

w a t e r  r e c y c l i n g  s y s t e m .  The  b l o c k  d i a g r a m  i s  shown  i n  

F i g .  1 .  O n l y  t h e  i n t e r f a c e  b e t w e e n  t h e s e  u n i t s  i s  a w a t e r  

p i p e  l i n e ,  t h r o u g h  w h i c h  c o n d e n s e d  w a t e r  f r o m  t h e  

d e h u m i d i f i e r  o f  t h e  g a s  r e c y c l i n g  u n i t  i s  f e d  t o  t h e  
- 

s t o r a g e  t a n k  i n  t h e  water  r e c y c l i n g  u n i t .  T h e r e f o r e ,  t h e s e  

u n i t s  c a n  b e  o p e r a t e d  - s e p a r a t e l y .  

(1 )  Gas  r e c y c l i n g  s y s t e m  ( 3 )  

The r e q u i r e d  f u n c t i o n  o f - t h e  g a s  r e c y c l i n g  s y s t e m  i s  t o  

t a k e  o f f  C02 g a s  f r o m  ,. t h e  o u t l e t  a i r  o f  t h e  a n i m a l  

v i v a r i u m  a n d  a l s o  t a k e  o f f  0  g a s  f r o m  t h e  o u t l e t  a i r  o f  2 

t h e  p h y t o t r o n  a n d  t h e  a l g a e  c u l t i v a t o r .  

The s e p a r a t e d  C O  g a s  i s  s - t o r e d  i n  t h e  t a n k  t o  s u p p l y  f o r  2 

c o n t r o l l i n g  a i r  c i r c u m s t a n c e s  i n  t h e  p h y t o t r o n  a n d  t h e  

a l g a e  c u l t i v a t o r .    he s e p a r a t e d  O 2  g a s  i s  a l s o  s t o r e d  i n  

a n o t h e r  t a n k  f o r  s u p p l y i n g  t o  t h e  a n i m a l  v i v a r i u m .  

The  f u n c t i o n  d i a g r a m  i s  shown  i n  F i g .  2 .  A s  C02 g a s  i n  

t h e  o u t l e t  a i r  f r o m  t h e  a n i m a l  v i v a r i u m  i s  g r a d u a l l y  

i n c r e a s i n g ,  a  p a r t  o f  t h e  o u t l e t  a i r  i s  d i r e c t l y  r e t u r n e d  

t o  t h e  a n i m a l  v i v a r i u m  a n d  t h e  r e s i d u a l  a i r  i s  l e d  t o  t h e  



WATER RECYCLING UNIT 

r - - - - - -  I 
Activated Storage >I plant/f igael  I Plant/Algael F i l t e r  

Membrane F i l t e r  Charcoal F i l t e r  Tank I Cultivatorel 
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N + O  
2 2 

4 - 

Canisters Dehumidifier 

AC or DC - - - - - - - - . . - -.A 

Condensed Water 

B : Blower 
C : Compressor 
CC : Consistency 

Control ler 
F : Centrifugal  

Machine 
GF : Gas F i l t e r  
P : Pump 

Figure 2 Block Diagram of Gas ~ e c y c l i n g  unit  



Flow Rate ( 100 cc/min. ) 

c a n i s t e r  f i l l e d  w i t h  s o l i d  a m i n e  w h i c h  h a s  t h e  c h a r a c t e r -  

i s t i c s  t o  a b s o r b  a n d  d e s o r b  C O  g a s  a c c o r d i n g  t o  t h e  2 

c h a n g e  o f  t e m p e r a t u r e .  One o f  t h e  t y p i c a l  c h a r a c t e r i s t i c s  

o f  s o l i d  a m i n e  i s  s h o w n  i n  F i g .  3 .  T h e  d i v i d i n g  r a t e  o f  

t h e  o u t l e t  a i r  f l o w  i s  c o n t r o l l e d  b y  t h e  f l o w  c o n t r o l l e r  

a c c o r d i n g  t o  t h e  r e q u i r e d  C 0 2  g a s  c o n t e n t  w h i c h  i s  

p l a n n i n g  t o  s e t  b e l o w  0 . 5 2 .  

T o  o p e r a t e  t h e  p r o c e s s  c o n t i n u o u s l y ,  t w o  c a n i s t e r s  

f i l l e d  w i t h  s o l i d  a m i n e  a r e  p r o v i d e d .  - When o n e  o f  t h e m  

w o r k s  i n  CO a b s o r b i n g  p h a s e ,  t h e  o t h e r  w o r k s  i n  CO 
2 2 

d e s o r b i n g  p h a s e .  S w i t c h i n g  i s  a u t o m a t i c a l l y  c o n t r o l l e d  b y  

t h e  e v e n t  p r o g r a m .  

- 1.0 
bQ 

4-J 
3: 
-- 0 . 8  
aJ 
4-J 
a cx 

m 0 . 6  
C 
.C 

n 
L 
0 
cn 2 0.4 

(V 
0 

U 0 . 2 .  

2 0 4 0 60 - 80 100 

~ e r n ~ e r a t u r e  ( "C ) 

Figure  3 Sol i d  h i n e  C02 Atisorb/Desorbing Charac te r i s t i cs  
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100 X C02 * 
1 % C02 ( Ng Base ) 
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AS o2  g a s  i n  t h e  o u t l e t  a i r  f r o m  t h e  p h y t o t r o n  a n d  t h e  

a l g a e  c u l t i v a t o r  i s  a l s o  s l o w l y  i n c r e a s i n g ,  a p a r t  o f  t h e  ' 

o u t l e t  a i r  f l o w  f r o m  t h o s e  e x p e r i m e n t  f a c i l i t i e s  i s  I 

d i r e c t l y  r e t u r n e d  t o  t h e  p h y t o t r o n  a n d  t h e  a l g a e  

c u l t i v a t o r ,  a n d  t h e  r e s i d u a l ' a i r  i s  l e d  t o  t h e  c a n i s t e r  

f i l l e d  w i t h  s a l c o m i n e  w h i c h  h a s  t h e  c h a r a c t e r i s t i c s  t o  

a b s o r b  a n d  d e s o r b  O 2  g a s  a c c o r d i n g  t o  t h e  c h a n g e  o f  

t e m p e r a t u r e .  . :  , , >  

One o f  t y p i c a l  c h a r a c t e r i s t i c s  i s  s h o w n  i n  F i g .  4 .  T h e  ' .  

d i v i d i n g  r a t e  o f  t h e  o u t l e t  a i r  f l o w  i s  c o n t r o l l e d  b y  t h e  

f l o w  c o n t r o l l e r  a c c o r d i n g  t o  t h e  r e q u i r e d  0 g a s  c o n t e n t  2 

w h i c h  i s  n o t  d e t e r m i n e d  now.  

T o  o p e r a t e  t h e  p r o c e s s  c o n t i n u o u s l y ,  t w o  c a n i s t e r s  

f i l l e d  w i t h  s a l c o m i n e  a r e  p r o v i d e d .  T h e y  w o r k  a s  same a s  

t h e  C 0 2  g a s  p r o c e s s i n g  s y s t e m .  

h 

bQ 
4.0 

p - - - -  - - - -  - ---- 
+J - - 

1 - _ 
I \ -. , 

\ \ 
w \ 

\ 
'. 

3.0. \ t 
aJ \ \ 
+J 
(d \ 
ac 

p 2.0 
.C 

n 
L 
0 \ \ 

V) \ \ 

2 1.0 \ I 

N 
0 

0 

\ \ ' ' \ 
\ \ 
\ \ 
\ \ - - -  - ---------------\a 

0 20 40 6 0 80 100 

Temperature ( O C  ) 

Figure 4 Sal corni ne O2 Absorb/Desorbing Character ist ics 
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To u s e  t h e s e  two  k i n d s  of  c a n i s t e r s  c o n t i n u o u s l y  d u r i n g  

a t  l e a s t  t h r e e  m o n t h s ,  some i m p r o v e m e n t s  o n  t h e  c h a r a c t e r -  

i s t i c s  o f  s o l i d  a m i n e  a n d  s a l c o m i n e  a r e  s u p p o s e d  t o  b e  

n e c e s s a r y .  T h i s  g a s  r e c y c l i n g  s y s t e m  d o e s  n o t  i n c l u d e  t h e  

c o n t r o l  s y s t e m  f o r  t e m p e r a t u r e  a n d  h u m i d i t y  o f  t h e  

s u p p l y i n g  a i r  t o  t h e  e x p e r i m e n t  f a c i l i t i e s .  I n  e a c h  

e x p e r i m e n t  f a c i l i t y ,  s u i t a b l e  a i r  c o n d i t i o n i n g  i s  

i n d e p e n d e n t l y  d e m a n d e d  f o r  p r o v i d i n g  t h e  d i f f e r e n t  a i r  

c o n d i t i o n  i n  e a c h  p h a s e  o f  t h e  e x p e r i m e n t s .  On t h e  

o t h e r  h a n d ,  t o  c o n t r o l  t h e  g a s  c o n t e n t s  i n  e a c h  f a c i l i t y  

s e p a r a t e l y  m a k e s  t h e  s y s t e m  a n d  o p e r a t i o n  v e r y  c o m p l e x  a n d  

i s  c a u s a t i v e  o f  m i s s  o p e r a t i o n .  T h e r e f o r e ,  t h e  c o n c e n -  

t r a t e d  m e t h o d  f o r  g a s  c o n t e n t s  c o n t r o l  t o  e a c h  e x p e r i m e n t  

f a c i l i t y  seems t o  b e  b e t t e r  t h a n  t h e  s e p a r a t e d  i n d i v i d -  

u a l  c o n t r o l  m e t h o d .  

( 2 )  W a t e r  r e c y c l i n g  s y s t e m  ( 3 ) .  

The r e q u i r e d  f u n c t i o n  o f  t h e  w a t e r  r e c y c l i n g  s y s t e m  u s e d  

i n  t h e  I O C  p h a s e  i s  t o  p r o c e s s  u r i n e  f r o m  t h e  a n i m a l  

v i v a r i u m  a n d  w a s t e d  n u t r i e n t  s o l u t i o n  f r o m  t h e  p h y t o t r o n  

a n d  t h e  a l g a e  c u l t i v a t o r  a n d  a l s o  t o  make t h e  c l e a n  w a t e r  
/ 

e n o u g h  t o  u s e  a s  d r i n k i n g  w a t e r  f o r  a n i m a l s  a n d  a s  t h e  

w a t e r  t o  make r e f r e s h m e n t  o f  s o l u t i o n  f o r  p l a n t s  a n d  

a l g a e .  

The  w a s t e  l i q u i d  f r o m  t h e  e x p e r i m e n t  f a c i l i t i e s  c o n t a i n s  

many k i n d s  o f  o r g a n i c  m a t t e r s ,  i n o r g a n i c  m a t t e r s  a n d  
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l i t t l e  s o l i d s  s u c h  a s  p i e c e s  o f  r o o t s ,  t h e r e f o r e ,  t h o s e  

m a t e r i a l s  m u s t  be  r e m o v e d .  The f u n c t i o n a l  d i a g r a m  o f  t h e '  

w a t e r  r e c y c l i n g  s y s t e m  i s  shown  i n  F i g .  5 .  

A s  t h e  d r i n k i n g  w a t e r  f o r  a n i m a l s  r e q u i r e s  h i g h  p u r i f i -  

c a t i o n  l e v e l  c o m p a r i n g  t o  t h e  w a t e r  t o  make n u t r i e n t  

s o l u t i o n  f o r  p l a n t s  a n d  a l g a e ,  t h e  s y s t e m  c o n s i s t e d  o f  t w o '  

p r o c e s s i n g  l i n e s  shown i n  F i g .  5 i s  c h o s e n  i n  o r d e r  t o  

make p r o c e s s  e f f e c t i v e l y .  O n l y  t h e  c o n d e n s e d  l i q u i d  a t  . - * 

t h e  r e v e r s e  o s m o s i s  membrance  f i l t e r  u n i t  i s  f e d  t o  t h e  ' 

d i s t i l l a t o r  u n i t  i n  o r d e r  t o  r e c o v e r y  w a t e r  much m o r e .  

The r o l e  o f  t h e  u l t r a  f i n e  membrance  f i l t e r  i s  t o  r e m o v e  -. 

l a r g e  p r o t e i n s .  The r e v e r s e  o s m o ' s i s  membrane f i l t e r  i s  

u s e d  t o  t a k e  o f f  s m a l l  m o l e c u l a r  w e i g h t  o r g a n i c  a n d  

i n o r g a n i c  m a t t e r s  s u c h  a s  NaCl  a n d  s o  o n  w h i c h  p a s s  

t h r o u g h  t h e  u l t r a  f i n e  membrane  f i l t e r .  The p u r i f i e d  

w a t e r  p a s s e d  t h r o u g h  t h e  r e v e r s e  o s m o i s i s  membrane  f i l t e r  

i s  s t o r e d  a n d  u s e d  f o r  p l a n t  a n d  a l g a e  e x p e r i m e n t s .  The  

r e s i d u a l  c o n d e n s e d  l i q u i d  i s  f e d  t o  t h e  s t o r a g e  t a n k  a n d  

m i x e d  i n  t h e  l i q u i d  c o m i n g  f r o m  t h e  a n i m a l  v i v a r i u m .  

The  m i x e d  l i q u i d  i s  f e d  t o  t h e  d i s t i l l a t o r  t o  t a k e  o f f  

c o n s i s t e n c i e s  w h i c h  a r e  n o t  v a p o r i z e d .  The r e s i d u a l  

o r g a n i c  m a t t e r s  a n d  o d o r  c o n t a i n e d  i n  t h e  p u r i f i e d  w a t e r  

f r o m  t h e  d i s t i l l a t o r  a r e  f i n a l l y  t a k e n  o f f  b y  t h e  

a c t i v a t e d  c h a r c o a l .  

The  r e s i d u a l  l i q u i d  a t  t h e  d i s t i l l a t o r  i s  s e n t  t o  t h e  

c r y s t a l i z e r  a n d  t a k e n  o f f  c r y s t a l l o i d  c o n s i s t e n c i e s  a n d  ' 

f e d  b a c k  t o  t h e  s t o r a g e  t a n k  a g a i n .  
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Figure 5 Block Diagram of Water Recycling Unit 



The e s t i m a t e d  v o l u m e  o f  w a s t e  w a t e r  f r o m  t h e  p l a n t  a n d  

a l g a e  e x p e r i m e n t  f a c i l i t i e s  i s  a b o u t  26 l i t t e r s  a n d  i t  i s  

f e d  t o  t h e  w a t e r  r e c y c l i n g  s y s t e m  e v e r y  15 d a y s  a n d  

p r o c e s s e d  i n  a b o u t  s i x  h o u r s .  On t h e  o n e  h a n d ,  a s  t h e  

e s t i m a t e d  v o l u m e  o f  l i q u i d  f r o m  t h e  a n i m a l  v i v a r i u m  i s  

a b o u t  o n e  l i t t e r  e v e r y  d a y ,  i t  i s  s t o r e d  i n  t h e  s t o r a g e  

t a n k  a n d  p r o c e s s e d  e v e r y  f i v e  d a y s .  

4 .  S p e c i f i c a t i o n s  o f  t h e  s y s t e m  

The s p e c i f i c a t i o n s  o f  t h e  w a t e r  a n d  g a s  r e c y c l i n g  u n i t s  

a r e  shown  i n  T a b l e  3 a n d  t h e  c o n f i g u r a t i o n  i s  shown  i n  

F i g .  6 .  

I n  o r d e r  t o  u s e  a s  a common e x p e r i m e n t  s u p p o r t  f a c i l i t y  

o f  t h e  l i f e  s c i e n c e  m i s s i o n s ,  a s  s h o w n  i n  F i g .  7 i t  i s  

Table 3. S p e c i f i c a t i o n  of Each Unit 

> 

Gas Recycle Uni t  

112 S i n g l e  Rack 

200 

C 0 2  : 0.33 Kg/day 
02: 0.22 Kg/day 

12.13 

0.51 

364 

0.56 

Water Recycle Unit 

112 S i n g l e  Rack 

250 

5 l i t . / e v e r y  5 days 
26 l i t  . /every 15 days 

4.22 

0.18 

12 7 

0.52 

Volume 

Weight (Kg) 

Process ing  
Capaci ty  

Monthly 

Average 

(Kwlday) 

(Kw/hr) 

Monthly T o t a l  
(Kwh) 

Peak (Kw) 



P h y t o t r o n  

Algae  C u l t i v a  

Gas and Water  R e c y c l i n g  Sys tem 

Animal  Holding Facility (RAHF) 

F i s h  B r e e d i n g  Equipment 

F i g u r e  7 Gas and Water  R e c y c l i n g  Sys tem and R e l a t e d  L i f e  S c i e n c e  Exper iment  Equipments  



d e s i g n e d  t h a t  t h e  i n t e r f a c e s  t o  t h e  e x p e r i m e n t  f a c i l i t i e s  

a r e  o n l y  p i p e s  a n d  s i g n a l  l i n e s .  

To make e a s i l y  e x c h a n g e  t h e  d e g r a d e d  c a n i s t e r s  a n d  

f i l t e r s ,  t h e  c a s s e t t e  s t y l e s  a r e  a d o p t e d .  A s  t h e  minimum 

e x c h a n g e  i n t e r v a l ,  t h r e e  m o n t h s  a r e  p l a n n e d .  

5 .  C o n c l u s i o n  

T h e s e  w a t e r  a n d  g a s  r e c y c l i n g  u n i t s  i s  d e s i g n e d  a s  o n e  of 

t h e  common e x p e r i m e n t  s u p p o r t  s y s t e m  f o r  t h e  l i f e  s c i e n c e  

e x p e r i m e n t  f a c i l i t i e s  u s e d  i n  t h e  J a p a n e s e  E x p e r i m e n t  

M o d u l e ,  a n d  t o  u s e  t h e s e  u n i t s  w i l l  s a v e  t r a n s p o r t a t i o n  

a n d  o p e r a t i o n  c o s t s  f o r  t h e  l i f e  s c i e n c e  e x p e r i m e n t s  i n  

t h e  s p a c e  s t a t i o n .  

T h e s e  u n i t s  a r e  a l s o  d e s i g n e d  t o  h a v e  s o  s i m p l e  

i n t e r f a c e s  t h a t  t h e  c o n n e c t i o n  t o  a n o t h e r  l i f e  s c i e n c e  

e x p e r i m e n t  f a c i l i t i e s  s u c h  a s  t h e  R e s e a r c h  A n i m a l  H o l d i n g  

F a c i l i t y  (RAHF) ( 5 )  d e v e l o p e d  by  t h e  R o c k h e e d  Miss i l e s  & 

S p a c e  Company shown  i n  F i g .  7 c a n  b e  e a s i l y  d o n e  w i t h  

s m a l l  m o d i f i c a t i o n s .  
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A w a t e r  r e c y c l i n g  s y s t e m  c o n c e p t  f o r  t h e  crew o f  t h e  s p a c e  

s t a t i o n  i s  p r e s e n t e d .  A t h e r m o p e r v a p o r a t i o n  m e t h o d  i s  a new k e y  

t e c h n o l o g y  u s e d  f o r  t h e  d i s t i l l a t i o n  p r o c e s s ,  u t i l i z i n g  a  h y d r o -  

p h o b i c  m e m b r a n e .  An e x p e r i m e n t a l  s t u d y  o f  t h e r r n o p e r v a p o r a t i o n  

r e v e a l e d  t h a t  t h e  p e r m e a t i o n  d e p e n d s  o n  t h e  g a p  b e t w e e n  t h e  

m e m b r a n e  a n d  t h e  c o o l i n g  s u r f a c e  i n  t h e  c o n d e n s a t i o n  r o o m :  t h e  

s t e a m  d i f f u s i o n  o c c u r s  w i t h  g a p s  l e s s  t h a n  5 m m  w h i l e  n a t u r a l  

c o n v e c t i o n  b e c o m e s  d o m i n a n t  w i t h  g a p s  m o r e  t h a n  5 rnm . A b r i e f  

d i s c u s s i o n  o f  t h e  s y s t e m  o p e r a t i o n  i s  a l s o  d e s c r i b e d .  



1. INTRODUCTION 

T h e  m a n n e d  s p a c e  s t a t i o n  w i l l  n e e d  m u c h  v a t e r  f o r  t h e  c r e v  

a c t i v i t i e s  a n d  e x p e r i m e n t s  s u c h  a s  t h o s e  c o n c e r n i n g  l i f e  s c i e n c e .  

T h e  c o s t  f o r  t r a n s p o r t a t i o n  o f  c l e a n  v a t e r  a n d  w a s t e  v a t e r  

i n c l u d i n g  u r i n e  i s  v e r y  e x p e n s i v e .  F o r  e x a m p l e ,  o n e  c r e v  w i l l  u s e  

a b o u t  11 t o n s  of  w a t e r  a  y e a r  ( 3 0  Q a d a y ) ,  w h i c h  v i l l  c o s t  a b o u t  

9 0  m i l l i o n  d o l l a r s  j u s t  f o r  t h e  t r a n s p o r t a t i o n  o f  c l e a n  v a t e r  

f r o m  t h e  g r o u n d  t o  t h e  s p a c e  s t a t i o n .  T h e  i n t r o d u c t i o n  o f  t h e  

v a t e r  r e c y c l i n g  s y s t e m  f o r  p u r i f i c a t i o n  o f  u r i n e  a n d  w a s t e  v a t e r  

v i l l  r e d u c e  t h e  o p e r a t i o n  c o s t s  o f  t h e  s p a c e  s t a t i o n  a n d  

e x p e r i m e n t s  c o n d u c t e d  i n  i t ,  a c c o r d i n g l y .  

T h e  E a r t h ' s  n a t u r a l  r e c y c l i n g  s y s t e m  i s  b a s e d  o n  t h e  n a t u r a l  

b a l a n c e  o f  t h e  b i o s p h e r e  c i r c u l a t i o n  s y s t e m .  T h e  b i o s p h e r e  

a c t i v i t y  d e p e n d s  o n  t h e  u t i l i z a t i o n  o f  s o l a r  e n e r g y  f o r  t h e  

c i r c u l a t i o n  o f  a i r  a n d  v a t e r .  I n  t h i s  c i r c u l a t i o n ,  w a t e r  p l a y s  

s e v e r a l  i m p o r t a n t  r o l e s :  m a t e r i a l  r e s e r v o i r  a n d  t r a n s p o r t a t i o n  i n  

s t a t e  o f  s o l u t i o n  o r  m i x t u r e ;  t e m p e r a t u r e  c o n t r o l  b y  e v a p o r a t i o n  

a n d  c o n d e n s a t i o n ;  e n v i r o n m e n t a l  c o n s t i t u e n t s  i n  a  m o i s t u r e  o r  a  

l i q u i d  s t a t e .  W a t e r  t a k e s  p a r t  i n  e v e r y  m a t e r i a l  p r o c e s s  o n  e a r t h .  

T h e  e n o r m o u s  i n d u s t r i a l  p r o g r e s s  a n d  t h e  p o p u l a t i o n  e x p l o s i o n  

s i n c e  e n t e r i n g  t h i s  c e n t u r y  h a v e  r e v e a l e d  t h a t  t h e  b a l a n c e  of t h e  

b i o s p h e r e  c i r c u l a t i o n  s y s t e m  i s  s e n s i t i v e  a n d  d e l i c a t e  a g a i n s t  



e x t e r n a l  s t i m u l a n t s :  t h e  i n d u s t r i a l  p r o d u c t s  e x h a u s t  l a r g e  a m o u n t  

o f  w a s t e  m a t e r i a l  a s  b y - p r o d u c t s  w i t h  e x t r e m e l y  u n n a t u r a l  c o n s t i t -  

u e n t s ,  d e s t r o y i n g  t h e  m a t e r i a l  b a l a n c e  i n  t h e  l o c a l  g r o u n d  a r e a ;  

t h e  e n v i r o n m e n t  h a s ,  a l s o ,  b e e n  d e s t r o y e d  by t h e  i n t r o d u c t i o n  o f  

r o a d s  i n  f i e l d s  a n d  m o u n t a i n s ,  by t h e  u s e  o f  a g r i c u l t u r a l  c h e m i -  

c a l s  a n d  c h e m i c a l  f e r t i l i z e r  i n  f a r m i n g ,  a n d  by i n d i s c r i m i n a t e  

d e f o r e s t a t i o n ,  c a u s i n g  a n  i n c r e a s e  i n  d e s e r t  a r e a s .  W a t e r  h a s  a l s o  

I b e e n  i n v o l v e d  i n  t h e  e x p a n s i o n  o f  s u c h  e n v i r o n m e n t a l  d i s r u p t i o n .  

\ 

The movement t o  r e c o v e r  a  h e a l t h y  g l o b a l  e n v i r o n m e n t  h a s  a c c e l e r -  

a t e d  t h e  d e v e l o p m e n t  a n d  m a n u f a c t u r i n g  o f  r e c y c l i n g  e q u i p m e n t /  

s y s t e m s  a s  wel l  a s  p r o g r e s s  i n  e n v i r o n m e n t a l  s c i e n c e :  e c o l o g i c a l  

s u p p o r t  s y s t e m s  h a v e  become a d d r e s s e d  f o r  u s e  i n  the  " e a r t h "  s p a c e  

s t a t i o n !  Some t e c h n o l o g i e s  a c c u m u l a t e d  t h r o u g h  d e v e l o p m e n t  o f  

r e c y c l i n g  e q u i p m e n t / s y s t e m s  c a n  b e  u t i l i z e d  f o r  c o n t r o l l i n g  t h e  

l i f e  s u p p o r t  s y s t e m  i n ' t h e  s p a c e  s t a t i o n .  

The w a t e r  r e c y c l i n g  s y s t e m  f o r  u s e  i n  t h e  s p a c e  s t a t i o n  c a n  b e  

c o m p o s e d  o f  f i l t e r i n g  p r o c e s s e s  f o r  m i d - c l a s s  p u r i f i c a t i o n  o f  

v a t e r  a n d  a  v a p o r a t i o n  p r o c e s s  f o r  h i g h  p u r i f i c a t i o n  o f  p o t a b l e  

w a t e r .  T h i s  c o r r e s p o n d s  t o  n a t u r a l  w a t e r  r e c y c l i n g :  t h e  u n d e r -  

g r o u n d  w a t e r  o r  v e l l  w a t e r  i s  p u r i f i e d  by f i l t e r i n g  t h r o u g h  s a n d s  

a n d  s o i l s ;  w a t e r  f r o m  r i v e r s  o r i g i n a t e s  i n  r a i n v a t e r  w h i c h  i s  

d i s t i l l e d  v a t e r  e v a p o r a t e d  f r o m  t h e  e a r t h  s u r f a c e .  W a t e r  u s e d  i n  

c i t i e s ,  h o w e v e r ,  i s  m a i n l y  a r t i f i c i a l l y  f i l t r a t e d  a n d  t r e a t e d  

v i t h  d i s i n f e c t a n t .  



I n  a p p l y i n g  t h e  w a t e r  r e c y c l i n g  s y s t e m  t o  t h e  s p a c e  s t a t i o n  t h e r e  

a r e  m a n y  t e c h n i c a l  d i f f i c u l t i e s  t h a t  a r i s e  p r i n c i p a l l y  f r o m  t h e  

m i c r o - g r a v i t y  c o n d i t i o n  a n d ,  t h e  c o n s t r u c t i o n  o f  a  c o m p l e t e  r e c y -  

c l i n g  s y s t e m .  T h e  s y s t e m  m u s t  h a v e  t h e  c a p a b i l i t y  o f  p r e v e n t i n g  

t h e  m i x t u r e  o f  g a s e s ,  w h i c h  d e g r a d e s  t h e  s y s t e m  p e r f o r m a n c e .  . , 

T h e  w a t e r  r e c y c l i n g  s y s t e m  f o r  t h e  s p a c e  s t a t i o n  m u s t  b e  b u i l t  b y  

m e a n s  o f  a r t i f i c i a l  t e c h n o l o g y  b e c a u s e  b i o t e c h n o l o g y  s t i l l  

c o n t a i n s  u n k n o w n  f a c t o r s ,  s u c h  a s ,  h a z a r d o u s  e f f e c t s  c a u s e d  u n d e r  
. . 

m i c r o g r a v i t y ,  a n d  i s  l o v e r  i n  c o n t r o l l a b i l i t y  a n d  v e r s a t i l i t y .  

M o r e o v e r ,  l i m i t e d  s p a c e  a n d  l i m i t e d  p o w e r  s u p p l i e d  i n  t h e  s p a c e  

s t a t i o n  r e q u i r e s - s m a l l  s i z e d  a n d  l o w  p o w e r  d i s s i p a t i n g  h a r d w a r e .  
. i  

-. - 
. . 

O t h e r  c a n d i d a t e  s y s t e m s  f o r  t h e  s p a c e  s t a t i o n  u s e  a r e  s u m m a r i z e d  

b y  H e r r a l a ,  e t  a l . C 1 l  , a n d  i n  J a p a n ' s  CELSS s t u d y ,  a  c o n c e p t u a l  

s t u d y  o n  t h e  w a t e r  r e c y c l i n g  s y s t e m  h a s  b e e n ,  r e p o r t e d L 2 )  L3). I n  
"...I:' ' . . 

o u r  r e p o r t ,  a  can '$ i ,da l t ' e  s y s t e m  c o n f i g u r a t i o n /  o f  t h e  w a t e r  r e c y c l i n g  
' .. w .- 

f o r  c r e v  u s a g e  i s  p r e s e n t e d .  T h e  s y s t e m  p r ' e s e n t e d  h e r e  c o n s i s t s  
- 

o f  f i l t r a t i o n  a n d  e v a p o r a t i o n  p r o c e s s e s ,  w i t h  m e m b r a n e s  u s e d  f o r  

b o t h  t y p e s .  E x p e r i m e n t a l  s t u d i e s  o n  t h e  new k e y  t e c h n o l o g y  o f  
2 

m e m b r a n e  e v a p o r a t i o n ,  ' t h e r m o p e r v a p o r a t i o n '  , u s i n g  a  h y d r o p h o b i c  

m e m b r a n e  a r e  i n t r o d u c e d .  

T h e  t h e r m o p e r v a p o r a t i o n  m e t h o d  i s  , e s s e n t i a l l y ,  f a v o r a b l e  t o  u s e  

i n  t h e  s p a c e  s t a t i o n  b e c a u s e  i t  i n c l u d e s  n o  m o v i n g  p a r t s  i n  t h e  

b a s i c  p r o c e s s .  



2 .  STUDY O N  W A T E R  RECYCLING SYSTEMS 

The amount  of w a t e r s  t r e a t e d  by a  one-man crew i n  t h e  s p a c e  

s t a t i o n  i s  e s t i m a t e d  ' i n  Tab , le  1. The most r e c e n t  membrane 

s e p a r a t i o n  p e r f o r m a n c e  i s  c ' h a r a c t e r i z e d  i n  F i g . 1 .  

T a b l e  1  Water  T r e a t m e n t  p e r  One-Man Crew 

. . 
I n t a k e :  H , O  3 , 0 5 0  g / d a y  ( * )  

U r i n e  1 , 5 5 3  g / d a y  ( * )  
E x c r e t e d :  . . 

O t h e r  1 , 4 9 7  g / d a y  ( * )  

S h o v e r  10  - 20  Q a  s h o v e r  

( * )  Metabo l i sm e s t i m a t e d  by J a c k s o n  - 

10; 1 oo'i l000.i lpm l Opm IOOprn Imm . . 

Ions - Large Molecules a Particles I - Prote~n, mlcrobes - 
I I 0 I 1 I 

.b 8 $ 3 .s 
\3 .U 5' -9 
4 
-r &O 9 A* .ow ,c 

4' ?w -2'- sf G-- 4. 
.C *& 

uY ,$- *.E -6- <$ 

F i g .  1  U s e f u l  Ranges  o f  V a r i o u s  S e p a r a t i o n  P r o c e s s e s  
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F i g . 2  s h o w s  o n e  c a n d i d a t e  w a t e r  r e c y c l i n g  s y s t e m ,  t r e a t i n g  s h o w e r  

w a s t e ,  u r i n e ,  a n d  o t h e r  d r a i n a g e  t o  g e t  s h o w e r  w a t e r  a n d  p o t a b l e  

w a t e r .  F i r s t ,  t h e  p r e f i l t e r  ( m i c r o  f i l t r a t i o n ) ,  r e j e c t s  m i s c e l l a -  

n e o u s  p a r t i c l e s  c o n t a i n e d  i n  t h e  s h o w e r  w a s t e  a n d  t h e  u r i n e .  

N e x t  , t h e  u l t r a f i l t r a t i o n  m e m b r a n e  r e j e c t s  o r g a n i c  m a c r o m o l e c u l e s  

a n d  s u s p e n d e d  s o l i d s ,  a n d  t h e  v a r i o u s  s o l v e n t  i o n s  a r e  t h e n  

r e j e c t e d  i n  t h e  r e v e r s e  o s m o s i s  p r o c e s s .  T h e  p r o d u c t  w a t e r  f r o m  

t h e  r e v e r s e  o s m o s i s  m e m b r a n e  i s  f u r t h e r  p u r i f i e d  b y  r e m o v i n g  a  

t r a c e  o f  o r g a n i c  m a t e r i a l s  b y  m e a n s  o f  a c t i v a t e d  c h a c o a l ,  t h e n  i s  

s t o r e d  i n  t h e  u l t r a v i o l e t  s t e r i l i z a t i o n  r e s e r v o i r  t o  b e  s u p p l i e d  

a s  s h o w e r  w a t e r .  A p o r t i o n  o f  t h e  p e r m e a t e  f r o m  t h e  r e v e r s e  

o s m o s i s  m e m b r a n e  m o d u l e  i s  f u r t h e r  p u r i f i e d  b y  t h e  t h e r m o p e r v a p o -  

r a t i o n  p r o c e s s  t o  s u p p l y  f o r  p o t a b l e  w a t e r .  S i n c e t h e  d r a i n  f r o m  

t h e  s h o v e r  r o o m  i n c l u d e s  s u r f a c t a n t s ,  t h e  f e e d  f o r  t h e  t h e r m o p e r -  

v a p o r a t i o n  p r o c e s s  i s  t a k e n  f r o m  t h e  p r o d u c t  w a t e r  f r o m  t h e  

r e v e r s e  o s m o s i s  m e m b r a n e  t o  p r e v e n t  t h e  m e m b r a n e  f r o m  l o s i n g  i t s  

h y d r o p h o b i c  c h a r a c t e r i s t i c .  

A C T I V A T E D  
SIIOWEI7 

W A S T E  

P R E F I i , T E R  
U R I - N E  S T D I I l L I Z E I 7  

O T l l E R  20 SIIOWlZR 

D R A I N A G E  

" ", P 0 T A I ) L I S  

T I I E R M O P E I ~ V A P O I I A ~  W A T E i 7  

F i g .  2 W a t e r  R e c y c l i n g  S y s t e m  

20 6 



T h i s  a n d  c a n d i d a t e  s y s t e m s  a r e  s h o w n  i n  T a b l e  2 ,  a n d  a r e  c o m p a r e d  

a n d  e v a l u a t e d  i n  T a b l e  3 ( s y s t e m  A i s  t h e  o n e  i n  F i g . 2 ) .  T h e  

w a t e r  r e c o v e r y  of  s y s t e m  A i s  n o t  h i g h  b e c a u s e  t h e  c o n c e n t r a t e  

f r o m  t h e  r e v e r s e  o s m o s i s  m e m b r a n e  i s  e x h a u s t e d  a n d  c a n n o t  b e  

a p p l i e d  a g a i n  i n  t h e  r e c y c l i n g  p r o c e s s .  S y s t e m  B c o n s i s t s  m a i n l y  

o f  t h e  t h e r m o p e r v a p o r a t i o n  m e t h o d  w i t h  a  c r y s t a l l i z e r  f o r  

s e p a r a t i n g  s o l i d s ,  w h i c h  r e s u l t s  i n  t h e  h i g h e s t  r e c o v e r y ,  a l t h o u g h  

i t  h a s t h e  d i s a d v a n t a g e  o f  u s i n g  m o r e  d i s s i p a t i o n  p o w e r  t h a n  t h e  

o t h e r  s y s t e m s .  S i n c e  t h e  t h e r m o p e r v a p o r a t i o n  m e t h o d  c a n  u s e  h e a t  

d i r e c t l y  a s  e v a p o r a t i o n  e n e r g y ,  h e a t  e x h a u s t e d  f r o m  v a r i o u s  

e q u i p m e n t  i n  t h e  s p a c e  s t a t i o n  c a n  b e  u s e d  a s  t h e  h e a t  s o u r c e  a n d  

a  h i g h l y  r e l i a b l e  s y s t e m  i s  e x p e c t e d  o w i n g  t o  t h e  s m a l l e r  n u m b e r  

o f  c o m p o n e n t s .  S y s t e m  C i s  a  m o d i f i e d  c o n f i g u r a t i o n  of  s y s t e m  A ,  

w h i c h  i n c l u d s  t h e  c r y s t a l l i z e r  t o  s e p a r a t e  s o l i d s  f r o m  t h e  

c o n c e n t r a t e ,  a n d  t h e r e f o r e  r e a l i z e s  t h e  h i g h e s t  r e c o v e r y  o f  w a t e r .  

T h e  s e l e c t i o n  o f  s y s t e m  A o r  C d e p e n d s  m a i n l y  o n  p e r m i s s i b l e  p o w e r  

c o n s u m p t i o n .  S y s t e m  A i s  p r e f e r a b l e  f r o m  t h e  v i e w p o i n t  o f  t h e  

l o w  p o w e r  c o n s u m p t i o n  w h i l e  s y s t e m  C i s  v i t h  r e g a r d  t o  c o m p l e t e  

w a t e r  r e c o v e r y .  O n e  p o s s i b l e  t r e a t m e n t  o f  t h e  c o n c e n t r a t e  f r o m  

t h e  m e m b r a n e  p r o c e s s i n g  i s  t o  b e  t r e a t e d  a s  p a r t  o f  t h e  w a s t e  

m a n a g e m e n t  s y s t e m .  



T a b l e  2 .  C a s e  S t u d y  o f  Water R e c y c l i n g  S y s t e m  

r: 
W 

REJECTED CONSTITUENTS 

DRAINAGE * SOLIDS COLLOID IONS CRYSTALIZED ORGANISMS BACTERIAS USAGES 
V1 SOLIDS 

ULTRA- REVERSE ACTIVATED ULTRAVIOLET 

PREFILTRATION FILTRATION OSMOSIS CHACOAL S T E R I L I Z E R  

JPFI  - 
U r i n e  

, . 

CRYSTALLIZATION 

--+HOW E$ 



T a b l e  3 System Compari son  and E v a l u a t i o n  

r 

I T E M S  

WATER 
R E C O V E R Y  
R A T E  <%> 

P U M P  
POWER 
R A T I O  

T P V  
POWER 

C O N S U M P T I O N  
R A T I O  

C L  
POWER 

C O N S U M P T I O N  
R A T I O  

C O M P O N E N T S  
NUMBER 

F E A T U R E S  

S Y S T E M  A 

80 

40 

1 

0 
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L o w  
recovery 

L o w  
p o w e r  

S Y S T E M  B 

100 

1 

5 

5 

5 

S m a l l  
scale 

L a r g e  
p o w e r  

S Y S T E M  C 

100 

40 

1 

1 

8 

L a r ~ e  
scale 

M e d i u m  
p o w e r  



3. THERHOPERVAPORATION TECHNOLOGY 

3.1 Principle and Features 

The thermopervaporation method, a specialized pervaporation, is 

for membrane separation accompanied vith phase transition. It has, 

hovever, several different features from usual pervaporation, 

since the porous hydrophobic membrane is used as the separation 

membrane. That is, the membrane has highly permeable vater flux 

oving to its large porosity so that the ideal separation speed at 

a practical level is obtainable vith a small temperature 

differential. In other words, since lov-grade energy such as 

exhausted heat can be used as the energy source, an economical 

system is realizable despite the increase in consumed energy 

accompanied by the phase transition. Furthermore, by the 

multiplicative effect of vaporization and membrane separation, the 

separation ratio of solvents is expected to be extremely high, 

over 99.99 8 .  Since the membrane is fabricated, in general, from 

polytetrafluoroethylene (PTFE), it possessses excellent resistence 

to heat, chemicals and pH, compared vith previous reverse osmosis 

membranes. 

Table 4 shows the features of the thermopervaporation method in 

comparison vith the vacuum pervaporation method. The feed coming 

into contact vith the membrane vaporizes at the membrane surface. 

The generated vapor passes through pores of the membrane surface, 



Table 4 Features of Thermopervaporation 

THERMOPERVAPORATION P E R V A P O R A T I O N  

W 

---J&i$[ 

]TgcuAT1oN 
LI - - -  Z 

a MODEL I -2- 

H - - ' > .  - FEED - 
u F E E D  COOLING 
Z 
H 

WATER 

rr: PERMEATE PERMEATE 

a MECHANISM E V A P O R A T I O N - + P E R M E A T I O N  P E R M E A T I O N + E V A P O R A T I O N  

D R I V I N G  TEMPERATURE 
<STEAM PRESSURE) PRESSURE F O R C E  D I F F E R E N C E  D I F F E R E N C E  

! MATERIAL HYDROPHOBIC H Y D R O P H I L I C  

P S T R U C T U R E  POROUS NON P O R O U S  

O P E R A T I O N  
P R E S S U R E  NORMAL P R E S S U R E  E V A C U A T I O N  

O P E R A T I O N  
TEMPERATURE < B O I L I N G  P O I N T  ROOM TEMPERATURE 



P E R M E A T E  

[ K R ~  ~fl?d:: 

A pH, 0= (pH, H -  (pH, O) VAPOR PRESSURE D I F F E R l T I A L  

DIFFUSION CONDENSATION I 

s MEMBRANE POROSITY DH DIFFUSION COEFFICIENT IN THE MMBRANE 

R GAS CONSTANT DG DIFFUSION COEFFICIENT OF GASEOUS PHASE 

z MEMBRANE THICKNESS z GAP (TRANSFER DISTANCE) 

6 BOUNDARY LAYER THICKNESS 

, T TEHPERATURE 

F i g .  3 M e m b r a n e  S e p a r a t i o n  M o d e l  o f  T h e r m o p e r v a p o r a t i o n  



d i f f u s e s  t o  r e a c h  t h e  c o o l i n g  s u r f a c e ,  w h e r e  i t  i s  c o n d e n s e d .  T h e  

d r i v i n g  f o r c e  o f  t h e  m e m b r a n e  p e r m e a t e  d e p e n d s  o n  t h e  d i f f e r e n t i a l  

b e t w e e n  t h e  v a p o r  c o n t e n t  o n  t h e  m e m b r a n e  s u r f a c e  a n d  t h a t  o n  t h e  

c o o l i n g  s u r f a c e .  T h e  c o n t e n t  d i f f e r e n t i a l  i s  p r o d u c e d  b y  t h e  

t e m p e r a t u r e  d i f f e r e n t i a l  o f  t h e  f e e d  a n d  t h e  p e r m e a t e  a s  s h o w n  i n  

F i g . 3 ,  v h i c h  i l l u s t r a t e s  a  m e m b r a n e  s e p a r a t i o n  m o d e l  o f  t h e r m o -  

p e r v a p o r a t i o n .  T h e r m o p e r v a p o r a t i o n ,  w i t h  i t s  p r i n c i p l e s  a n d  

f e a t u r e s  a s  s t a t e d  a b o v e ,  o f f e r s  v i d e  a p p l i c a t i o n s  s u c h  a s  t h e  

s e a w a t e r  d e s a l t i n g ( ' )  c5), a n d  t h e  c o n c e n t r a t i o n  o f  a c i d s  a n d  

a l k a l i s  , w h i l e  r e s e a r c h  o n  t h e  s e p a r a t i o n  m e c h a n i s m  h a s  

c o n t i n u e d .  (') ('1 I n  t h e  f o l l o w i n g  s e c t i o n s ,  e x p e r i m e n t s  o n  , 

t h e r m o p e r v a p o r a t i o n  a r e  d e s c r i b e d .  

3 . 2  E x p e r i m e n t a l  M e t h o d  

- 
F i g . 4  s h o w s  t h e  f l o w  o f  t h e  e x p e r i m e n t a l '  s y s t e m .  T h e  m e m b r a n e  

s e p a r a t i o n  c e l l  i s  c o m p o s e d  o f  a n  e v a p o r a t i o n  r o o m ,  a c o n d e n s a t i o n  

r o o m ,  a n d  a  c o o l i n g  r o o m  i n  a  l i b e r  s t r u c t u r e  u s i n g  t h e  h y d r o -  

p h o b i c  m e m b r a n e  a n d  t h e  c ' b o l i n g  s u r f a c e .  T h e  h y d r o p h o b i c  m e m b r a n e  

u s e d  i s  f a b r i c a t e d  o f  PTFE ( N i t t o  E l e c t r i c  I n d u s t r i a l  C o . ,  L t d . )  

w i t h  a  m e a n  p o r e  s i z e  o f  0 . 0 5  - 2 . 0  pm a n d  a n  e f f e c t i v e  m e m b r a n e  

a r e a  o f  1 4 8 X 1 0 ' 2  m 2  ( T a b l e  5 ) .  T h e  f e e d  i s  h e a t e d  t o  a  s p e c i f i e d  

t e m p e r a t u r e  a n d  s e n t  t o  t h e  e v a p o r a t i o n  r o o m  by  t h e  f e e d  pump.  

T h e  c o o l i n g  water, which i s  c o o l e d  a t  a s p e c i f i e d  t e m p e r a t u r e ,  i s  

c i r c u l a t e d  b y  t h e  c o o l i n g  w a t e r  pump.  T h e  s t e a m ,  w h i c h  i s  



C O N D E N S A T I O N  
ROOM 

E V A P O R A T I O N  

H Y D R O P H O B I C  C O O L I N G  
P O R O U S  S U R F A C E  

MEMBRANE 

H E A T E R  

F i g .  4 Exper imenta l  Flow 

Table  5 P o r o s i t y  o f  P T F E  Membrane ( a )  

( * )  F a b r i c a t e d  by N i t t o  E l e c t r i c  I n d u s t r i a l  C o . ,  L t d .  

POROSITY 

0 .  8 4  

0 .  7 2  

0 .  6 4  

PORE SIZE ( p  m) 

2 .  0 0  

0 .  1 5  

0 .  0 5  

M E M B R A N E  THICKNESS 
( p m )  

8 3 

7 0 

8 9 



e v a p o r a t e d  o n  t h e  i n n e r  s u r f a c e  o f  t h e  m e m b r a n e  i n  t h e  e v a p o r a t i o n  

r o o m  a n d  p a s s e d  t h r o u g h  t h e  m e m b r a n e ,  i s  c o n d e n s e d  o n  t h e  c o o l i n g  

s u r f a c e  a n d  t h e n  c o l l e c t e d  i n  a  b e a k e r  f o r  m e a s u r e m e n t .  

T h e  e x p e r i m e n t a l  s t u d y  was p e r f o r m e d  u n d e r  t h e  f o l l o w i n g  

c o n d i t i o n s  f o r  c o n f i r m i n g  t h e  s t e a m  p e r m e a t i o n  m e c h a n i s m  o f  t h e  

t h e r m o p e r v a p o r a t i o n  m e t h o d  a n d  c l a r i f y  f a c t o r s  a f f e c t i n g  t h e  

m e m b r a n e  s e p a r a t i o n  p e r f o r m a n c e :  

(1)  T e m p e r a t u r e  o f  f e e d :  3 0  - 6 0  "C 

( 2 )  T e m p e r a t u r e  o f  c o o l i n g  w a t e r :  7 "C 

( 3 )  M e m b r a n e  p o r e  s i z e :  0 . 0 5  - 2 . 0  pm 

( 4 )  G a p  b e t w e e n  m e m b r a n e  a n d  c o o l i n g  s u r f a c e :  0 . 8  - 2 5 . 3  m m  

3 . 3  E x p e r i m e n t a l  R e s u l t s  

3 . 3 . 1  P e r m e a t i o n  p e r f o r m a n c e  a n d  w a t e r  q u a l i t y  

F i g . 5  s h o w s  t h e  s e p a r a t i o n  c h a r a c t e r i s t i c  o f  t h e  N a C l  a q u e o u s  

s o l u t i o n  a n d  t h e  water q u a l i t y  o f  o b t a i n e d  p e r m e a t e  r e p r e s e n t e d  

b y  t h e  e l e c t r i c  c o n d u c t i v i t y .  T h e  p e r m e a t e  water f l u x  Q i s  

p r o p o r t i o n a l  t o  t h e  s a t u r a t e d  v a p o r  p r e s s u r e  d i f f e r e n t i a l  A P 

b e t w e e n  t h e  f e e d  a n d  t h e  c o o l e d  p e r m e a t e  w a t e r .  T h e  v a t e r  q u a l i t y  

of  t h e  p e r m e a t e  i s  b e l o w  5  p S / a n ,  i n d e p e n d e n t  of  t h e  v a p o r  

p r e s s u r e ,  c o m p a r e d  w i t h  t h e  f e e d  e l e c t r i c  c o n d u c t i v i t y  o f  4 9  m S / c m ,  
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the product vater being ultrapure vith the saline rejection of 

over 99.99 8 .  

3 . 3 . 2  Effect of gap betveen membrane and cooling surface 

Fig.6 shows the relationship of the vapor pressure differential 

A P and the permeate flux Q ,  vhen the gap Z betveen the 

membrane and the cooling surface is varied. With any gap size the 

permeate flux is proportional to the vapor pressure differential 

vith a tendency similar to that in Fig. 3: vith gaps of less than 

5.3 mm the permeate flux increases as the gap becomes small, and 

vith gaps of more than 1 0 . 3  mm the permeateflux demonstrates 

almost no change. We have determined that the permeate mechanism 

changes vith a gap around 5 mm. 

3 . 3 . 3  Investigation of permeate mechanism 

Using the experimental data in Fig.6, the relation of the gap Z 

and the permeation factor K vas obtained as shovn in Fig.7, where 

the permeation factor 'K is defined by Eq. (1).  
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D: D i f f u s i o n  c o e f f i c i e n t  (m2/day) 

z :  T o t a l  p r e s s u r e  ( m m H g )  

T : M e a n  t e m p e r a t u r e  (OK) - 
Pair: L o g a r i t h m i c  m e a n  p a r t i a l  

a i r  p r e s s u r e  

Fig. 7 Effect of GAP o n  Permeation Factor 
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As a result, vith gaps below 5 m m  the permeation factor is 

proportional to the minus first order of the gap, and the 

permeation factor shifts off the line of the,.,minus first order and 

then becomes constant vith gaps over 5 mm. In other vords, the 

permeation factor is inversely proportional to gaps less than 5 m m  

but is not influenced vith gaps more than 5 mm. From this, it is 

deduced that vith gaps less than 5 mm, the permeate water flux 

depends on the steam diffusion in the condensation room, and vith 

gaps more than 5 mm, on the natural convection produced in the 

condensation room to cause the vapor transfer. 

With gaps below 5 mm, ve computed the quantity of the steam 

diffusing in the condensation room by -using the diffusion equation. 

Since air in the condensation room can be postulated to be 

stationary, ve can treat it as unilateral diffusion. 

The steam travel speed Q ' can be represented as: 

1 - 

D O %  
Q ' =  A P ,  

R T Z  Pair 

where D is the diffusion coefficient (m2/da.y),- a the total 

- 
pressure (mmHg), T the mean temperature (OK), and Pair the 

logarithmic mean partial air pressure (mmHg),. 



C o n s e q u e n t l y ,  t h e  p e r m e a t i o n  f a c t o r  K i s  e x p r e s s e d  a s  : 

R T Z  p a i r  

U s i n g  p a r a m e t e r s  u n d e r *  t h e  p r e s e n t  c o n d i t i o n ,  9 q . ( 3 )  i s  s i m p l y  : 

m o d i f i e d  i n t o :  ., 

1 

I n  t h i s  m o d i f i c a t i o n ,  t h e  t e m p e r a t u r e  d e p e n d e n c y .  o f  t h e  d i f f u s i o n  

c o e f f i c i e n t  D i s  o b t a i n e d  a m s  E q . ( 5 )  b y  p l o t t i n g  t h e  r e s u 1 t ~ ~ ~ ) o f -  

" .  
E.N.  F u l l e r ,  e t  a l .  - 

v h e r e  D ' i s  t h e  d i f f u s i o n  c o e f f i c i e n t  ( c m 2 / s e c ) ,  a n d  T ' t h e  

t e m p e r a t u r e  ( "C ) .  

-- 

T h e  s o l i d  l i n e  i n  F i g . 5  s h o v s  t h e  c a l c u l a t e d  r e l a t i o n  ( E q . ( 4 ) )  o f  

t h e  g a p  a n d  t h e  p e r m e a t i o n  f a c t o r .  F r o m  t h i s ,  v e  f o u n d  t h a t  a  

c l o s e  a g r e e m e n t  b e t w e e ' n  E q . ( 4 )  a n d  e x p e r i m e n t a l  r e s u l t s  v i t h  g a p s  

l e s s  t h a n  5  m m  a n d  t h e  p e r m e a t i o n  f a c t o r ,  n a m e l y  t h e  p e r m e a t e  

w a t e r  f l u x ,  a g r e e s  v i t h  t h e d $ i f f u s i n g  s team q u a n t i t y  i n  t h e  

c o n d e n s a t i o n  r o o m .  



From the results of the thermopervaporation experiment that was 

carried out on the ground as stated above, we can conclude that 

while the mass transfer of the steam is determined by the natural 

convection in the condensation room with gaps above 5 mm, it is 

determined by the steam diffusion speed in the condensation room 

with gaps less than 5 mm. 

From this experimental data, the permeate flux Q is expressed as: 

Q OC A 'H,O 

2 6  1 '  = + R T  DM=' D~ 

MEMBRANE GASEOUS 
RESISTANCE RESISTANCE 

where A P HzO = ( P Hz~)H  - ( P H,O)C is the vapor pressure 

differential, R the gas constant, T the temperature, Z the 

membrane thickness, D H  the diffusion coefficient in the membrane, 

E the membrane porosity, 6 the boundary layer thickness, and DG 

the diffusion coefficient of gaseous phase, as shown in Fig.3. 

However, since it is paid that the natural convection, in general, 

does not occur under zero gravity, the permeation dominated by the 

steam diffusion should be expected irrespective of the gap between 



t h e  m e m b r a n e  a n d  t h e  c o o l i n g  s u r f a c e  i n  t h e  c o n d e n s a t i o n  r o o m .  As 

a  r e s u l t ,  w i t h  g a p s  m o r e  t h a n  5 m m ,  e f f i c i e n c y  of  t h e  e v a p o r a t i o n  

u s i n g  t h e  t h e r m o p e r v a p o r a t i o n  m e t h o d  i n  s p a c e  b e c o m e s  l o w e r  t h a n  

i n  t h e  g r o u n d ,  b e c a u s e  t h e  p e r m e a t i o n  f a c t o r  i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  g a p  a s  e x p r e s s e d  i n  E q . ( 4 ) .  

4 .  CONCLUSIONS 

T h e  r e s t r i c t e d  u t i l i t y  r e s o u r c e s  u s a b l e  i n  t h e  s p a c e  s t a t i o n  

d e m a n d  o n  c o m p a c t  h a r d w a r e  a n d  low c o n s u m p t i o n  p o w e r  a s  wel l  a s  

r e l i a b i l i t y .  I f  a  s h o w e r  s y s t e m  w i t h  l o w  water u t i l i z a t i o n  i n  t h e  

s p a c e  s t a t i o n  c a n  b e  d e v e l o p e d ,  c o m p a c t  a n d  l o w  p o w e r  c o n s u m i n g  

e q u i p m e n t  c a n  b e  e a s i l y  c o n s t r u c t e d .  

T h e  t h e r m o p e r v a p o r a t i o n  m e t h o d  e n a b l e s  t h e  u s e  o f  l o w  q u a l i t y  

e n e r g y ,  s u c h  a s  e x h a u s t e d  h e a t  f r o m  o t h e r  e q u i p m e n t ,  a s  t h e  

e v a p o r a t i o n  e n e r g y .  T h u s ,  o n e  p o s s i b i l i t y  i s  t o  u s e  e x h a u s t e d  

h e a t  f r o m  t h e  g a s  r e c y c l e  e q u i p m e n t  w h i c h  may  b e  i n s t a l l e d  n e x t  t o  

t h e  w a t e r  r e c y c l i n g  e q u i p m e n t .  T h e  s e r i a l  o p e r a t i o n  o f  e a c h  s t e p  

of  m e m b r a n e  p r o c e s s i n g ,  l i k e  i n t e r l o c k  c i r c u i t s ,  r e d u c e s  t h e  

o p e r a t i n g  p e a k  p o w e r ,  w h i c h  i s  s u i t a b l e  f o r  a d h e r i n g  t o  s a f e t y  

r e q u i r e m e n t s .  

A n o t h e r  water  r e c y c l i n g  s y s t e m ( ' ' )  t o  b e  a p p l i e d  t o  t h e  J a p a n ' s  

e x p e r i m e n t a l  m o d u l e  w i l l  b e  u s e d  f o r  l i f e  s c i e n c e  e x p e r i m e n t s .  



The system scale is similar to that presented here, but with a 

relatively different configuration due to the different 

constituents which contain no surfactants. The system 

configuration presented here is usable for Japan's experimental 

module. 

An experimental study on thermopervaporation was made on the 

ground. In this experiment, the condensation room in the 

thermopervaporation cell is filled vith air, but as an alternate 

application for space, the condensation room contains only steam 

to avoid mixture with air during the post process. Moreover, 

there are still many factors to be developed: a degasing process, 

thermal efficiency for low power consumption, reliable small pumps, 

separation of concentrate, cleaning of contaminated membrane, 

maintenance, etc. 
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SUPERCRITICAL WASTE O X I D A T I O N  O F  AQUEOUS WASTES 
by 

Michael Modell, MODEC, Cambridge, M A  02138 

A B S T R A C T  

For aqueous wastes containing 1 t o  20 w t %  organics ,  

s u p e r c r i t i c a l  water oxidat ion is le s s  cos t ly  than controlled 

inc inera t ion  o r  act ivated carbon treatment and f a r  more 

ef f ic ient  than  wet oxidation. Above the  c r i t i c a l  tem- 

pera ture  (374O~)  and pressure (218 a t m )  of water, organic  

mater ials  and gases a r e  completely m i s c i b l e  with w a t e r .  I n  

s u p e r c r i t i c a l  water oxidat ion,  organics ,  air and w a t e r  a r e  

brought  together i n  a mixture at 250  a t m  and temperatures 

above 4 0 0 ~ ~ .  Organic oxidation is in i t i a t ed  spontaneously 

at these conditions.  The heat of combustion is released 

within t h e  f lu id  and r e s u l t s  i n  a r l s e  in  temperature t o  

600- 6 5 0 ~ ~ .  Under these condi t ions,  organics  a re  destroyed 

rapid ly  with efficiencies in  excess of 99.999%. Heteroatoms 

a r e  oxidized t o  ac ids ,  which can be precipi ta ted out  a s  

salts by adding a base t o  t h e  feed. Examples a r e  given fo r  

process  configurat ions t o  treat aqueous wastes with 10 and 2 

w t %  organics .  
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I N T R O D U C T I O N  

Aqueous wastes containing organic  materials represent a 

major f r a c t i o n  of t h e  t o t a l  t o x i c  and hazardous waste 

generated i n  t h e  U.S. The predominant treatment methods 

have been deep-well inject ion and lagooning ( including s o l a r  

evapora t ion) .  These land-based d isposa l  prac t ices  do  not  

address  u l t imate  des t ruc t ion  of t h e  tox ic  components of t h e  

w a s t e ;  consequently, there  is increasing publ ic  concern with 

continued rel iance on these techniques. Destruction 
/ 

methods, which usua l ly  cost  an order of magnitude more than  

d i sposa l  methods, are based on oxidat ion of t h e  organic  

content .  For aqueous wastes, des t ruc t ion  methods include 

ac t iva ted  carbon treatment (with oxidat ive regeneration),  

inc inera t ion ,  w e t  oxidat ion and superc r i t i ca l  water 

oxidat ion.  - 

For very d i l u t e  aqueous wastes (e.g., below 1% 

organic) ,  ac t iva ted  carbon treatment is a v iable  al terna-  

t ive .  Organics are desorbed and then oxidized dur ing  regen- 

e r a t i o n  of t h e  carbon. Since a s ign i f i can t  f rac t ion  of t h e  

ac t iva ted  carbon is l o s t  t o  oxidat ion dur ing  regeneration, 

f r e sh  carbon must be added each cycle  as make up. After-- 

b u r n e r s  are used t o  destroy vapors  t h a t  may resu l t  from 

p a r t i a l  oxidat ion dur ing  regeneration. The major cos t  of 
. - 

carbon treatment is t h e  c o s t  of regenerating t h e  carbon and 



providing t h e  make up  carbon. Since t h e  cos t  per gal lon is 

nearly propor t ional  t o  t h e  organic  content,  carbon treatment 

is usual ly  not  considered for  wastes containing more than  1% 

organic.  

Incinerat ion,  on t h e  other  hand, is usual ly r e s t r i c t ed  

f o r  economic reasons t o  relat ively concentrated aqueous 

wastes. To a t t a i n  high des t ruc t ion  efficiencies i n  t r e a t i n g  

toxic  waste, incinerat ion is conducted at high temperature 

(900- 1 1 0 0 ~ ~ )  with relatively long residence t i m e  (e.g. ,2 

sec) .  With aqueous wastes, t h e  heat required t o  br ing  t h e  

. w a t e r  component of t h e  w a s t e  t o  these severe condi t ions is 

subs tan t i a l .  If t h e  w a s t e  conta ins  25% organic  o r  more, 

there  is suff ic ient  heat ing value i n  t h e  waste t o  s u s t a i n  

t h e  process. With decreasing organic  content,  t h e  

supplemental fuel required t o  s a t i s f y  t h e  energy balance 

becomes a major cost .  Thus, controlled incinerat ion of 

aqueous wastes with l e s s  than 20% organic  is only considered 

i n  extenuating circumstances. 

I n  t h e  range of concentrat ions of 1 t o  20% organic ,  w e t  

oxidat ion and s u p e r c r i t i c a l  water oxidat ion a r e  f a r  l e s s  

cos t ly  than  control led incinerat ion o r  act ivated carbon 

treatment. I n  w e t  oxidation of hazardous wastes, organics  

a r e  oxidized i n  t h e  aqueous phase a t  temperatures i n  t h e  



range of 150 t o  3 0 0 ~ ~  and under pressures  of 100 t o  150 

a t m  (L), I n  prac t ice ,  residence t i m e s  of 0.5 t o  2 h r  are 

required f o r  removal of 50 t o  95% of the  i n i t i a l  C O D .  The 

res idua l  o rgan ics  a r e  pr imari ly  innocuous a l i p h a t i c  acids ,  

which a r e  by-products  of oxidat ion of more complex mole- 

cules,  and which are oxidized very slowly under wet oxida- 

t i o n  condi t ions.  Destruction of tox ic  organic  chemicals 

(e.g., chlorophenols, ni t rotoluenes)  can be as high as 

99.996, bu t  many mater ials  a r e  more re s i s t an t  (e.g., 

chlorobenzenes and PCB's). 

Although w e t  oxidat ion is more energy-efficient t h a n  

inc inera t ion ,  t h e  process su f fe r s  from a number of l i m i t a -  

t i o n s .  Under t h e  condl t lons i n  which a i r  and aqueous waste 

a r e  mixed, t h e  s o l u b i l i t y  of oxygen i n  water is considerably 

less than  t h a t  required f o r  complete oxidation. Thus, a 

two-phase mixture is present i n  t h e  reactor.  The reac tor  is 

an  expensive I t e m  because it must operate a t  high tempera- 

t u r e  and high pressure  with a relat ively l a rge  volume t o  

provide necessary residence time. Because t h e  oxidation is 

not  complete, t h e  off-gas from t h e  process can contain 

appreciable  concentrat ions of v o l a t i l e  organics  and may 

requi re  add i t iona l  treatment before release t o  t h e  

atmosphere. 



SUPERCRITICAL WATER O X I D A T I O N  

Supercr i t ica l  water oxidat ion of organics  is an 

improvement upon wet oxidat ion and represents  a breakthrough 

i n  enhanced efficiency and reduction i n  cap i t a l  investment. 

The major advantages of operating superc r i t i ca l ly  are: 

o enhanced so lub i l i ty  of oxygen and air i n  water, 

which eliminates two-phase flow; 

o rapid oxidation of organics ,  which approaches 

ad iaba t i c  condi t ions as w e l l  as high out le t  

temperatures with very s h o r t  residence times; 

o complete oxidat ion of organics ,  which eliminates 

t h e  need f o r  aux i l i a ry  off-gas processing; 

o removal of inorganic  cons t i tuents ,  which 

p rec ip i t a t e  out  of t h e  reactor  effluent at  

temperatures above 4 5 0 ~ ~ ;  and 

o recovery of t h e  heat of combustion i n  t h e  form of 

superc r i t i ca l  water, which can be a source of 

high-temperature process  heat o r  used t o  generate 

power in  s u p e r c r i t i c a l  turbines.  

These advantages a r i s e  primarily from t h e  unusual  prop- 

e r t i e s  exhibited by water under superc r i t i ca l  conditions.  

The Propert ies  of Superc r i t i ca l  Water 

Above t h e  c r i t i c a l  temperature and pressure,  t h e  

proper t ies  of water a r e  q u i t e  different from t h a t  of t h e  
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normal l iqu id  o r  atmospheric steam. For example, organic  

subs tances  are completely so luble  (i.e., miscible i n  all 

propor t ions)  i n  water under some s u p e r c r i t i c a l  condi t ions,  

while salts are almost insoluble  under other  superc r i t i ca l  

condi t ions.  These so lub i l i ty  c h a r a c t e r i s t i c s  a re  s t rong ly  

dependent upon density.  

A temperature-density diagram is shown i n  Fig. 1. T h e  . 

c r i t i c a l  poin t  (C.P.), which lies on t h e  ~ a p o ~ r ~ l i q u i d  

s a t u r a t i o n  dome, occurs  at 374O~ and 0.3 $/cm3. The 

s u p e r c r i t i c a l  region l i e s  above 374Oc and t o  the  r i g h t  of 

t h e  220 isobar .  Near t h e  c r i t i c a l  point (e.g.,, between 

3 0 0 ~ ~  t o  4 5 0 ~ ~  and dens i t ies  from 0.2 t o  0.7 c ~ / c m ~ ) ,  

t h e  dens i ty  va r i e s  very rapid ly  with relat ively s m a l l  

changes i n  temperature at constant  pressure.  

I n s i g h t  i n t o  t h e  s t r u c t u r e  of t h e  aqueous f lu id  i n  t h i s  

region h a s  been obtained from measurements of the  s t a t i c  

d ie l ec t r i c  cons tant ,  which a r e  a l s o  shown i h -  Fig. 1 (&a. 
The d ie lec t r i c  cons tan t s  of some common solvents a r e  given, 

f o r  comparison, in  Table 1. 

The d ie lec t r ic  constant  is a measure of the  degree of 

molecular associat ion.  Normal l iqu id  water has  an E of 80, 

la rge ly  as a r e s u l t  of s t rong  hydrogen bonding. The 



TABLE 1. D I E L E C T R I C  CONSTANTS OF SOME COMMON SOLVENTS 

Carbon Dioxide 1.60 
n- Hexane 1.89 
Benzene 2.28 
Ethyl  e ther  4.34 
Ethyl  ace ta te  6.02 
Benzyl alcohol 13.1 
Ammonia 16.9 
Isopropanol  18.3 
Acetone 20.7 
Ethanol 24.3 
Methanol 32.6 
Ethylene glycol  37. 
Formic ac id  58. 

d ie l ec t r i c  cons tant  of t h e  sa tu ra ted  l iquid decreases 

r ap id ly  with increas ing  temperature, even though t h e  densi ty  

f a l l s  slowly. Since hydrogen bonding forces  are s t r o n g  only 

when molecules a r e  i n  close proximity, s m a l l  increases  i n  

dens i ty  pa ra l l e l  re lat ively l a r g e  decreases i n  shor t - range  

order  r e su l t ing  i n  a rapid  decline i n  & .  A t  1 3 0 ~ ~  ( Q  = 

3 0.9 g/cm ) ,  t h e  d ie lec t r i c  cons tant  is about 50, which is 

3 near t h a t  of formic acid;  at 2 6 0 ~ ~  (Q = 0.8 g/cm ) ,  

t h e  E of 25 is similar t o  t h a t  of ethanol. 

A s  dens i ty  decreases f u r t h e r ,  t h e  d ie lec t r ic  cons tant  

becomes less dependent upon temperature (i.e., t h e  l ines  of 

cons tan t  i n  Fig. 1 become almost ve r t i ca l ) .  A t  t h e  

crit ical point ,  t h e  d ie lec t r i c  constant  is 5. Ramon spec t ra  

of HDO i n  t h i s  region ind ica te  l i t t l e ,  i f  any, res idual  



hydrogen bonding (4J. The major cont r ibut ion  t o  E is now 

molecular associat ion due t o  dipole-dipole in terac t ions ,  

which gradual ly  decrease with increasing void volume. 

Above 3 0 0 ~ ~ ~  t h e  temperature-density relat ionship 

becomes pressure-dependent (see Fig. 1). We s h a l l  follow 

t h e  250 a t m  i sobar  (which is a convenient pressure for  

superc r i t i ca l  operat ions) .  A t  300°c, t h e  of about 15 is 

similar t o  t h a t  of benzyl alcohol. Proceeding above 3 0 0 ' ~  

along t h e  250 i sobar ,  we see €. dropping t o  10 a t  400°c, 5 

a t  4 2 0 ~ ~  and 2 at  4 9 0 ~ ~ .  Through t h e  two hundred degree 

r i s e  from 300 t o  5 0 0 ~ ~ ~  t h e  d ie lec t r ic  cons tant  var ies  

from t h a t  of moderately polar t o  non-polar organic  solvents.  

While d ie l ec t r i c  constant  is not  t h e  so le  determinant 

of s o l u b i l i t y  behavior, t h e  solvent power of water fo r  

organics  is cons is ten t  with t h e  va r i a t ion  of 'i, as 

described above. Benzene so lub i l i ty  in  water is a good 

example (&,6J. A t  25Oc, benzene is spa r ing ly  soluble  i n  

water (0.07 w t % ) .  A t  260°c, t h e  so lub i l l ty  is about 7 t o  

8 w t %  and f a i r l y  independent of pressure.  A t  287O~,  t h e  

so lub i l i ty  is somewhat pressure dependent, with a maximum of 

28 w t %  at 200 t o  250 a t m .  I n  t h i s  pressure  range, t h e  

so lub i l i ty  r i s e s  t o  35 w t %  at 295Oc; at 300°c, the  

c r i t i c a l  point of t h e  benzene-water mixture is surpassed. 



When t h e  mixture  becomes super c r i t i c a l ,  by defini t ion,  there  

is only a s ing le  phase. Thus, the-components a r e  miscible 

i n  a l l  propor t ions .  
. - m  

Other hydrocarbons exhib i t  s imilar  so lub i l i ty  

behavior.   lip ha tic hydrocarbons are somewhat l e s s  soluble  

i n  w a t e r  at comparable temperatures. ~ h u s ,  higher 

temperatures are required t o  reach t h e  same s o l u b i l i t y  as 
. . 

t h a t  of benzene. ~ i n a r y  mixtures of pentane-water and 
.-, 

heptane-water b k o k e  s u p e r c r i t i c a l  (and, therefore, 

completely miscible) at  about 3 5 0 ~ ~  (9. 
5 %  

The locus' 03 c r i t i c a l  poin ts  of binary mixtures 

conta in ing  water have been reported for  a va r i e ty  of organic  

subs tances  (e.g., ethane, ethylene, n-butane, 1,3,5 

trimethylbenzene, naphthalene) and gases (ni t rogen,  carbon 

dioxide,  ammonia,' hydrogen, argon).  ~ x c e p t  f o r  argon, all 

of t h e  compounds s tudied t o  d a t e  are completely miscible 

with w a t e r  above 374Oc at 250 a t m .  ' Argon is completely 

miscible above 3 9 0 ~ ~ .  

: i 

For dens i t i e s  less than  0.7 g/cm3,  t h e  s o l u b i l i t y  of 

inorganic  salts i n  water is as unusual as t h a t  of organics .  

A t  250 atm, t h =  s o l u b i l i t i e s  of salts reach a maximum at  300 

t o  4 5 0 ~ ~ .  Beyond t h e  maximum, t h e  solubl ' l i t ies drop very 



r ap id ly  with increasing temperature. . . For example, N a C l  

s o l u b i l i t y  is about .40 w t %  a t  3 0 0 ' ~  and about 100 ppm at 

4 5 0 ~ ~ ;  C a C 1 2  h a s  a maximum so lub i l i ty  of 70 w t %  at 

s u b c r i t i c a l  temperatures, which drops  t o  10 ppm at 5 0 0 ~ ~  
. 

(3. Given t h e  f a c t  t h a t  t h e  d ie lec t r ic  constant  of w a t e r  

is about 2 a t  490°,c and 250 a t m  (see Fig. I), it is not  

s u r p r i s i n g  t h a t  inorganics  . ,- a r e  p rac t i ca l ly  insoluble.  

. . 

Coincident with t h e  l o s s  of so lva t ing  power f o r  

inorganic  salts, s u p e r c r i t i c a l  water a l so  loses t h e  a b i l i t y  

t o  d i s soc ia te  salts. For example, t h e  d issoc ia t ion  cons tant  

of N a C l  at 4 0 0 - 5 0 0 ~ ~  and dens i t ies  i n  t h e  range of 0.35 is 

of t h e  order  of Thus. s t rong  electrolytes  become 

weak e lec t ro ly tes  i n  s u p e r c r i t i c a l  w a t e r .  

- The proper t ies  of water, a s  a funct ion of temperature, 

a r e  summarized in  Fig. 2. W e  see t h a t  w a t e r  goes through a 
> 6 

complete reversal  i n  s o l u b i l i t y  behavior toward organic  and 

inorganic  substances , L through t h e  temperature range of 

3 5 0 - 4 5 0 ~ ~ .  Below t h i s  range. t h e  pa t t e rn  is s i m i l a r  t o  

normal l iquid  water: low organic  and high inorganic  

so lub i l i ty .  Within, t h e  range, there  is high so lub i l i ty  of 

both organic  and inorganic  substances.  Above t h i s  range, 

inorganic  salts a r e  p rac t i ca l ly  insoluble,  and organic  

subs tances  are completely miscible. 
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The Effect of Temperature on Destruction Efficiency 

Over t h e  pas t  f ive  years,  a number of s tud ies  of SCW 

oxidat ion have been conducted us ing  a bench scale  u n i t ,  

which h a s  been described previously (&,9_). Reported here 

a r e  r e s u l t s  of a s tudy  of t h e  effect of temperature on 

des t ruc t ion  efficiency. The r e s u l t s ,  shown i n  Table 2, a r e  

s t r i k i n g  examples, yet q u i t e  t y p i c a l  of other r e s u l t s  t h a t  

have been obtained. The feed material f o r  t h e  tests of 

Table 2 w e r e  mixtures of 2,4-nitrotoluene in  methylethyl 

ketone. A l l  experiments were run  with a residence time of 

20 t o  30 sec. Each column of Table 2 represents t h e  average 

values of t h e  two runs.  

A t  t h e  four  temperatures of 404, 457, 513 and 574O~,  

t h e  organic  carbon des t ruc t ion  efficiencies were 92.5, 99.8, 

99.93 and 99.998%, respectively. These r e s u l t s  correspond 

t o  an increase in  rate of over 3 o rde r s  i n  magnitude i n  t h e  

temperature range of 404 t o  574O~. There is reason t o  

believe t h a t  these r e s u l t s  a r e  limited not by reaction 

k ine t ics  b u t  by t h e  r a t e  of mixing of reactants .  Rates of 

almost two o rde r s  of magnitude higher than  t h e  highest  of 

Table 2 w e r e  observed when operat ing with a new feed i n t r o -  

duct ion device a t  6 3 0 ~ ~  (i.e., des t ruc t ion  efficiencies 

were grea ter  than 99.999% a t  residence t i m e s  as low as 0.6 

sec) . 



TABLE 2 

T H E  EFFECT OF TEMPERATURE ON. DESTRUCTION EFFICIENCY; 
O X I D A T I O N  OF DINITROTOLUENE 

Run No. 

F e d  Material ,396 D N T /  3% D N T /  3% D N T /  12% DNT/  
M EK M EK M EK MEK 

Temperature (OC)  404 457 513 574 

Carbon Analysis 
Organic Carbon I n  (ppm) 9,540 9,650 
Organic Carbon Out (ppm) 712 15.7 
Destruct ion Efficiency (%) 92.5 99.8 
T o t a l  Carbon Recovered (%) 99.9 98.6 

Nitrogen Analysis 
Organic Nitrogen I n  (ppm) 64 
Nitrogen Out-Liquid (%) 58.ya 5a 10.6c 
Nitrogen Out-Gas (%) N A 23.1 
T o t a l  Nitrogen Recovered (%) 58.7 33.7 

G a s  Composition (mol %) 
0 
ca. 

Liquid Products  Containing Nitroqen (ppm) 
Dinitrobenzene 170.4 0.187 
Dinitrophenol 
Dinitrotoluene 
Dinotrocresol 

a 
Primari ly  organic  nitrogen i n  l iquid  products  
Pr imar i ly  n i t r a t e  and n i t r i t e  nitrogen 

C 
Molecular ni t rogen 



It  is in te res t ing  t o  note t h e  f a t e  of organic  ni t rogen 

i n  t h e  d in i t ro to luene  oxidat ion tests. A t  574Oc, t h e  l a s t  

column of Table 2, 94% of t h e  ni t rogen i n  t h e  feed is 

recovered a s  N 2  and N20 i n  t h e  gaseous effluent and 6% 

is recovered a s  n i t r a t e  and n i t r i t e  i o n s  i n  t h e  l iqu id  

effluent.  No NO, NO2 o r  N H 3  , w a s  found i n  the  g a s  phase 

nor w a s  N H 3  found i n  t h e  l iquid  phase. 

I n  t h e  other  three  columns of Table 2 ,  t he  nitrogen 

material balance c losure  w a s  poor because w e  did not  analyze 

f o r  N20 i n  t h e  g a s  phase and N H 3  i n  t h e  l iquid  phase. 

I n  other experiments with dini t rotoluene,  ammonia and amines 

w e r e  found at  400 t o  5 0 0 ~ ~  .while N20 is t h e  major 

product at 500 t o  5 5 0 ~ ~ .  

I n  no case were NO and N O 2  formed a s  products  of 

oxidat ion of ni t rogen compounds i n  SCW oxidation. A t  600 t c r  

6 5 0 ~ ~ .  N 2  and N20 are t h e  major products ,  even when 

t h e  feed is primari ly  ammonia nitrogen. The N20 component 

can be readily decomposed ca ta ly t i ca l ly  t o  N p  and O 2  

and, thus ,  S C W  oxidat ion of nitrogen-containing organics  is 

f a r  l e s s  damaging t o  t h e  environment than  high temperature 

incinerat ion.  
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S C  WO f o r  Treatment of Aqueous Wastes 

Superc r i t i ca l  water oxidat ion can be applied t o  wastes 

with a wide range of organic  concentration. A schematic 

flowsheet f o r  a process f o r  t r e a t i n g  an aqueous w a s t e  

containing 10 w t %  organic  is given i n  Fig. 3. This  process 

c o n s i s t s  of t h e  following s teps:  

1. The waste, a s  e i the r  an aqueous so lu t ion  o r  a 

s l u r r y ,  is pressurized and delivered t o  t h e  

oxidizer  in le t .  It is heated t o  superc r i t i ca l  

condi t ions by d i r e c t  mixing with recycled reac tor  

effluent . 
2. Oxygen is supplied i n  t h e  form of compressed a i r ,  ' 

which is used a s  t h e  motive f lu id  in  an eductor  t o  

provide recycle of a por t ion  of t h e  reactor  

effluent. This  in le t  mixture is then a homogeneous 

phase of air, organics  and superc r i t i ca l  water. 

3. The organics  a r e  oxidized i n  a controlled but  r ap id  

reaction. The s h o r t  residence t i m e s  required allow 

ad iaba t i c  operation of t h e  oxidizer.  The heat 

released by combustion of readily oxidized com- 

ponents is suff ic ient  t o  r a i s e  the  f lu id  phase t o  

temperatures a t  which al l  organics  are oxidized 

rapidly.  

4. The effluent from t h e  oxidizer is fed t o  a 

cyclone. The s o l u b i l i t y  of inorganics  is extremely 



low at t h e  reac tor  effluent temperatures. Inorganic  

salts t h a t  are o r ig ina l ly  present i n  t h e  feed o r  

which form i n  t h e  combustion react ions p rec ip i t a t e  

ou t  of t h e  f lu id  phase i n  t h e  oxidizer and a r e  

separated here. 

5. The f l u i d  effluent of t h e  s o l i d  separa tor  is a 

mixture of H20, N2, and C o p .  A port ion of 

t h i s  is recycled through t h e  eductor t o  provide 

s u p e r c r i t i c a l  condi t ions at t h e  oxidizer in le t .  

6. The remainder of t h e  eff luent  is avai lable  as a 

high temperature, high pressure f lu id  f o r  energy 

recovery. This  stream is cooled t o  a s u b c r i t i c a l  

temperature i n  a heat exchanger which serves t o  

generate low pressure o r  high pressure steam. 

7. Now at a s u b c r i t i c a l  temperature, t h e  mixture h a s  

formed two phases and e n t e r s  a high pressure  

l iquid-vapor  separa tor .  P rac t i ca l ly  al l  of t h e  

N2 and most of t h e  C o p  leaves with t h e  g a s  

stream. The l iquid  c o n s i s t s  of water with an 

appreciable  amount of dissolved C 0 2 .  

8. The g a s  stream can then be expanded through a 

t u r b i n e  t o  e x t r a c t  t h e  avai lable  energy as power. 

A por t ion  of t h e  power is used f o r  compression of 

t h e  i n l e t  air. 

9. The l i q u i d  from t h e  high pressure separa tor  is 



depressurized and fed t o  a low pressure separa tor .  

The vapor stream is primari ly  C o g  which is vented 

with t h e  g a s  tu rb ine  effluent.  The l iquid  stream 

is clean water. 

The des t ruc t ion  efficiency (defined herein as t h e  

conversion of organic  materials i n  t h e  feed t o  f i n a l  

oxidat ion products  of C02, H20 and a c i d s  o r  oxyacids of 

heteroatoms and metals) is a funct ion of reactor temperature 

and residence t i m e .  It h a s  been found t h a t  a reactor  

effluent temperature i n  t h e  range of 600 t o  6 5 0 ~ ~  and 

residence t i m e  of 5 sec a r e  suff ic ient  fo r  a des t ruc t ion  

efficiency of more than  99.999%. Higher temperatures could 

be used t o  reduce t h e  residence t i m e .  However, at 5 sec 

residence time, t h e  reac tor  cost  is a s m a l l  f rac t ion  of 

t o t a l  c a p i t a l  cos t  and, therefore, there  is not  much 

incent ive t o  t r y  t o  reduce reactor  volume by operating above 

650°c. 

Increas ing  e i ther  temperature o r  residence t i m e  w i l l  

r e su l t  i n  increased des t ruc t ion  efficiency. The oxidation 

k ine t i c s  appear t o  be approximately f i r s t  order i n  organic  

concentration. Thus, in  theory,  doubling t h e  reactor length 

and, thereby, doubling t h e  residence t i m e  from 5 t o  10 sec 

should re su l t  in  doubling t h e  logarithm of des t ruc t ion  



efficiency; i n  o ther  words, 99.999% should become 

99.999999999%! [Of course, t h e  ana ly t i ca l  techniques 

required t o  document such  high des t ruc t ion  efficiencies are 

no t  available.]  

For t h e  process  configurat ion i l l u s t r a t e d  In Fig. 3, 

t h e  reac tor  e x i t  temperature is a d i rec t  funct ion of t h e  

heat ing value of t h e  feed. To a t t a i n  a temperature of 600 

t o  650°c, t h e  w a s t e  should contain about 1,750 Btu/lb o r  

4,050 J / g ,  which is t h e  heat ing value of an aqueous so lu t ion  

of about 10 w t %  benzene (heat of combustion of 17,500 Btu/lb 

o r  40.5 kJ/g)  o r  14 w t %  ethanol  (12,800 Btu/lb o r  29.7 

kJ /g) .  If  t h e  waste is more concentrated o r  otherwise has  a 

higher  heating value, it could be blended with more d i l u t e  

waste o r ,  i f  unavailable,  with water. In  t h e  l a t t e r  case, 

t h e  added w a t e r  would be recovered from t h e  process effluent 

i n  a form which is pure enough t o  be used as process  water 

i n  most appl ica t ions .  

The energy released by combustion is contained within 

t h e  reac tor  effluent as thermal energy. A s  shown i n  Fig. 3, 

it could be recovered as heat i n  t h e  steam generator and/or 

power from t h e  expansion turb ine .  The energet ics  of t h e  SCW 

oxidat ion process  a r e  such t h a t  t h e  amount of power avai l -  

ab le  f o r  recovery is s u b s t a n t i a l l y  more than t h a t  required 



t o  compress t h e  air and waste. The overal l  process is 

somewhat analogous t o  a g a s  tu rb ine  power cycle. However, 

many appl ica t ions  require  systems which a r e  s m a l l  (by 

chemical process i n d u s t r y  s tandards)  and capi tal- intensive.  

I n  those cases, power recovery cannot be jus t i f ied  on 

economics and, thus ,  t h e  heat of combustion and t h e  energy 

input  for  air compression a r e  simply recovered as steam. 

For w a s t e s  with heating values below 1,750 Btu/lb,  

aux i l i a ry  fuel could be added t o  make up t h e  required 

heating value. The fuel cos t  can be appreciable when 

t r e a t i n g  a very d i l u t e  waste. I n  such cases,  it is more 

economical t o  use a regenerative heat exchanger r a the r  than 

a steam generator,  a s  shown i n  Fig. 4. This  process 

configurat ion d i f fe r s  from t h a t  of Fig. 3 by addi t ion  of a 

feed-effluent heat exchanger and deletion of steam generator 

and eductor.  In t h i s  manner, t h e  minimum heating value of 

t h e  feed fo r  autogenic operation is 350 Btu/lb (800 J /g ) ,  

which is a concentration of 2 w t %  benzene-equivalent. For 

t h e  same heat release ra te ,  t h e  process of Fig. 4 can treat 

f ive  times as much waste (at 2 w t % )  as t h a t  of t h e  process 

of Fig. 3 (at 10 w t % ) .  This increased waste volume more 

than  compensates fo r  t h e  higher c a p i t a l  cos t  due t o  t h e  

regenerative heat exchanger. 
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Advantaqes of Supercr i t ica l  Water Oxidation 

A s  a waste des t ruc t ion  process, SCW oxidation has  

several  advantages over conventional processes. The 

chemical reac t ions  t h a t  occur a r e  car r ied  out  in  a closed 

system, making it possible  t o  maintain t o t a l  physical  

con t ro l  of waste materials from storage,  through t h e  oxida- 

t i o n  process,  t o  t h e  eventual d ischarge  of t h e  products  of 

combustion. This  feature provides pos i t ive  assurance of 

environmental protection. I n  addi t ion ,  bench-scale r e s u l t s  

have demonstrated essent ia l ly  complete combu~t ion  of , 

chemically s t a b l e  hazardous and t o x i c  materials. The 

process  can be adapted t o  a wide range of feed mixtures and 

sca les  of operation. Systems can be designed as. skid-- 

mounted, t r anspor tab le  u n i t s  and as l a rge r  scale  s t a t i o n a r y  

un i t s .  The process  i's capable of generating a l l  t h e  power 

required fo r  air compression and feed pumping and, thus ,  can . 

have no net energy requirement fo r  system operation. 
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ABSTRACT 

One des ign  goa l  of CELSS f o r  long d u r a t i o n  space  missions i s  t o  main ta in  a n  
atmosphere which i s  hea l thy  f o r  a l l  t h e  d e s i r a b l e  b i o l o g i c a l  spec i e s  and not  
d e l e t e r i o u s  t o  any of t h e  mechanical components i n  t h a t  atmosphere. CELSS des ign  
must t a k e  i n t o  account t h e  i n t e r a c t i o n s  of a t  l e a s t  s i x  major components; 
(1) humans and animals ,  ( 2 )  h ighe r  p l a n t s ,  ( 3 )  microalgae,  ( 4 )  b a c t e r i a  and f u n g i ,  
( 5 )  t h e  waste process ing  system, and ( 6 )  o t h e r  mechanical systems. Each of t hese  
major components can be both a source and a t a r g e t  of a i rbo rne  t r a c e  contaminants i n  
a CELSS. A range of poss ib l e  a i r b o r n e  t r a c e  contaminants is  d iscussed  wi th in  a 
chemical c l a s s i f i c a t i o n  scheme. These contaminants a r e  analyzed wi th  r e spec t  t o  
t h e i r  probable sources among the  s i x  major components and t h e i r  p o t e n t i a l  e f f e c t s  on 
those  components. Data on a i rbo rne  chemical contaminants d e t e c t e d  i n  s h u t t l e  
miss ions  is  presented along wi th  t h i s  ana lys i s .  The observed concent ra t ions  of 
s e v e r a l  c l a s s e s  of compounds, inc luding  hydrocarbons, halocarbons,  h a l o s i l a n e s ,  
amines and n i t r o g e n  oxides ,  a r e  considered wi th  respec t  t o  t h e  problems which they 
present  t o  CELSS. 



INTRODUCTION 

The u l t i m a t e  o b j e c t i v e  of t h e  CELSS r e sea rch  program is  t o  c o n s t r u c t  a l i f e  
s u p p o r t  system f o r  long d u r a t i o n  space  miss ions  capable  of p rovid ing  food, water  and 
oxygen and of r e c y c l i n g  wastes.  The major problem i n  developing such a system can 
b e  viewed a s  ach i ev ing  mass ba lance  between subsystems by c o n t r o l l i n g  flows of 
m a t t e r ,  energy and informat ion .  Before t h a t  u l t i m a t e  goa l  is  reached,  a p re l iminary  
o b j e c t i v e  f o r  t h e  CELSS r e s e a r c h  program would be t o  c o n s t r u c t  a l i f e  support  system 
f o r  l ong  d u r a t i o n  space  miss ions  capable  of main ta in ing  an atmosphere healthy f o r  
a l l  t h e  d e s i r a b l e  b i o l o g i c a l  spec i e s  and n o t  d e l e t e r i o u s  t o  any of t h e  mechanical 
components. I n  o r d e r  t o  approach t h i s  p r e l imina ry  o b j e c t i v e  i t  w i l l  be necessary  t o  
p r e d i c t ,  i d e n t i f y  and c o n t r o l  t h e  t r a c e  contaminants  which any CELSS components 
could  r e l e a s e  t h a t  would be harmful t o  any o t h e r  component. 

The i n c l u s i o n  of h i g h e r  p l a n t s  o r  microa lgae  i n  a CELSS system almost c e r t a i n l y  
gua ran t ee s  t h a t  t h e r e  w i l l  be problems wi th  t r a c e  contamination. That i s  because 
many s p e c i e s  of p l a n t s  and a l g a e  have evolved a l l e l o p a t h i c  responses;  they e x c r e t e  
o r  e m i t  s ubs t ances  which have t h e  e f f e c t  of l e s s e n i n g  t h e  compet i t ion  f o r  l o c a l  
r e s o u r c e s  by o t h e r  i n d i v i d u a l s  (J. Friedman and G. R. Waller,  1985, TIBS 10,  47-50). -- 
Ear ly  experiments  w i th  c lo sed  systems inc lud ing  both p l a n t s  and a l g a e  revea led  t h a t  
t h e  a l g a e  r e l e a s e d  a v o l a t i l e  subs tance  t h a t  could  s e r i o u s l y  damage o r  k i l l  t h e  
p l a n t s  (M. M. Korotayeu,  -- e t  a l . ,  1964, Problemy Kosmicheskoy B i o l o g i i  3 ,  204) ,  a 
r e s u l t  t h a t  could be a t t r i b u t e d  t o  a l l e l o p a t h y  and a u t o t o x i c i t y  i n  the-the a l g a e  (R. 
P r a t t ,  -- e t  a l . ,  1944, Sc ience  99, 351-352). - 

A t  a CELSS workshop conducted i n  September 1984 some concern was expressed t h a t  
t h e  problems of c o n t r o l l i n g  of t r a c e  contamina t ion  deserved more s tudy  and research .  
When d a t a  on t r a c e  contaminant  d e t e c t i o n ,  i d e n t i f i c a t i o n  and c o n t r o l  on space 
s h u t t l e  miss ions  became a v a i l a b l e ,  i t  seemed reasonable  t o  approach t h e  s tudy  of 
p o t e n t i a l  t r a c e  contamina t ion  problems i n  CELSS by examining a c t u a l  t r a c e  
contamina t ion  problems on t h e  s h u t t l e .  



APPROACH 

I d e n t i f i c a t i o n  of Major Subsystems 

There a r e  many ways i n  which t h e  components of a l i f e  suppor t  system can be 
grouped i n t o  subsystems depending on t h e  o b j e c t i v e s  of t h e  ana lys i s .  For t h e  
purposes  of ana lyz ing  sou rces  and t a r g e t s  of a i r b o r n e  t r a c e  contaminants ,  s i x  major 
subsystems of a CELSS a r e  i d e n t i f i e d .  These subsystems a r e  r e f e r r e d  t o  i n  Table 1. 

H -- Humans and poss ib ly  o t h e r  animal s p e c i e s  consume 02, H20, food, energy 
and informat ion  and gene ra t e  C02 and waste. 

P -- Higher p l a n t s  consume C02, H20 and energy,  and gene ra t e  02,  food and 
waste. 

A -- Microalgae a l s o  consume C02, H20 and energy,  and genera te  02, food 
and waste. 

B -- B a c t e r i a ,  v i r u s  and fungi  w i l l  i n  most ca se s  themselves be considered a s  
p o t e n t i a l  a i r b o r n e  t r a c e  contaminants.  However, some may be i n t e n t i o n a l l y  
in t roduced  a s  sou rces  of food,  a s  a i d s  i n  processing e i t h e r  food o r  was te ,  
o r  a s  c o n t r o l s  t o  i n h i b i t  t h e  growth of o t h e r  more harmful  b a c t e r i a  and 
fungi .  

M -- Machines, i nc lud ing  s p e c i f i c a l l y  a l l  t h e  s u r f a c e s  enc los ing  and connect ing 
t h e  o t h e r  subsystems,  may p o t e n t i a l l y  ou tgas ,  degrade o r  r e a c t  t o  r e l e a s e  
v o l a t i l e  contaminants.  The machine subsystem may a l s o  accumulate and 
concen t r a t e  v o l a t i l e  contaminants r e l e a s e d  by o the r  subsystems. . 

W -- The was te  p roces s ing  system cons idered  s e p a r a t e l y  from t h e  machine 
subsystem i n c l u d e s  t h e  waste products  of t h e  b i o l o g i c a l  subsystems and a l l  
t h e  i n t e rmed ia t e  m a t e r i a l s  of t h a t  processing.  I n h e r e n t l y  t h i s  subsystem 
would be a major source  of v o l a t i l e  contaminat ion should i t  malfunct ion.  
It could a l s o  be a h igh ly  vu lne rab l e  t a r g e t  f o r  unan t i c ipa t ed  v o l a t i l e  
contaminants . 

The chemical e lements  involved i n  t h e  mass balance problem can be grouped 
accord ing  t o  t h e i r  b i o l o g i c a l  s i g n i f i c a n c e ,  Of primary importance a r e  C ,  0 ,  H ,  and 
N ;  of l e s s e r  importance a r e  P and S; and of minor importance a r e  Na, K ,  Mg, Ca, Fe,  
Cu, Zn, C 1  and maybe a few o t h e r s  such a s  B r ,  I, S i ,  Mo, V and W. The o t h e r  8 4  
chemical elements w i l l  probably not  e n t e r  t h e  mass balance problem but may be of 
i n t e r e s t  as t r a c e  contaminants.  The major chemical s p e c i e s  involved i n  t h e  mass 
ba l ance  problem a r e  02,  C02, H20, food (CHNO) and t o  a l e s s e r  e x t e n t  N2. 

An a n a l y s i s  of a i r b o r n e  t r a c e  contaminants w i l l  focus  on minor components i n  
t h i s  mass balance problem: t hose  very minor components which might be missed even 
i f  t h e  mass equa t ions  were balanced t o  t h e  f o u r t h  o r  f i f t h  s i g n i f i c a n t  f i g u r e ,  bu t  
components which could none the l e s s  have a s e r i o u s  de t r imen ta l  e f f e c t  on a t  l e a s t  one 
major subsystem. Drawing an analogy from toxico logy ,  t h e  concen t r a t i on  dependence 
of t h e  de t r imen ta l  e f f e c t s  of such t r a c e  contaminants can  be c h a r a c t e r i z e d  i n  two 
ways. 

(1) A contaminant w i l l  damage a subsystem when i t  p e r s i s t s  above a minimum 
atmospheric  concen t r a t i on  f o r  a per iod  on t h e  o rde r  of days: a c o n d i t i o n  
analogous t o  chronic  t o x i c i t y .  

( 2 )  A contaminant w i l l  damage a subsystem when i t  i s  r e l ea sed  i n  such 
q u a n t i t i e s  t h a t  i t  exceeds a minimum atmospheric  concen t r a t i on :  a 
c o n d i t i o n  analogous t o  acu te  t o x i c i t y .  

The a i r b o r n e  t r a c e  contaminants are def ined  t o  be those  components which a r e  gases  
o r  can  be v o l a t i l i z e d  a t  normal temperatures  and p re s su re s ,  o r  which can be 
t r anspo r t ed  on normal a tmospheric  cu r r en t s .  Table 1 i s  a l i s t i n g  of c l a s s e s  of 
chemical compounds which a r e  p o t e n t i a l  a i r b o r n e  t r a c e  contaminants i n  a CELSS. The 
t a b l e  i nc ludes  an e v a l u a t i o n  of which major subsystems cbuld be sources  and which 
could  be t a r g e t s  f o r  each c l a s s  of compounds. It would be a p p r o p r i a t e  t o  o f f e r  a 



few comments on how t h e s e  a i rbo rne  t r a c e  contaminants might be de t ec t ed  and 
e l imina ted  i n  a CELSS. 

Methods of Detec t  ion  

Only two methods of a i r b o r n e  t r a c e  contaminant a n a l y s i s  w i l l  be genera l ly  
a p p l i c a b l e ,  IR and GC/MS. V i s i b l e  and UV l i g h t  monitoring of a i r b o r n e  b a c t e r i a ,  
f u n g i  and t h e i r  spo res  w i l l  be important.  Monitoring of t o x i c ,  v o l a t i l e  t r a c e  
contaminants  should be done a t  a frequency p ropor t iona l  t o  t h e i r  t o x i c i t y ,  and t h a t  
requirement  w e l l  mean t h a t  monitor ing w i l l  have t o  be done i n  r e a l  time, on board 
t h e  space  c r a f t .  I n  a d d i t i o n  some compounds might be monitored a s  i n d i c a t o r s  of 
s t r e s s  on p a r t i c u l a r  subsystems, f o r  example e thylene ,  e thane  and methane could be 
monitored t o  i n d i c a t e  s t r e s s  on the  h i g h e r  p l an t s .  

:-Methods of El imina t ion  

I n  o r d e r  t o  remove a i r b o r n e  t r a c e  contaminants i t  w i l l  be necessary t o  c o l l e c t  
and chemica l ly  t ransform them s e l e c t i v e l y .  I n  a completely c losed  system 
r e g e n e r a t i o n  of t h e  c o n s t i t u e n t  elements of t r a c e  contaminants would be necessary. 
For incomple te ly  c lo sed  systems chemical t ransformat ion  of t r a c e  contaminants is  not  
neces sa ry  only i n s o f a r  a s  t h e i r  l o s s  does not  s i g n i f i c a n t l y  a f f e c t  t h e  mass balance. 
S torage  of c o l l e c t e d  contaminants would be i n h e r e n t l y  hazardous, but  j e t t i s o n i n g  of 
t h a t  m a t e r i a l  might be unacceptable  because i t  would compromise experiments o r  
procedures  dependent on vacuum condi t ions  near  t h e  space c r a f t .  

A 

OBSERVATIONS 

Table 2 i s  a l i s t i n g  of t h e  a i r b o r n e  t r a c e  contaminants which have been 
observed on t h e  s h u t t l e  miss ions  t o  da te .  They a r e  grouped according t o  the  
A c l a s s i f i c a t i o n  scheme i n  Table 1. These t r a c e  contaminants were co l l ec t ed  on space 

. - . shu t t l e  miss ions  e i t h e r  i n  gas sample b o t t l e s  manually operated by t h e  a s t r o n a u t s ,  
o r  i n  a c t i v a t e d  cha rcoa l  f i l t e r s  o r  c a n i s t e r s  of l i t h ium hydroxide which were 
components of t h e  environmental  c o n t r o l  system. The contaminants were l a t e r  
i d e n t i f i e d  i n  ground l a b o r a t o r i e s  by GC/MS. A few p a r t i c u l a r  contaminants which 
have been observed, and some which have not  been observed, r e q u i r e  s p e c i a l  comment. 

Methane i s  assumed t o  have a b i o l o g i c a l  o r i g i n ,  t h e  humans and t h e i r  a s soc i a t ed  
b a c t e r i a .  It has  a low t o x i c i t y ,  s o  i t  no t  dangerous i n  t h a t  r e spec t .  However i t  
i s  no t  r e a d i l y  adsorbed by charcoa l  and i n  some s imula t ions  i t s  atmospheric 
concen t r a t ion  has  r i s e n  h igh  enough t o  p re sen t  a f i r e  hazard. 

Dimethyl benzene ( t o l u e n e ) ,  which is  carc inogenic ,  has  been observed a s  an 
a i r b o r n e  contaminant on every  s h u t t l e  mission. On one s h u t t l e  mission the  amount of 
t o l u e n e  i n  t h e  gas  b o t t l e  samples i nd ica t ed  t h a t  the  s p a c e c r a f t  maximum al lowable 

, concen t r a t ion  (SMAC) had been exceeded. Although the  source of t h e  to luene  was no t  
p o s i t i v e l y  i d e n t i f i e d ,  i t  i s  thought t h a t  an a s t r o n a u t  had taken  gas b o t t l e  samples 

.whi le  ho ld ing  a n  uncapped marking pen. 

A l a r g e  number of s i l i c o n e  compounds have been observed i n  f a i r l y  high 
concent ra t ions .  These compounds a r e  no to r ious ly  d i f f i c u l t  t o  remove once they have 
been app l i ed  t o  su r f aces .  Contamination from them i s  general ly .  not  considered t o  
pose a problem because of t h e i r  low t o x i c i t y  t o  humans. Two s i l i c o n e  contaminants 
which a r e  t o x i c  and have been observed a r e  p ropy l f luo ros i l ane  and 
p ropy ld i f  l uo ros i l ane .  



On s e v e r a l  occasions r e l a t i v e l y  l a r g e  amounts of bromotrifluoromethane have 
been observed. This mi ld ly  tox ic  compound is re leased  by l eak ing  f i r e  
ex t ingu i she r s .  Twenty-three o t h e r  halocarbons have a l s o  been observed, some of them 
a t  r e l a t i v e l y  high concent ra t ions .  Most of t h e s e  halocarbons a r e  thought t o  a r i s e  
from the  outgass ing  of r e s i d u a l  s o l v e n t s  used f o r  degreasing and removing excess  
s i l i c o n e s .  

Dichloroethyne (C2C12) i s ' a n  extremely t o x i c  compound not  known t o  be -a 
contaminant o r  a n  outgassing product of any substance present  i n  t h e  s h u t t l e .  
However i t  can  be produced by dehydrohalogenation of t r i c h l o r o e t h e n e  (C2HC13) i n  
s t r o n g  base. This l a t t e r  compound is  commonly used a s  an  i n d u s t r i a l  s o l v e n t ,  f o r  
degreas ing  and dry cleaning.  Undoubtedly i t  has been used i n s i d e  t h e  s h u t t l e  
because i t  has  a l s o  been t rapped and de t ec t ed  i n  t h e  a c t i v a t e d  charcoa l  f i l t e r s .  , 

However, t h e  a c t i v a t e d  charcoa l  f i l t e r s  did not  c o l l e c t  a l l  t h e  t r i ch lo roe thene .  
Some of i t  must have passed through t h e  cha rcoa l  t o  t he  l i t h i u m  hydroxide c a n i s t e r s  
which a r e  next  i n  t he  a i r  flow pa th  and a r e  used t o  scrub  carbon d ioxide  from t h e  
a i r .  The t r i c h l o r o e t h e n e  r eac t ed  i n  t h e  l i t h i u m  hydroxide c a n i s t e r s  t o  form 
d ich lo roe thyne  which passed back out  i n t o  t h e  cabin  atmosphere. It was then  picked 
up i n  a  subsequent pass through t h e  a c t i v a t e d  charcoa l  f i l t e r s .  

The s h u t t l e  missions have had some v a r i a b i l i t y  i n  t h e  number of a i rbo rne  . 
b a c t e r i a ;  between 100 and 350 c u l t u r e  forming u n i t s  per  cubic  meter have been 
observed inc lud ing  both aerobes  and anaerobes. The spores  of one major fungus, 
Candida a l b i c a n s ,  have been observed, but  fungal  growth does not  appear  t o . b e  a  
problem on t h e  s h u t t l e .  I f  t h e r e  i s  a  problem, i t  might not  be ev ident  u n t i l  longer  
d u r a t i o n  missions a r e  undertaken. On t h e  e a r t h ,  g r a v i t y  a c t s  l i k e  a  f i l t e r  l i m i t i n g  
t h e  propagat ion  of a i r b o r n e  fungal  spores. ,  I n  a  low g rav i ty  environment t h e  spores  
could be expected t o  propagate more r e a d i l y .  

Among t h e  compounds which have no t  been observed a r e  hydrogen cyanide-and 
b e n z o n i t r i l e ,  a l though they have been observed i n  t e s t s  involv ing  t h e  p y r o l y s i s  of 
e l e c t r i c a l .  i n su l a t ion .  Ethene (ethy1ene) 'which has d ive r se  and s t r i k i n g  e f f e c t s  on 
h ighe r  p l a n t s  a t  concen t r a t ions  a s  low a s  5 ppb, has a l s o  not been observed. 

DISCUSSION 

The t r app ing  of dichloroethyne i.n t h e  s h u t t l e  i l l u s t r a t e s  p a r t i c u l a r l y  we l l  why 
g r e a t  c a r e  is  requi red  i n  s tudying the  i n t e r a c t i o n s  of CELSS subsystems. The way i n  
which i t  must have been generated i n  t h e  space s h u t t l e  c l e a r l y  i l l u s t r a t e s  how two 
subsystems can  i n t e r a c t  t o  produce hazardo,us t r a c e  contaminants. The p o s s i b i l i t y  
t h a t  chloroethyne and dichloroethyne could be generated i n  t h a t  way had been pointed 
out  by R. Saunders (1967, Arch. Environ. Hea l th  - 14,  380-384) i n  r e p o r t s  of very 
e a r l y  space  f l i g h t  s imula t ions .  

Another l e s son  provided by t h e  odyssey of chloroethyne i n  t h e  space s h u t t l e  is  
t h a t  t h e  a c t i v a t e d  cha rcoa l  f i l t e r s  have a  f i n i t e  capac i ty  t h a t  can be overwhelmed 
w i t h  unpleasant  consequences. I n  o r d e r  t o  be e f f e c t i v e ,  a c t i v a t e d  charcoa l  f i l t e r s  
must be changed on a  r e g u l a r  bas i s .  For long du ra t ion  space miss ions  t h i s  means 
t h a t  l a r g e  numbers of spent  f i l t e r s  must e i t h e r  be j e t t i s o n e d ,  s t o r e d  and re turned  
t o  e a r t h ,  o r  recharged with t h e  discharged contaminants being e i t h e r  evacuated o r  
converted by t h e  waste processing system. Only the  l a s t  a l t e r n a t i v e  can be 
considered d e s i r a b l e  i n  a  CELSS; The problems wi th  a c t i v a t e d  cha rcoa l  f i l t e r s  can  
be  expected t o  become even more c r i t i c a l  when h ighe r  p l a n t s  o r  microalgae a r e  
included i n  a  CELSS because of t he  r e l a t i v e l y  l a r g e  amounts of v o l a t i l e  organic  
compounds which they produce. 
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.From t h e  a v a i l a b l e  t r a c e  contaminat ion d a t a ,  t h e  c l a s s  of compounds posing t h e  
most immediate danger i s  t h e  haloalkanes.  They meet both c r i t e r i a  f o r  t h e  
d e f i n i t i o n  f o r  c h r o n i c  contaminants ;  they a r e  no t  completely adsorbed o r  r e t a i n e d  by 
t h e  a c t i v a t e d  cha rcoa l  f i l t e r s ,  s o  they tend t o  p e r s i s t  i n  t h e  s h u t t l e  atmosphere,  
and a s  a c l a s s  t h e  ha loa lkanes  a r e  chronic  t o x i n s  t o  humans. It must be hoped t h a t  
s t e p s  w i l l  be t a k e n  t o  l i m i t  t h e  use of ha loa lkanes  on t h e  s h u t t l e ,  on t h e  space  
s t a t i o n  and c e r t a i n l y  i n  a CELSS. 

Another c l a s s  of compounds which p r e s e n t s  a l a r g e  p o t e n t i a l  danger a s  t r a c e  
contaminants  i s  t h e  s i l oxanes .  These compounds, l i k e  t h e  ha loa lkanes ,  tend t o  be 
chemica l ly  i n e r t ,  b u t  u n l i k e  t h e  ha loa lkanes ,  they  a r e  mostly nontoxic  t o  humans. 
The low molecular  weight  compounds a r e  e a s i l y  v o l a t i l i z e d ,  no t  r e a d i l y  adsorbed by 
a c t i v a t e d  cha rcoa l  and tend  t o  p e r s i s t  i n  s p a c e c r a f t  atmospheres. They have been 
observed a s  t r a c e  contaminants  i n  every  s p a c e c r a f t  s i n c e  t h e  Mercury capsu le .  
Unfo r tuna t e ly  t h e s e  compounds do p re sen t  a number of problems. F i r s t ,  t h e i r  
t enac ious  p e r s i s t e n c e  on s u r f a c e s  l e a d s  t o  t h e  heavy use  of ha loa lkanes  i n  e f f o r t s  
t o  remove them. Second, t h e  a l t e r a t i o n s  i n  t h e  su r f ace  p r o p e r t i e s  of s i l i c a t e  g l a s s  
which they  can produce a t  even low concen t r a t i ons  might s e r i o u s l y  compromise c e l l  
t i s s u e  c u l t u r e  work envis ioned  f o r  f u t u r e  s h u t t l e  experiments. Thi rd ,  no r e sea rch  1 
has  been done on t h e  long  term e f f e c t s  of low atmospheric  concen t r a t i ons  of t h e s e  
compounds on p l an t s .  Four th ,  f o r  some exper imenta l  waste process ing  systems, i t  is  
p o s s i b l e  t h a t  t h e s e  compounds could be d i f f i c u l t  t o  handle. 

Another p o t e n t i a l  sou rce  of t r a c e  contaminat ion i s  aging s y n t h e t i c  polymers. 
With t i m e  a l l  s y n t h e t i c  polymers s u f f e r  depolymerizat ion which is  u s u a l l y  
accompanied by t h e  r e l e a s e  of a l a r g e  number of gaseous compounds. Such polymers 
have been used e x t e n s i v e l y  i n  t h e  s h u t t l e  and presumeably they w i l l  con t inue  t o  be 
used i n  t h e  c o n s t r u c t i o n  of s p a c e c r a f t  f o r  many years .  The ag ing  of s y n t h e t i c  I 

polymers i s  a c c e l e r a t e d  by exposure t o  l i g h t ,  i o n i z i n g  r a d i a t i o n ,  t r a c e  
contaminants ,  water  and oxygen. In  s p a c e c r a f t  t h e  aging processs  could be worse I 

because of h igh  energy r a d i a t i o n  and atmospheres of enr iched oxygen. (Oxygen 
r a d i c a l  s p e c i e s  a r e  c r e a t e d  i n  p ropor t i on  t o  t h e  p a r t i a l  p r e s su re  of oxygen, bu t  i n  
pu re  atmospheres t h e r e  i s  less p r o b a b i l i t y  f o r  d e s t r u c t i v e  c o l l i s i o n s  s o  t h e  r a d i c a l  ~ 
s p e c i e s  can  reach  h ighe r  concent ra t ions . )  I n  a CELSS inc luding  e i t h e r  h ighe r  p l a n t s  
o r  microa lgae ,  t h e  exposure t o  l i g h t  and humidi ty  can be expected t o  a c c e l e r a t e  t h e  
ag ing  of polymers used i n  t h e  growing chambers. 

An enumeration of t h e  a i r b o r n e  t r a c e  contaminants observed on t h e  s h u t t l e  i s  
u s e f u l  i n  determining what contaminat ion problems can be d e a l t  w i th  i n  t h e  c u r r e n t  
l i f e  suppor t  system, a system c o n s i s t i n g  of j u s t  human, b a c t e r i a l  and machine 
subsystems. For  a CELSS inc lud ing  a waste  processing system and e i t h e r  h ighe r  
p l a n t s  o r  a l g a e ,  t h e  l i s t  of t r a c e  contaminants  w i l l  c e r t a i n l y  i n c l u d e  even more 
compounds from t h e  c l a s s e s  l i s t e d  i n  Table  1. With a g r e a t e r  v a r i e t y  of t r a c e  
contaminants  p r e s e n t ,  t h e  p r o b a b i l i t y  of s y n e r g i s t i c  e f f e c t s  a l s o  becomes g r e a t e r ;  
s e v e r a l  t r a c e  contaminants  could  r e a c t  t o  form an  even more hazardous compound, a 
t a r g e t  subs tance  could  be more s u s c e p t i b l e  t o  a combination of contaminants ,  o r  a 
contaminant  could  c a t a l y z e  a r e a c t i o n  which r e l e a s e d  more contaminants.  
F o r t u n a t e l y ,  wi th  more t r a c e  contaminants p r e s e n t ,  t h e r e  i s  a l s o  an i nc reased  
p r o b a b i l i t y  t h a t  some of them could r e a c t  and become n e u t r a l i z e d ,  bu t  t h a t  is  t h e  
s o r t  of good f o r t u n e  t h a t  should not be r e l i e d  upon. I n  a CELSS i t  w i l l  be very  
impor t an t  t o  be a b l e  t o  i d e n t i f y  t r a c e  contaminants  r a p i d l y  and t o  have a d a t a  base 
of chemical  p r o p e r t i e s  and r e a c t i o n s  which can be used t o  p r e d i c t  t h e  consequences 
of contaminat ion.  
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TABLE 1. P o t e n t i a l  Airborne Trace Contaminants, -- Sources and Ta rge t s  i n  CELSS 

G i n d i c a t e s  t h a t  t h e  compound is  generated by t h e  l i s t e d  subsystems,  E i n d i c a t e s  
t h a t  t h e  compound h a s  a n  e f f e c t  on t he  l i s t e d  subsystems, and H ,  P, A, B ,  M and W 
i n d i c a t e  t h e  a p p r o p r i a t e  subsystems a s  def ined  i n  t he  APPROACH Sec t ion  of t h i s  
paper.  

1 ) Hydrocarbons 
. l )  methane, e thane ,  o t h e r  a lkanes ;  G:HPABM 
.2) e t h e n e ,  o t h e r  a l k e n e s ,  t e rpenes ;  G:PAB, E:P 
.3 )  e thyne ,  o t h e r  a lkynes ;  G:PM, E:HP 
.4)  benzene, a lky lbenzenes ,  indan,  naphtha lene ;  G:M ( s o l v e n t s ) ,  E:HPAB 

2 )  N i t rogen  Containing 
. l )  n i t r o g e n  ox ides  - N20, NO, N ~ o ~ ,  N02, N2O4, N205, NO3, 

N2O6; G:PAMW ( f u e l s ,  a tmospheric  r e a c t i o n s ) ,  E:HPAM 
. 2 )  o rgan ic  n i t r o g e n  ox ides  - RNO ( n i t r o s o ) ,  RON0 ( n i t r i t e ) ,  RN02 ( n i t r o ) ,  

RON02 ( n i t r a t e ) ,  R2NNO (n i t rosamine) ;  G:M ( f u e l s ) ,  E:HPAB 
. 3 )  amines - NH3, RNH2, R2NH, R3N, R ~ N ~ ;  G:HPABW (c l ean ing  and 

d i s i n f e c t i n g  compounds), E:HPAB 
.4 )  hydraz ines  - N2H4, RNHNH2, RNHNHR, R2NNH2, R2NNR2; G:M 

( f u e l s ) ,  E :HPABM 
.5)  amine ox ides  - NH20H, RNHOH, RzNOH, R3NO; G:M ( p o s s i b l y  atmospheric  

r e a c t  i o n s ) ,  E :HPAB 
.6) amino a l c o h o l s  - 2-aminoethanol; G:W (carbon d ioxide  s c rubbe r ) ,  E:HPA 
. 7 )  ' cyanides  - HCN, RCN; G:PAM ( p y r o l y s i s ) ,  E:HPAB 
.8) cyana t e s  (ROCN), i socyana t e s  (RCNO); G:W (degrada t ion  of u r e a  and 

polymers),  E :HPAB 
.9 )  t h iocyana t e s  (RSCN); G:P, E:HPA 

. l o )  n i t r o g e n  h e t e r o c y c l e s  - pyr id ine ,  i n d o l e ,  ska to l e ;  G:HPA(?)BW, E:HP 

3 )  Oxygen Containing 
. l )  oxygen ( i n  some subsystems) ,  ozone, oxygen r a d i c a l s  ( 0 ,  OH); G:PAM 

(atmospheric  r e a c t i o n s ) ,  E:HPABM 
.2 ) carbon  monoxide; G:H(?)BM, E:HPAB 
. 3 )  water  ( i n  some subsystems);  G:HPBW, E:MB 
.4 )  a l c o h o l s  and phenols  (ROH), e t h e r s  (R20); G:HPBM, E:HP 
.5)  hydrogen peroxide  (H202 ) , hydroperoxides  (R02H), peroxides  (R202 ); 

G:AM ( f u e l s ,  polymerizing a g e n t s ) ,  E:HPABM 
. 6 )  aldehydes (RCHO) , ketones  (R2CO); G:HPB, E:HPB 
.7 ) c a r b o x y l i c  a c i d s  (RC02H); G:HPB, E:HPBM 
.8 ) ca rboxy l i c  e s t e r s  (RC02R); G:HPBM, E :HP 
.9)  oxygen h e t e r o c y c l e s  - fu ran ,  coumarin; G:PB, E:HP 

4 )  Halogen Containing ( F l u o r i n e ,  Chlor ine ,  Bromine, Iod ine )  
. l )  c h l o r i n e  (C12),  hypoch lo r i t e  (ClO'), i o d i n e  ( I ~ ) ;  G:M ( fumigants ,  

d i s i n f e c t a n t s ) ,  E:HPABM 
.2)  hydrogen h a l i d e s  (HF, HC1); G:MW, E :HPABMW 
.3)  phosgene (COC12); G:M ( p y r o l y s i s ) ,  E:HPABM 
.4 )  ha loa lkanes  (RF, RC1,  RBr, RI);  G:PA(?)B(?)M (macroalgae produce organic  

compounds of C 1 ,  B r  and 1 ; c l ean ing  s o l v e n t s ,  r e f r i g e r a n t s ,  polymers),  
E : HPABW 

.5 )  f l u o r o s i l a n e  ( R ~ S ~ F ) ;  G:M ( t r a c e  contaminant i n  s i l i c o n e s ) ,  E:HPABMW 



5) S i l i c o n  Conta in ing  
. 1 )  s i l a n e s  (R3SiH), s i l a n o l s  ( R ~ S I O H ) ,  s i l o x a n e s  (R3SiOSiR3); G:M 

( s i l i c o n e s ) ,  E:P(?)W 
. 2 )  o r t h o s i l i c a t e  e s t e r s  ( [ ~ 0 ] ~ S i ) ;  G:M ( c o o l a n t  f l u i d ) ,  E:HPW 

6 )  Phosphorus Conta in ing  
. 1 )  phosphate  e s t e r s  ( [ R O I ~ P O ) ;  G:MW ( f l a m e  r e t a r d a n t ,  p l a s t i c i z e r ,  h y d r a u l i c  

f l u i d ,  d i s i n f e c t a n t ) ,  E:HPAB 

7 )  S u l f u r  Conta in ing  
. l )  s u l f u r  o x i d e s  - S20, SO, S02, S03; G:MW (a tmospher ic  r e a c t i o n s ) ,  

E : H PABM 
. 2 )  o r g a n i c  s u l f u r  o x i d e s  - s u l f o x i d e s  (R2SO), s u l f o n e s  (R2S02), s u l f a t e  

e s t e r s  (R2S04); G:M, E:HPABM r -. 
. 3 )  s u l f i d e s  - hydrogen s u l f i d e  (H2S), t h i o l s  (RSH), t h i o e t h e r s  (R2S), 

d i s u l f i d e s  (R2S2); G:PA(?)W, E:HP 
.4 )  ca rbon  d i s u l f  i d e ;  G:M, E:HP 
.5 )  s u l f u r  h e t e r o c y c l e s  - th iophene ,  t h i o f u r a n ;  G:B, E:HP 

8 ) Macroorganics  
. l )  p o l l e n ,  b a c t e r i a ,  v i r u s ,  s p o r e s ;  G:HPAB, E:HPABM 
. 2 )  h a i r ,  s k i n ,  e x c r e t a ;  G:H, E:HBM 
. 3 )  abraded  m a t e r i a l ;  G:M ( l i n t ,  t o r n  v e l c r o  hooks) ,  E:HM 

9 )  Meta l s  
M e t a l s  which might  be g e n e r a t e d  i n  t r a c e  amounts by t h e  machine subsystem and 
which would be b i o l o g i c a l l y  hazardous  (depending on t h e  chemica l  form and  t h e  
b i o l o g i c a l  s p e c i e s )  a r e :  Al ,  Sb, As, Ba, B e ,  B i ,  B, C r ,  Co, Ga, Ge, Au, I n ,  Pb, 
L i ,  Mn, Hg, N i ,  Pd, P t ,  Re, Rh, Se, Ag, Ta, Sn, T i ,  Z r .  

, % ' ,  , 
I 'it > , & T  -.."),...+,b - 



TABLE 2. Airborne Trace Contaminants on Shuttle Missions -- 
These compounds were recovered from gas sample bottles, activated charcoal filters 
or lithium hydroxide canisters after shuttle missions and were identified by GC/MS. 
They are grouped according to the classification scheme in Table 1. 

1.1) methane, pentane, hexane, heptane, ottane, nonane, decane, 2-methylpentane, 
2,2,4-trimethylpentane, methylcyclopentane, cyclohexane, 2-methylhexane; other 
incompletely identified alkanes: C4-alkane, C5-alkane, C6-alkane, C7-alkane, 
C8-alkane, C9-alkane, C10-alkane, C11-alkane, C12-alkane, Clsalkane, 
C14-alkane, methylethylcyclopentane 

1.2) l-pentene, 2-methyl-1,3-butadiene, limonene; other incompletely identified 
alkenes: butene, pentene, C4-alkene, C7-alkene, C8-alkene, C9-alkene, 
C10-alkene 

1.4) benzene, methylbenzene, 1,2-dimethylbenzene, 1,3-dimethylbenzene, 
1,4-dimethylbenzene, butylbenzene, ethylbenzene, ethenylbenzene, propylbenzene, 
indan, 2-methylindan, napthalene; other incompletely identified alkylbenzenes: 
C3-substituted benzene, C4-substituted benzene, dimethyl ethenylbenzene 

2.3) ammonia 
2.7) ethanenitrile 

3.2 ) carbon monoxide 
3.4) methanol, ethanol, l-propanol, 2-propanol, l-butanol, 2-butanol, 

2-methyl-l-propanol, 2-methyl-2-propanol, 2-methyl-2-butanol, 1,2-ethanediol, 
diethoxymethane, 2-ethoxyethanol, 3-ethoxy propene 

3.6) ethanal, propanal, propenal, butanal, pentanal, hexanal, heptanal, 
2-ethylhexanal, 2,4-hexadienal, benzaldehyde, propanone, 2-butanone, 
2-hexanone, 2-heptanone, 3-heptanone, 4-methyl-2-pentanone, 
6-methyl-2-heptanone; an unidentified C7-ketone 

3.7) acetic acid, 3-oxobutanoic acid 
3.8) ethyl formate, ethyl acetate, propyl acetate, butyl acetate, 2-butyl acetate, 

2-methylpropyl acetate, 2-ethoxyethyl acetate, ethyl propanoate, methyl 
2-methylpropenoate, ethyl butanoate, diethyl o-phthalate; an unidentified 
C5-es ter 

3.9) 1,4-dioxane, furan, benzofuran, 2-methylbenzofuran 

4.4) l,l,l-trichloroethane, 1,1,2-trichloro-1,2,2-trifluoroethane, 
1,l-dichloroethane, 1,l-dichloroethene, 1,l-dichlorotetrafluoroethane, 
1,2-dichloroethane, 1,2-dichloropropane, bromotrifluoromethane, chloroethane, 
chloroethene, chlorofluoromethane, chloromethane, chlorotrifluoroethene, 
dichlorodifluoroethene, dichloroaif luoromethane, dichloroethane , 
dichloroethyne, dichlorofluoromethane, dichloromethane, tetrachloroethene, 
trichloroethene, trichlorofluoromethane, trichloromethane, trifluoromethane 

4.5) propylfluorosilane, propyldifluorosilane 

5.1) hexamethyldisiloxane, octamethyltrisiloxane, decamethyltetrasiloxane , 
dodecamethylpentasiloxane, tetradecamethylhexasiloxane, 
hexadecamethylheptasiloxane, octadecamethyloctasiloxane, 
eicosamethylnonasiloxane, docosamethyldecasiloxane, 
hexacosamethyldodecasiloxane, hexamethylcyclotrisiloxane, 
octamethylcyclotetrasiloxane, decamethylcyclopentasiloxane, 
dodecamethylcyclohexasiloxane, tetradecamethylcycloheptasiloxane, 
hexadecamethylcyclooctasiloxane, propylsilane, triethylsilane, trimethylsilanol 

7.3) dimethylsulfide 
7.4 ) carbon disulf ide 

I - -- 
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ABSTRACT 

L i f e  s u p p o r t  s y s t e m s  b a s e d  o n  b i o r e g e n e r a t i o n  r e l y  o n  
t h e  c o n t r o l  a n d  m a n i p u l a t i o n  o f  o r g a n i s m s .  A l g a e  a r e  
p o t e n t i a l l y  u s e f u l  f o r  a  v a r i e t y  o f  CELSS f u n c t i o n s  
i n c l u d i n g  t h e  r e v i t a l i z a t i o n  o f  a t m o s p h e r e s ,  p r o d u c t i o n  o f  
f o o d  a n d  f o r  n i t r o g e n  f i x a t i o n .  We r e p o r t  t h e  r e s u l t s  o f  
e x p e r i m e n t s  c o n d u c t e d  w i t h  a  g a s - c l o s e d  a l g a l - m o u s e  s y s t e m  
d e s i g n e d  t o  i n v e s t i g a t e :  1 )  g a s  e x c h a n g e  phenomena  u n d e r  
v a r y i n g  a l g a l  e n v i r o n m e n t a l  c o n d i t i o n s ,  a n d  2 )  t h e  a b i l i t y  
o f  a l g a e  t o  u t i l i z e  o x i d i z e d  mouse  s o l i d  w a s t e .  

I n h e r e n t  i n s t a b i l i t i e s  e x i s t  b e t w e e n  t h e  u p t a k e  a n d  
r e l e a s e  o f  c a r b o n  d i o x i d e  ( C 0 2 )  a n d  o x y g e n  ( 0 2 )  by  t h e  
m o u s e  a n d  a l g a e  i n  a  g a s - c l o s e d  s y s t e m .  V a r i a t i o n s  i n  
l i g h t  i n t e n s i t y  a n d  c e l l  d e n s i t y  a l t e r  t h e  p h o t o s y n t h e t i c  
r a t e  o f  t h e  a l g s e  a n d  e n a b l e  s h o r t - t e r m  s t e a d y - s t a t e  
c o n c e n t r a t i o n s  of  a t m o s p h e r i c  C02 a n d  02 .  D i f f e r e n t  
n i t r o g e n  s o u r c e s  ( u r e a  a n d  n i t r a t e )  r e s u l t  i n  d i f f e r e n t  
a l g a l  a s s i m i l a t o r y  q u o t i e n t s  (AQ). C o m b i n a t i o n s  o f  
p h o t o s y n t h e t i c  r a t e  a n d  A Q  r a t i o  m a n i p u l a t i o n s  h a v e  b e e n  
e x a m i n e d  f o r  t h e i r  p o t e n t i a l  i n  s t a b i l i z i n g  a t m o s p h e r i c  
g a s  c o n c e n t r a t i o n s  i n  t h e  g a s - c l o s e d  a l g a l - m o u s e  s y s t e m .  

E l e m e n t  c y c l i n g  e x p e r i m e n t s  i n c l u d e  w e t  o x i d a t i o n  o f  
s y s t e m  w a s t e  m a t e r i a l s  f o r  u s e  a s  a n  a l g a l  n u t r i e n t  
s o u r c e .  O x i d i z e d  w a s t e  p r o d u c t s  d e m o n s t r a t e  i n h i b i t o r y  
p r o p e r t i e s  a l t h o u g h  d i l u t i o n  h a s  b e e n  shown t o  a l l o w  
n o r m a l  a l g a l  g r o w t h .  C h a r a c t e r i z a t i o n  of  t h e  n a t u r e  o f  
t h e  i n h i b i t o r y  m a t e r i a l  h a s  b e g u n .  
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INTRODUCTION 

i k  

The  d e v e l o p m e n t  o f  c o n t r o l l e d  e c o l o g i c a l  l i f e  s u p p o r t  

s y s t e m s  (CELSS) r e l i e s ,  i n  p a r t ,  o n  t h e  a b i l i t y  t o  

m a n i p u l a t e  a n d  c o n t r o l  t h e  o r g a n i s m s  w h i c h  a r e  a  p a r t  of  

t h e  s y s t e m .  A l g a e  a r e  c o n s i d e r e d  u s e f u l  f o r  s e - v e r a l  CELSS 

f u n c t i o n s  i n c l u d i n g  t h e  r e v i t a l i z a t i o n  o f  a t m o s p h e r e s ,  
' P  

p r o d u c t i o n  o f  f o o d  a n d  f o r  n i t r o g e n  f i x a t i o n .  .' T e c h n i q u e s  

t o  a c c o m p l i s h  t h e s e  f u n c t i o n s  u s i n g  a l g a e  e n h a n c e  t h e  

d e v e l o p m e n t  o f  a n  o p e r a t i o n a l  CELSS by a d d r e s s i n g  c o n t r o l  

i s s u e s ,  a n d  e n h a n c i n g  r e l i a b i l i t y  a n d  s t a b i l i t y  by 

i n c r e a s i n g  t h e  a v a i l a b l e  o p t i o n s .  

T h e  r e s e a r c h  r e p o r t e d  i s  d i r e c t e d  a t  u n d e r s t a n d i n g  

how a n  i n t e g r a t e d  CELSS m i g h t  f u n c t i o n  a n d  p a r t i c u l a r l y  t o  

i d e n t i f y  a n y  p r o b l e m s ' w h i c h  may o c c u r .  The s t r a t e g y  h a s  

b e e n  t o  c o n t r o l  a  s m a l l  m o d e l  CELSS b a s e d  o n  a l g a e  a n d  

mice a n d  t o  s t u d y  i t s  b e h a v i o r  u n d e r  d i f f e r e n t  o p e r a t i n g  

c o n d i t i o n s .  The m a j o r  s y s t e m  c o m p o n e n t s  ( F i g . , l )  a r e ;  t h e  

g r e e n  a l g a  C h l o r e l l a  p y r e n o i d o s a ,  t h e  d w a r f  mouse  s t r a i n  

DW/J a n d  a  b e n c h  s c a l e  w e t - a i r  o x i d a t i o n  (WAO) r e a c t o r .  

P r i m a r i l y  we a r e  c o n c e r n e d  w i t h  t h e  a t m o s p h e r e  b e h a v i o r  

w i t h i n  t h e  g a s - c l o s e d  a l g a l - m o u s e  s y s t e m ,  a d d i t i o n a l l y  w e  

h a v e  i n i t i a t e d  s t u d i e s  t o  d e t e r m i n e  t h e  d e g r e e  of  e l e m e n t  

r e c y c l e  p o s s i b l e .  A s  i n d i c a t e d  i n  F i g u r e  1 t h e  w a s t e  

p r o c e s s i n g  s u b s y s t e m  i s  n o t  p h y s i c a l l y  c o u p l e d  t o  t h e  

a l g a l - m o u s e  s y s t e m .  T h i s  l i m i t s  t h e  a b i l i t y  t o  d e t e r m i n e  

t h e  r e c y c l a b i l i t y  o f  t h e  s y s t e m  a l t h o u g h  p r e l i m i n a r y  

a n a l y s i s  o f  s y s t e m  i n t e r a c t i o n s  i s  p o s s i b l e .  



METHODS 

F i g u r e  2  s c h e m a t i c a l l y  r e p r e s e n t s  t h e  o p e r a t i o n  o f  

t h e  a l g a l - m o u s e  s y s t e m  w i t h o u t  t h e  i n c o r p o r a t i o n  o f  w a s t e  

o x i d a t i o n  i n t o  t h e  s y s t e m .  The  m a j o r i t y  o f  d a t a  p r e s e n t e d  

i n  t h i s  p a p e r  i s  c o n c e r n e d  w i t h  t h e  d y n a m i c s  o f  g a s  

e x c h a n g e  b e t w e e n  t h e  a l g a e  a n d  t h e  mouse  u n d e r  a  v a r i e t y  

o f  a l g a l  g r o w t h  c o n d i t i o n s .  P a r a m e t e r s  b a r i e d  a r e  t h e  

o p t i c a l  d e n s i t y  o f  t h e  c u l t u r e s ,  t - h e  l i g h t  i n t e n s i t y  w h i c h  

t h e  a l g a l  r e a c t o r s  r e c e i v e  a n d  t h e -  n i t r o g e n  s o u r c e  i n  t h e  
. . 

a l g a l  m e d i a .  C a r b o n  d i o x i d e  i s  s u p p l i e d  e i t h e r  f r o m  

c y l i n d e r s  o r  f r o m  t h e  mouse  r e a c t o r .  Mouse f o o d  a n d  w a t e r  

a r e  e x t e r n a l l y  s u p p l i e d  a n d  o x y g e n  i s  s u p p l i e d  f r o m  

c y l i n d e r s  o r  t h e  a l g a l  r e a c t o r s .  - 

F i g u r e  3 s h o w s  d e t a i l s  o f  t h e  e x p e r i m e n t a l  

a l g a l - m o u s e  s y s t e m .  It i s  c o m p r i s e d  of t h r e e  g a s - t i g h t  

r e a c t o r s ,  two o f  w h i c h  s u p p o r t  c o n t i n u o u s  a l g a l  g r o w t h  a n d  

o n e  w h i c h  h o u s e s  a  mouse .  The  s y s t e m  i s  d e s i g n e d  t o  

o p e r a t e  i n  e i t h e r  a  g a s  f l o w - t h r o u g h  mode o r  i n  a  

g a s - c l o s e d  mode. M e a s u r e m e n t  o f  a t m o s p h e r i c  

c o n c e n t r a t i o n s  o f  o x y g e n  ( 0 2  a n d  c a r b o n  d i o x i d e  ( C 0 2 )  

i s  a c c o m p l i s h e d  w i t h  p a r a m a g n e t i c  a n d  i n f r a r e d  a n a l y z e r s ,  

r e s p e c t i v e l y .  The  a l g a l  r e a c t o r s  a r e  o p e r a t e d  a s  

t u r b i d o s t a t s  w i t h  o p t i c a l  d e n s i t y  o f  t h e  c u l t u r e s  b e i n g  

c o n t r o l l e d  b y  t h e  a d d i t i o n  o f  f r e s h  m e d i a .  The  o p e r a t i o n  

o f  t h e  s y s t e m  i n c l u d e s  t h e  u s e  o f  a  c o m p u t e r  t o  c o l l e c t  

d a t a  a n d  t o  o p e r a t e  pumps a n d  v a l v e s  u s e d  t o  a l t e r  s y s t e m  

s t a t e s .  
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FIGURE 3. EXPERIMENTAL MOUSE-ALGAL SYSTEM 

RESULTS AND DISCUSSION 

T h r e e  t y p e s  o f  g a s  e x c h a n g e  e x p e r i m e n t s  a r e  c o n d u c t e d  

u s i n g  t h e  s y s t e m .  M e a s u r e m e n t  of  mouse  r e s p i r a t o r y  

q u o t i e n t s  (RQ) i s  d o n e  by c l o s i n g  t h e  mouse  i n  t h e  r e a c t o r  

w i t h  a m b i e n t  a t m o s p h e r i c  c o n c e n t r a t i o n s  of  GO2 and 0 2  ' 

a n d  o b s e r v i n g  t h e  c h a n g e s  i n  e a c h  g a s  c o n c e n t r a t i o n  o v e r  

t i m e .  The RQ i s  c a l c u l a t e d  f r o m  t h e  c h a n g e  i n  C02 

d i v i d e d  by t h e  c h a n g e  i n  0 2  (RQ = m o l e s  C02 

p r o d u c e d / m o l e s  0 2  c o n s u m e d ) .  F i g u r e  4 g r a p h i c a l l y  

r e p r e s e n t s  s y s t e m  b e h a v i o r  w i t h  a  m o u s e  o n l y .  S h o r t - t e r m  

m e a s u r e m e n t s  of  mouse  RQ h a v e  b e e n  d e t e r m i n e d  tr, b e  0 . 9 7 5  
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T h e  s e c o n d  t y p e  o f  e x p e r i m e n t s  d e t e r m i n e  t h e  a l g a l  

a s s i m i l a t o r y  q u o t i e n t  (AQ) i n  a  s i m i l a r  f a s h i o n .  The  

a l g a l  c u l t u r e s  a r e  n o r m a l l y  s u p p l i e d  w i t h  C02 (2%) 

e n r i c h e d  a i r .  When AQ m e a s u r e m e n t s  +. a r e  m a d e ,  t h e  g a s  f l o w  
" - 

f r o m  t h e  c y l i n d e r s  i s  s t o p p e d  a n d  t h e  g a s  w i t h i n  t h e  

s y s t e m  i s  r e c i r c u l a t e d  u s i n g  a  pump. The  s l o p e s  o f  t h e  

C02 a n d  0 2  c o n c e n t r a t i o n s  a r e  t h e n  u s e d  t o  c a l c u l a t e  

t h e  A Q  (AQ = m o l e s  C02 c o n s u m e d / m o l e s  0 2  p r o d u c e d ) .  

F i g u r e  5 e x h i b i t s  t h e  o p p o s i t e  s e t  o f  r e s p o n s e s  f r o m  

F i g u r e  4 ,  a s  w o u l d  b e  e x p e c t e d .  The  t h i r d  s e t  o f  

e x p e r i m e n t s ,  t o  b e  d i s c u s s e d  l a t e r ,  a r e  c o n d u c t e d  w i t h  t h e  
- 

m o u s e  a n d  a l g a l  r e a c t o r s  .;;upled. 

Due t o  m e t a b o l i c  d i f f e r e n c e s  b e t w e e n  t h e  m o u s e  a n d  

t h e  a l g a e  t h e  AQ a n d  t h e  'RQ a r e  n o t  t h e  s ame .  T h i s  

i n h e r e n t  m i s m a t c h  w i l l  r e s u l t  i n  d e p l e t i o n  o f  o n e  

a t m o s p h e r i c  c o m p o n e n t .  T h e r e f o r e ,  i n  o r d e r  t o  m a i n t a i n  

s t a b l e  c o n c e n t r a t i o n s  o f  C02 a n d  02 w i t h i n  a  c o u p l e d  

m o u s e - a l g a l  s y s t e m ,  i t  i s  n e c e s s a r y  t o  c o n t r o l  e i t h e r  t h e  

AQ o r  t h e  RQ. C o n t r o l  o f  t h e  RQ i s  p o s s i b l e  b u t  n o t  a  

r e a l i s t i c  o p t i o n  f o r  u s e  i n  a  CELSS. T h e r e f o r e ,  
C 

t e c h n i q u e s  t o  m a t c h  t h e  AQ o f  t h e  a l g a e  t o  t h e  R Q  o f  t h e  

mouse  a r e  examined..,-. One - t e c h n i q u e  s t u d i e d  t a k e s  a d v a n t a g e  

o f  t h e  o b s e r v e d  d i f f e r e n c e  i n  AQ b e t w e e n  c u l t u r e s  g r o w n  on  

n i t r a t e  a n d  t h o s e  g r o w n  o n  u r e a .  T a b l e  1 e x h i b i t s  t h e  

v a r i a t i o n  i n  AQ b e t w e e n  n i t r a t e  a n d  u r e a  g rown  c u l t u r e s .  
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TABLE 1 :  A Q  a s  a  F u n c t i o n  of  N i t r o g e n  S o u r c e  

................................................................ 

NITRATE U R E A  

................................................................ 

ASSIMILATORY 0 . 5 0  + 0 . 0 7  - 0 . 7 7  + 0 . 1 2  - 

QUOTIENT (AQ) 

S a m p l e  s i z e  ( n = 2 5 )  ( n = 2 8 )  

................................................................. 

The d a t a  i n  T a b l e  1  was  o b t a i n e d  f r o m  b a c t e r i a l l y  

c o n t a m i n a t e d  c u l t u r e s .  Our e x p e r i e n c e  i n d i c a t e s  t h a t  i t  

i s  e x t r e m e l y  d i f f i c u l t  t o  m a i n t a i n  a x e n i c  a l g a l  c u l t u r e s  

f o r  l o n g  t i m e  p e r i o d s .  T h e r e f o r e ,  i t  i s  v a l u a b l e  t o  

e s t a b l i s h  A Q  v a l u e s  f o r  p u r e  a n d  c o n t a m i n a t e d  c u l t u r e s  

g r o w n  o n  n i t r a t e  o r  u r e a .  F i g u r e  6 e x h i b i t s  t h e  v a r i a t i o n  

i n  A Q  f o r  p u r e  a n d  b a c t e r i a l l y  c o n t a m i n a t e d  c u l t u r e s  g rown  

o n  n i t r a t e .  The  two u n c o n t a m i n a t e d  p o i n t s  w i t h  A Q ' s  n e a r  

0 . 4 5  w e r e  f r o m  a  r u n  w h i c h  i n i t i a l l y  a p p e a r e d  t o  b e  p u r e ,  

b u t  w h i c h  l a t e r  s h o w e d  b a c t e r i a l  c o n t a m i n a t i o n .  From t h i s  

i n f o r m a t i o n  w e  c a n  make  t h e  a s s u m p t i o n  t h a t  e v e n  l o w  

l e v e l s  o f  b a c t e r i a l  c o n t a m i n a t i o n  w i l l  h a v e  a n  e f f e c t  o n  

t h e  a p p a r e n t  AQ o f  t h e  a l g a l  c u l t u r e .  The l a r g e  v a r i a t i o n  

i n  A Q  f o r  c o n t a m i n a t e d  r u n s  i s  p r o b a b l y  d u e  t o  d i f f e r e n t  

b a c t e r i a l  p o p u l a t i o n  s i z e s .  The  u n c o n t a m i n a t e d  p o i n t s  

c l u s t e r e d  a r o u n d  a n  AQ of 0 . 7  s h o w e d  no  b a c t e r i a l  

270 
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contamination, further supporting this hypothesis. 

Further data must be collected concerning the relative 

population sizes of bacteria and algae and how this 

affects the apparent AQ. Precise information on this 

interaction will allow greater control of algal gas 

revitalization systems. 

1.0r 

I- z .8- 
W 
I- 
0 
3 
0 
> 

.6- 
I- 

2 
2 
2 4- 

0 NITRATE, 200 pglml, CONTAMINATED 

- a NITRATE: 200 pglml, UNCONTAMINATED 

350 pEINSTEINS M-' set" 

- 
A A a A 

A 

0  0  0  0  

- O o " Q  0  
8 O 

0 &  
0 

A 0  
0 Q 

0 0  Q 
0 

00 - 

. . . . IIO ,I2 114 11s 1:s 210 212 d4 
OPTICAL DENSITY, 420 nrn 

FIGURE 6. VARIATION OF ASSIMILATORY QUOTIENT AS A 
FUNCTION OF OPTICAL DENSITY 

Another parameter which affects algal gas 

revitalization characteristics is the light intensity 

which the cultures receive. In combined algal-mouse runs 

variation in light intensity has been shown to allow 

control of gas exchange mismatches. Figure 7 demonstrates 

an initial system state which we refer to as a 

photosynthetic mode. In other words, the oxygen 
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p r o d u c t i o n  o f  t h e  a l g a e  e x c e e d s  t h e  o x y g e n  u p t a k e  of t h e  

mouse .  By l o w e r i n g  t h e  l i g h t  i n t ' e n s i t y  ( a t  1.1 h o u r s )  we 

r e d u c e  t h e  p h o t o s y n t h e t i c  r a t e  o f  t h e  c u l t u r e  a n d  l o w e r  - 
t h e  o x y g e n  o u t p u t .  F u r t h e r  r e d u c t i o n s  i n  l i g h t  i n t e n s i t y  

a t  2 .0  h o u r s  s h i f t s  t h e  s y s t e m  s t a t e  t o  a  r e s p i r a t o r y  mode 

( i . e .  o x y g e n  c o n s u m p t i o n  o f . t h e  mouse  e x c e e d s  o x y g e n  

p r o d u c t i o n  by t h e  a l g a e ) .  F u r t h e r  c h a n g e s  i n  l i g h t  

i n t e n s i t y  a t  3 . 0  a n d  4.0 h o u r s  r e s t o r e  t h e  s y s t e m  t o  a  

p h o t o s y n t h e t i c  mode. A l t h o u g h  f i g u r e  7 d o e s  n o t  

d e m o n s t r a t e  a  g a s - s t a b l e  s y s t e m  i t  d o e s  show t h a t  c o n t r o l  " 
* .  

i 

c a n  b e  a c h i e v e d  by  p h o t o s y n t h e t i k ' r a t e  m a n i p u l a t i o n s .  .. 
F i g u r e  8 s h o w s  a  s y s t e m  s t a t e  i n  w h i c h  v a r i a t i o n  of  l i g h t  

. . 
i n t e h s i t y  r e s u l t s  i n  a  r e l a t i ' v e l y  s t a b l e   stern s t a t e .  

F i g u r e s  9 a n d  10 show w h a t  w e ' r e f e r  t o  a s  t h e  

c r o s s o v e r  a r e a  b e t w e e n  p h o t o s y n t h e t i c  a n d  r e s p i r a t o r y  

modes .  The s h a d e d  a r e a  i n d i c a t e s  t h e  u n c e r t a i n t y  

a s s o c i a t e d  w i t h  t h e  d a t a .  The d i f f e r e n c e  i n  a l g a l  A Q  

b e t w e e n  n i t r a t e  a n d  u r e a  grown c u l t u r e s  i s  a l s o 1  e v i d e n t  i n  

t h e  c r o s s o v e r  a r e a  c u r v e s .  R e f i n e m e n t  o f  t h i s  d a t a  w i l l  

a l l o w  p r e d i c t i o n s  t o  b e  m a d e - c o n c e Z n i n g  t h e  s y s t e m  s t a t e s  

f o r  c u l t u r e s  m a i n t a i n e d  a t  s e l e c t e d  o p t i c a l  d e n s i t i e s ,  

l i g h t  i n t e n s i t i e s  a n d  n i t r o g e n  s o u r c e s .  The s i g n i f i c a n t l y  

d i f f e r e n t  g a s - e x c h a n g e  c h a r a c t e r i s t i c s  a t  s e l e c t e d  

o p e r a t i n g  r e g i m e s  may t h e n  b e  e x p l o i t e d  f o r  c o n t r o l  

p u r p o s e s .  M u l t i p l e  r e a c t o r s ,  . . e a c h  w i t h  d i s t i n c t i v e  g a s  

e x c h a n g e  c h a r a c t e r i s t ' i c s  m a y ' b e  u s e d  t o  o p e r a t e  t h e  s y s t e m  

i n  a  s t a b l e  f a s h i o n  w i t h  m i n i m a l  c o n t r o l  r e q u i r e m e n t s .  
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Figure 1 1  exhibits a system state in which gas 

concentrations show only slight variation. The operating 

characteristics involve only the manipulation of algal AQ 

by use of different nitrogen sources. The graph exhibits 

that two reactors, one growing on nitrate and the other on 

urea, can maintain stable atmospheric C02 and 02 

concentrations within a closed system. In order to show 

the feasibility of this technique for CELSS application it 

must be demonstrated that stability can be achieved for 

time periods much greater than 7 hours. 

0 - % OXYGEN IN GAS S T R E W  
0- % CARBON OlOXlOE IN GFIS STREAM 

FIGURE ll. C02-02 RELRTI ONSHIP I N  fl GRS-CLOSED flLGflL-MOUSE SYSTEK 
R1 N i t ra te  (OD 1.641 : R2 UF& I00 4.00) : 700 rnicroEinsteins/rn2/s 



The  r e s p o n s e  o f  t h e  s y s t e m  s e e n  i n  F i g u r e  11 d o e s  n o t  

a g r e e  w i t h  t h e  r e s p o n s e  w h i c h  w o u l d  b e  p r e d i c t e d  f r o m  t h e  

c r o s s o v e r  a r e a  c u r v e s .  The e x p e r i m e n t a l  c o n d i t i o n s ,  a s  

o b s e r v e d  o n  t h e  c r o s s o v e r  a r e a  c u r v e s ,  wou ld  b e  p r e d i c t e d  

t o  l e a d  t o  a  s y s t e m  s t a t e  i n  p h o t o s y n t h e t i c  e x c e s s .  

H o w e v e r ,  a  b a l a n c e  b e t w e e n  p h o t o s y n t h e s i s  a n d  r e s p i r a t i o n  

i s  o b s e r v e d .  I n  f a c t ,  a t  a b o u t  5.0 h o u r s  a  r e s p i r a t o r y  

t r e n d  i s  b e g i n n i n g  t o  e m e r g e  w h i c h  i s  d i r e c t l y  i n  

o p p o s i t i o n  t o  c r o s s o v e r  a r e a  p r e d i c t i o n s .  

T h e r e  a r e  s e v e r a l  p o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  

d i s c r e p a n c y .  F i r s t  i s  t h e  u n c e r t a i n t y  of t h e  c r o s s o v e r  

a r e a  c u r v e s .  More  d a t a  i s  r e q u i r e d  i n  o r d e r  t o  r e f i n e  t h e  

c r o s s o v e r  a r e a  i n t o  a c r o s s o v e r  p o i n t ,  t h i s  w i l l  a l l o w  

m o r e  a c c u r a t e  p r e d i c t i o n  of  s y s t e m  b e h a v i o r .  S e c o n d l y ,  

/ 
t h e  sum o f  s u b s y s t e m  b e h a v i o r ;  (e . ,g  n i t r a t e  a n d  u r e a  g rown  

/ / 
c u l t u r e s )  may n o t  e q u a l  t h e  sum &f t h e  o v e r a l l  s y s t e m  

,/' ,/ 

b e h a v i o r .  The  c r o s s o v e r  a r e a  c u r v e s  w e r e  d e r i v e d  f r o m  ,/' 
u r e a  a n d  n i t r a t e  g r o w n  c u l t u r e s  o p e r a t i n g  i n d e p e n d e n t l y ,  

t h e  c r o s s o v e r  a r e a  f o r  u r e a  a n d  n i t r a t e  c u l t u r e s  o p e r a t i n g  

t o g e t h e r  may b e  d i f f e r e n t .  To v e r i f y  t h i s  h y p o t h e s i s  

f u r t h e r  d a t a  a c q u i s i t i o n  i s  r e q u i r e d .  A t h i r d  p o s s i b l e  

a n s w e r  may b e  d u e  t o  t h e  l a r g e  mouse  c h a m b e r  v o l u m e  w h i c h  

w i l l  s i g n i f i c a n t l y  d e l a y  s y s t e m  r e s p o n s e .  E x p e r i m e n t s  

c o n d u c t e d  w i t h  a  s m a l l  v o l u m e  mouse  c h a m b e r  show g r e a t e r  

i n s t a b i l i t y  f o r  c o m b i n e d  u r e a - n i t r a t e  c o n d i t i o n s ,  

i n d i c a t i n g  t h a t  s y s t e m  v o l u m e  i s  a f f e c t i n g  o b s e r v e d  s y s t e m  

s t a t e s .  C o m p a r i s o n  o f  s m a l l  r e a c t o r  t o  l a r g e  r e a c t o r  d a t a  

a n d  l o n g e r  r u n s  w i l l  b e  r e q u i r e d  i n  o r d e r  t o  d e t e r m i n e  t h e  
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e f f e c t  o f  l a r g e  m o u s e  r e a c t o r  v o l u m e  o n  s y s t e m  b e h a v i o r .  

R e t u r n i n g  t o  F i g u r e  1 ,  w e  w i l l  now l o o k  a t  m a t e r i a l  
I 

r e c y c l i n g  w i t h i n  t h e  e x p e r i m e n t a l  s y s t e m .  A s  s t a t e d  

e a r l i e r ,  t h e  s y s t e m  i s  n o t  f u l l y  i n t e g r a t e d  w h i c h  l i m i t s  

t h e  a b i l i t y  t o  d e t e r m i n e  m a s s  b a l a n c e  f o r  t h e  s y s t e m .  
. 1 )  

H o w e v e r ,  w e  h a v e  c o n d u c t e d  a  s e r i e s  o f  e x p e r i m e n t s  t o  

d e t e r m i n e  i f  a l g a l  g r o w t h  c a n  b e  s u p p o r t e d  by t h e  f e c a l  

o u t p u t  o f  t h e  mouse .  F i g u r e  1 2  s h o w s  t h e  g r o w t h  o f  a l g a e  

o n  a  w e t - o x i d i z e d  s a m p l e  o f  m o u s e  f e c e s .  A 1 : l  d i l u t i o n  

o f  t h e  f e c a l  w e t - o x i d a t e  i n h i b i t s  a l g a l  g r o w t h  w h i l e  a 

1 : 1 5  d i l u t i o n  o f  t h e  same m a t e r i a l  s h o w s  g r o w t h  e q u a l  t o  a 

p o s i t i v e  c o n t r o l .  
0 -  POSITIVE CONTROL 0.86 mS 
0- 1:l DILUTION OF OXIDATE 5.08 mS 
A -  1:lS DILUTION OF OXIDRTE 0.78 mS 

TIME (HOURS1 

FIGURE 1 2 .  GROWTH OF ALGAE O N  WET-OXIDIZED CHLORELLA 
I' 



I t  was  o b s e r v e d  t h a t  t h e  o s m o l a r i t y  o f  t h e  1 : l  

m a t e r i a l  was  much g r e a t e r  t h a n  t h a t  of t h e  n o r m a l  c o n t r o l  

m e d i a .  To t e s t  t h e  h y p o t h e s i s  t h a t  t h e  i n h i b i t o r y  e f f e c t  

was  d u e  t o  h i g h  s a l t  c o n c e n t r a t i o n  we r a n  a n  e x p e r i m e n t  

w i t h  s e v e r a l  d i f f e r e n t  o s m o l a r i t i e s  of n o r m a l  m e d i a .  We 

f o u n d  t h a t  t h e  n o r m a l  m e d i a  w i t h  a n  o s m o l a r i t y  e q u a l  t o  

t h e  1 : l  f e c a l  w e t - o x i d a t e  s h o w e d  n o r m a l  a l g a l  g r o w t h .  

T h e r e f o r e ,  i t  i s  u n l i k e l y  t h a t  t h e  i n h i b i t i o n  o b s e r v e d  was  

d u e  t o  a  h i g h  s a l t  c o n c e n t r a t i o n  e f f e c t .  A n o t h e r  

e x p e r i m e n t  t e s t e d  w e t - o x i d i z e d  d i s t i l l e d  w a t e r  a s  a n  a l g a l  

n u t r i e n t  s o u r c e .  No i n h i b i t i o n  of  a l g a l  g r o w t h  was  

o b s e r v e d ,  i n d i c a t i n g  t h a t  t h e  w e t  o x i d a t i o n  r e a c t o r  i s  n o t  

c o n t r i b u t i n g  a n  i n h i b i t o r y  s u b s t a n c e .  T h e r e f o r e ,  we 

c o n c l u d e  t h a t  t h e  f e c e s  i s  t h e  s o u r c e  of t h e  i n h i b i t i o n  

a l t h o u g h  a t  t h i s  t i m e  we h a v e  n o t  d e t e r m i n e d  w h a t  t h e  

i n h i b i t o r y  m a t e r i a l  i s .  

CONCLUSIONS 

The  u s e  of  a l g a e  i n  a  CELSS w i l l  d e p e n d  o n  many 

f a c t o r s ,  i n c l u d i n g  t h e  a b i l i t y  t o  m o n i t o r  a n d  c o n t r o l  t h e  

a l g a l  c u l t u r e s .  Work c o n d u c t e d  u n d e r  t h i s  r e s e a r c h  

p r o g r a m  h a s  i n d i c a t e d  t h a t  a l g a e  may b e  u s e f u l  i n  t h e  

r e g e n e r a t i o n  o f  t h e  a t m o s p h e r e  w i t h i n  a  c l o s e d  s p a c e c r a f t  

e c o l o g y .  By t a k i n g  a d v a n t a g e  of  t h e  i n h e r e n t  

c h a r a c t e r i s t i c s  of  a l g a e ,  e n d o g e n o u s  c o n t r o l  s t r a t e g i e s  

h a v e  b e e n  d e v e l o p e d  w h i c h  l i m i t  t h e  amoun t  of  e x o g e n o u s  

c o n t r o l  e n e r g y  w h i c h  m u s t  b e  e x e r t e d  on them. P r o d u c t i o n  

of l a r g e  a m o u n t s  of  b i o m a s s ,  c o u p l e d  w i t h  a p p r o p r i a t e  
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p r o c e s s i n g  t e c h n i q u e s ,  f i x a t i o n  o f  n i t r o g e n  a n d  m i n i m a l  

m a i n t e n a n c e  a n d  c o n t r o l  e n e r g y  r e q u i r e m e n t s  make a l g a e  a n  

a t t r a c t i v e  b i o l o g i c a l  c o m p o n e n t  f o r  i n c l u s i o n  i n  a C E L S S .  

i I I 
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CELSS SCIENCE NEEDS 

John D. Rummel 
Life Science Division 

NASA-Ames Research Center, Moffett Field, CA 94035 

Introduction 
.- -- 

In the development of a Controlled Ecological Life Support System (CELSS) it 
is periodically useful to review the -project to identify those areas that are most 
in need of research This paper is my own view of what is necessary to accomplish 
in CELSS science. It is not intended to be definitive, but to be an heuristic tool 
to focus attention on outstanding questions. Any list of this sort is sure to have 
omissions, and mine is no exception, though it is reasonable to' expect that a list 
of science questions will continue to evolve as some of those questions are 
answered and while new areas of interest are being uncbvered. 

Despite the evident difficulties, I propose the following list of areas where 
further investigation is needed before we can build a workable CELSS. To make 
these suggestions more concrete, each of them is numbered to correspond to specific 
portions of the CELSS that is diagrammed in Figure 1. Each of the numbered areas 
will be affected by the research in question. In the spirit of this paper the 
details of Figure 1 are not meant to represent the final design of a CELSS. In 
fact, the schematic shown does not even reflect my own current thinking on that 
subject Nevertheless, I hope it will be a useful "straw man" for the purpose 
intended. 

CELSS Science Needs 

Biological Sciences 

Ecology 

1. Investigate the dynarnical behavior of the system, and adjust the design to 
minimize buffer sizes, while assuring system stability and safe operation. 

2. Develop and characterize a benign microbial community to enhance plant growth, 
and to provide protection against plant pathogens. 

Genetics 

3. Provide novel cultivars that will increase yields within a sinall volume. 
Select plants that will be able to thrive at less than one gravity. 

Plant Pathology 

4. Develop prevention and control measures for plant pathogens 



Plant Physiology 

5. Characterize optimal growth needs of crop plants useful for a CELSS. 

6. Develop control methods for crop plants (control growth, transpiration, etc.). 

7. Characterize the gas exchange capacity of crop plants under different growth 
regimes, and during different phases of the plant's life cycle. 

8. Explore the use of transpiration water as drinking water under the full range 
of growth regimes envisioned. 

9. Characterize the production of secondary compounds by crop plants under the 
growth regimes envisioned. 

10. Evaluate the potential for mixed-crop and continuous-harvest systems under 
CELSS constraints. 

11. Develop a method to orient crop species in micro4 

Medical Sciences 

Nutrition Science 

12. Fully define human nutritional requirements, and determine the extent that 
they can be met by a CELSS. 

13. Characterize the waste materials produced by humans on a CELSS-compatible 
diet 

Human PhysiologyiSpace Physiology 

14. Characterize human metabolic activity and gas physiology in the micro-G 
environment over a long-duration mission. 

Toxicology 

15. Characterize the long-term effects of exposure to low levels of plant 
secondary compounds 

Computer Science 

Artificial Intelligence/Robotics 

16. Develop the capability for remote monitoring and control of plants and algae. 

17. Develop the capability for automated harvesting, with quality assurance and 
food preservation needs being met 



Cybernetics 

18. Develop methods for overall system control and failure analysis, perhaps by 
integrating a computational model of the system with the system itself. 

Chemistry 

Analytical Chemistry 

19. Develop monitoring capabilities for the nutrient solutions and waste streams. 

20. Develop monitoring capabilities,for mixed-gas streams. 

21. Develop capabilities to monitor small quantities of plant secondary compounds 
and potential toxins in real time. 

Physical Chemistry 

22. Develop appropriate models to predict the behavior of nutrients in solution. 

23. Develop appropriate models to predict the behavior of mixed-gas streams. 

24. Develop a method for separation and storage of nutrients from the waste 
stream. 

25. Optimize gas-separation methods to match CELSS power and volume constraints. 

26. Develop methods for control of nutrient solutions in the growth chambers. 

Materials Chemistry 

27. Develop processes for the small-scale handling of plant by-products. 

Waste Chemistry 

28. Perfect techniques for physical-chemical waste treatment 

29. Investigate hybrid waste-treatrnent techniques (to include the use of 
genetically engineered microbes to detoxify waste). 

30. Develop specific techniques to remove low-level toxins and plant secondary 
compounds from both liquids and gases 

Physics 

Fluid Dynamics 

31. Develop systems for mixed-gas storage in mic ro4  

32. Develop methods for mixing the algal-growth media and controlling the 
waste-processing streams in micro-G 
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Optics 

33. Develop an optimized system to provide photosynthetically active light to the 
growth chambers 

Solid-StateIAtomic Physics 

34. Determine the most efficient way to provide the radiation shielding necessary 
to protect the system from long-term damage and performance degradation. 





DESIGN CONCEPTS FOR BIOREACTORS IN SPACE 

P.K.Seshan, G.R.Peterson, Jet Propulsion Laboratory, 
California Institute of Technology, Pasadena, CA 

B.Beard, E.H.Dunlop, Washington University, St. Louis, MO 

INTRODUCTION 

Bioprocessing in space and in extra-terrestrial facilities is 

both a logical extension of bioprocessing needs on earth and 

in some cases a better alternative to obtain biomass and 

biologicals rapidly and efficiently. In the context of 

CELSS, trade-off studies on food regeneration strategies may 

point to microbial food production as the choice in terms of 

efficiency, economy and fault-tolerance. Even otherwise, 

their value as redundant and supplementary food sources can- 

not be overemphasized. Work needs to be done to identify and 

even genetically modify microbial strains to provide an opti- 

mum(70:20:10)~ mixture of carbohydrates, proteins, and 

lipids. The promise of high energy efficiencies and 

weight/volume ratios does provide a tremendous incentive to 

undertake such work expediently and systematically. While 

this work is progressing, parallel effort must be undertaken 

to address the problems of operating bioprocessing units in . 
microgravity. 
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Microgravity is not expected to have any significant effect 

on basic biokinetic rate of biological reactions. However, 

the associated operations of mixing nutrients/reactants and 

separating products will greatly Ldepend upon the magnitude of 

gravitation. These two, in turn, will affect significantly 

the production rate of bioprocessing units. Any bioproces- 

sing unit may contain one or more bioreactors. The 

mi-xing/separation may be external to the bioreactor or integ- 

ral with the operation of bioreactor itself. Two and three 

phase mixing/separation operations are too complex to model 

from first principles. There are no simple correlational 

procedures to convert engineering data and tools used for 

terrestrial designs for applicability to microgravity. One 

can choose between two approaches to arriving at a successful 

de-sign of a bioreactor for use in microgravity: (1) Build 

rightaway a candidate bioreactor and associated instrumenta- 

tion based on terrestrial experience and test it in microgra- 

vity. Conduct subsequent tests,to modify the hardware and 

operating conditions/procedure to optimize the design. 

(2) Conduct an experimental program for obtaining key 

engineering data under conditions, of microgravity and use 

this data base to develop design-,tools and procedures for the 

design of space bioreactor systems for a broad range of 

applications. The authors tend to prefer the second approach 



as the one providing the most value for the money. 

BACKGROUND 

A major research thrust of NASA's CELSS program is to develop 

practical and energy-efficienc'waysxto recycle all of the 

materials involved in life processes so that a controlled . 

closed life support system requlres as little resupply and 

energy input as possible to sustain spacecraft crews for long 

. . 
term space habitation: 

1. Microorganisms as Food Sources 

Conventional food sources consist of higher plants and 

animals. Unconventional food sources for'human consumption 

are photosynthetic algae and bacteria and non-photosynthetlc 

bacteria, yeasts and fungi. Conventional food sources are 

highly palatable, but require long lead times to produce. 

Under conditions of epidemic loss of conventional food 

sources, recovery may l5e prolonged or impossible. The 

photosynthetic energy efficiency'of higher plants is less 

than 3%. Even though conventional food sources will be our" 

best choice on account of our excellent culinary experience' 

with them, they are not the most abundant and dependable in-. 

the context of an enclosed extra-terrestrial habitat. 



Survival under conditions of 'drought' during a long term 

space mission can be realistically estimated to be near zero. 

On the contrary, microbial food sources such as algae, yeast 

and fungi are unconventional and are usually used only as 

supplements to conventional food. Their nutritional content 

based on current data can be presumed to be adequate to meet 

human dietary needs. Microbial food production systems have 

the'advantages of lower weight/volume requirements2 over 

conventional plantlanimal production systems and they also 

account for superior energy utilization in the production of 

carbohydrates from C02 and ~ ~ 0 -  A quick summary of what it 

takes to produce an acceptable menu of food items for space 

habltats can be found in the literature2 and the problems do 

not seem to be intractable. Therefore it is not a far- 

fetched assumption that adequatt nutritional composition can 

be achieved using microbial food sources and the microbial 

mass can be made palatable to humans through development of 

suitable food processing techniqres. 

For the common food microorganisms, evaluations of 

nutritional adequacy have been made and the methodplogies 

are- we1 1 known3. However, for methylotrophic organisms .'and 

other heterotrophs, nutritional adequacy evaluations are 

limited in their scope and depth. Work at the Jet Propulsion 

Laboratory has focussed on the use of a candidate 



methylotrophic yeast, Hansenula Polymorpha. Genetically , 

modified strains of this microorganism were selected for a , 

high glycogen phenotype4. Since this organism was refractory 

to biochemical analysis due to a very stable cell wall, new 

analytical approaches had to be developed and tested. These 

approaches have led to methods which can be used to 

accurately characterize and evaluate even those yeast strains 

with difficult lytic characteristics for nutritional adequacy 

in a CELSS context. In-addition, nutritionally augmented 

strains of the methylotrophic yeast, H.Polymorpha have been 

produced that contain almost twice as much edible 

carbohydrate as the wild type strain5. Such techniques are 

especially valuable since most of' the microorganisms have low 

levels of carbohydrate in terms of human nutritional needs. 

2. Microbial Growth Chambers 

There have been efforts made by both U.S. and Soviet 

scientists to design microbial growth chambers. Two plans 

have been suggested by Martin-Marietta ~orporation617. One 

involves a flow circulation loop and the other is a 

cylindrical fermenter design. The flow circulation model is, 

designed for both production and collection of cell 

mass, however it is more suitable for bioprocessing than cel.1 

harvesting. The cylindrical fermenter is more like the 



standard terrestrial fermenter adapted to accommodate 

microgravity environments. In the early days of CELSS, the 
- - 

use of hydrogen bacteria as regenerative food was 

considered8. An apparatus for operating such a system was 

suggested by scientists working for NASA. The Soviets too 

did some preliminary work on H2 bacteria growth in their 

"flying oasis" which was reported to have flown on Soyuz 13 

in 1973~. Both NASA and Soviet flight programs included 

algal growth chambers which were tested in various stages of 

development from ground based -. studies to flight 

models10,11,12~13. Neither program generated sufficient data 

to evaluate their progress. 

For over a decade, NASA personnel at Johnson Space Center 

have directed-the development-,of a bioprocessing system that 

includes both the production of pharmaceutical products and 

their separation in space. The,bioseparation proceFs has 

been demonstrated on successive STS missions over the past 

two years. Work in the bioproduction area has not progressed 

quite as rapidly due to the concentrated effort on 

bioseparation. The project is de,signed to bring about the 

culture of mammalian cells to,produce pharmaceutical 

products. Terrestrially, the culture of cells is compromised 

by sedimentation and oxygen transfer limitations. 

Microgravity can help overcome these problems. Over the past 



few years, U.S. and European flight experiments have shown ' 

positive microgravity effects on eucaryotic cell growth and 

cell size. A space bioreactor for cell culture has been 

proposed for operation in microgravity14. It is designed for 

eventual tandem operation with continuous flow electro- 

phoresis. The elimination of sedimentation or bubble 

buoyancy is thought to aid in the growth and maintenance of 

mammalian cells which are extremely shear-sensitive. The 

purpose of these attempts is to enhance the production of 

pharmacologically important hormones and other medical 

products. It is important to note that design and 

performance data from the mammalian cell growth programs are 

not immediately applicable to the growth of microorganisms. 

The requirements for microbial food production units in a 

CELSS environment include high- intensity cultures requiring 

significantly higher quantities of oxygen and mixing rates 

which would probably shear mammalian cells. 

SPACE BIOREACTOR - DESIGN CONSIDERATIONS 

Since the emphasis in this paper is on unconventional food 

production for CELSS, the following discussion will be 

concerned with fermenters as microbial growth chambers. 

Bioreactors for other applications will have many 

characteristics in common with fermenters and their design , 



and operation can have many similarities to the design and 

operation of fermenters. 

A typical industrial ferrnenter on earth will not operate in 

microgravity for the following reasons: 

(1) Gas bubbles will not rise through the fermentation media 

due absence of significant buoyancy forces. 

(2) There will not be a single level separating the gas and 

the liquid and gas bubbles may not disengage at these 

multiple interfaces. 

(3) As gas transfer efficiencies of 100% are practically 

unachievable on earth even in the absence of other fermenter 

constraints, there is no reason to believe that they will be 

attainable in microgravity. Phase separations are not 

spontaneous. 

(4) Foaming is likely to be an even more severe problem as 

surface forces causing foaming will be more predominant in 

microgravity. 

(5) The ferrnenter may oscillate between continuous liquid 

phase and continuous gas phase or both may coexist in various 

regions of the fermenter volume. 

In submerged culture, aerobic microorganisms grow very 

rapidly until at a critical cell mass they are consuming all 



the oxygen that a fermenter can supply. For growth 

conditions of relevance to microbial food production, the 

biological kinetics are sufficiently fast that the rate of 
\ 

transfer of oxygen and rate of removal of carbon dioxide 

determine the microbial growth rate. Surface area of gas 

bubbles and internal convection within air bubbles control 

the rate at which oxygen transfers to the growing cells. 

Bubble size as produced at a sparger orifice is controlled by 

the balance of gravitational forces and surface tension. In 

microgravity, this implies that the bubble size will increase 

rapidly, providing much less interfacial area per unit volume 

Of the fermenter severely limiting gas transfer. Bouyancy 

forces also act to enhance gas transfer by participating in 

more intense surface renewal and gross mixing. But in 

microgravity these forces are too small to be significant. 

Therefore, to provide efficient mixing of gas and liquid 

inside the fermenter, stable colloidal gaseous dispersions 

must be generated within the fermenter with the help of 

suitable surfactantsl5. Even though the surfactants will 

inhibit the mass transer rate across the gas liquid 

interface, through proper choice of concentration of 

surfactants it is possible to ensure that the increase in 

interfacial area more than compensates for the inhibitory 

role of surfactants. A second approach to overcome the 

problems of bubble size and lack of bouyancy is not to 



generate bubbles at-all in the liquid medium but to transfer 

the gases across a suitable membrane at a rate equal to the 

dissolution rate gases in the liquid. .., A third approach will 

be to induce centrifugal body forces in the liquid medium and 

provide for bouyancy forces for gas-bubbles to "rise" to the 

center. As in terrestrial designs, baffles and other flow 

redirections can be provided inside the fermenter to augment 

the mixing intensity. L 

In microgravity reluctance . . for dissimilar,.phases to separate 

is a serious design issue. If colloidal gas bubble 

suspensions are employed, at the end of required cell growth, 

the surfactants must be disabled without toxicity and 

detriment to nutritional quality. Separation of gases from 

liquid and separation of cell mass from liquid will 

necessitate suitable membrane transfer or centrifugal 

separation units. 

The problems associated with mass transfer can also be 

expected with heat transfer. Natural convection will be too 

feeble in microgravity and forced circulation over heating or 

cooling surfaces will be necessary which . is .- also the 

preferred approach in terrestrial designs,as well. 

The problems of mixing and separation in microgravity will 



have to be overcome in suitable ways depending on the type of 

fermenter operation. Fermenters can be operated in batch 

mode, fed-batch mode, and continuous mode. -In the continuous 

mode, the choice is between a single plug flow design and a 

multiple CSTR design-with cocurrent or countercurrent gas 

flow. 1 -  1 

Fermenter configurations vary owing to emphasis on one or 

more of the following key parameters: Oxygen transfer 

intensity, Power economy, Cell growth rate, Production rate 

of other products. 

NEED FOR ENGINEERING DATA 

In addition to physical configuration of a space fermenter, a 
//" \ 

designer must determine quantitatively the following: 

(1) Power required for mixing. 

(2) The space-velocity or space-time which are measures of 

fermenter volume or the amount of time the nutrients and 

gases must remain in the fermenter for the'required produc- 

tion rate of cell mass. s 

(3) The mass transfer rate achievable and the associated 

gas bubble size, mixing intensity and interfacial area. 

(4) The heat transfer rate necessary to maintain the 



temperature within the optimum range. 

-7 . - 

For terrestrial designs, power demand for agitators is 

determined from a correlation of a dimensionless quantity 

called power number with the Reynolds Number based on the 

impeller diameter. Data for this experimentally determined 

correlation were obtained in terrestrial agitators. The 

Froude number (the ratio of convectional acceleration to 

gravitational acceleration) associated with these data was 

less than 2 in most cases. This correlation cannot be 

applied without corrections to conditions of microgravity 

where the Froude numbers are very large. And the corrections 

must be experimentally determined. 

The size of fermenter volume for a given rate of production 

of cell mass will depend on the mass transfer rate of oxygen 

through the liquid film which is determined with the help of 

the quantity, Kla, which is a product of the mass transfer 

coefficient and the associated interfacial area. A number of 

factors determine Kla which include bubble and cell dimen- 

sions, fluid density and rheological properties, agitator and 

fermenter geometry and power input for agitation. Among 

these, bubble shape and dimensions, dynamics of bubble 

movement and hence the gas-liquid interfacial area and the 

agitator power input are affected by the absence of gravity. 



AS pointed out by 0ldshuel6, Kla does not scale in the same 

way as reactor size and agitation rate do. The design tools 

involving correlations of Kla with the other factors must 

then be recreated for microgravity conditions. 

Only two key in the design of fermenters for 

microgravity application have been discussed above. The 

purpose was to illustrate a design engineer's concern in 

having to use terrestrial data and correlations to design 

space bioreactors. On the other hand, it may turn out that 

for some of these parameters the corrections for microgravity 

application are indeed small but it is not possible to 

know that without conducting experiments specifically for 

obtaining values of these key parameters in the region of 

high growth rates of cell mass. It is also necessary to 

determine experimentally the parametric region where bubble 

formation, fouling, foaming/entrainment occur under 

conditions of microgravity. 

Once the database for microgravity operation of fermenters is 

established, a clear and dependable design methodology can be 

established to design space fermenters in any configuration, 

size, product. Even lf the database is not extensive, it is 

a great help to the design process to obtain good estimates 

of the magnitude of corrections to be applied to terrestrial 



design data. 

TWO CANDIDATE SPACE FERMENTERS 

The problem of intimately mixing oxygen with the fermenta- 

tion broth or separating product gases in the absence of 

gravity can be overcome by designs chat are "gravity inde- 

pendent". Two such design concepts-are p,resented here. In 

the first, direct gas-liquid contact is eliminated thus 

obviating the need for dealing with.-three , . phase hydrodynamics 

in microgravity. In the second, the .- required ..- gas-liquid 

contact and disengagement are forced in a,controllable and . - 

predictable manner. , 

1. The "Gasless" Fermenter 

\ 2 

The "gasless" fermenter is a closed sterilizable vessel 

through which an equally spaced bundle of polydimethyl sili- 

cone(PDMS) tubes pass. The PDMS tubes carry the oxygen re- 

quired for fermentation and the carbon di,oxide to be removed 

from the fermentation broth. Fermentation medium consisting 

of salts, carbon substrates such as sucrose, and vitamins 

surround the tubes and fill the vessel. The fermentation ... . 

fluid can be circulated through an external loop or agitated 

with an internal marine type propeller to keep uniform con- 



centrations inside the vessel. 

, . 
PDMS is six times as permeable to oxygen as polyfluoro- 

silicone and 25 times as natural rubber and 600 times as 

high density polyethylene;' PDMS preferentially transfers ' 
carbon dioxide over oxygen':by a factor of 6 ko 1. Oxygen 

diffuses rapidly through PDMS tubes to enter the fermentation 

broth by dissolutidh. Silicone hollow fiber 'tubes are a good 

choice because they, in addition to permitting high gas 

transfer rates, exhibit excellent biocompatibility and nonad- 

herence to biological materials as'testified by the choice of 

the same'material for human and animal surgical implants. 

However, due to nonuniformity in tube thickness or tube 

packing density and in regions of stagnation of the fermenta- 

tion broth, a small number of oxygen bubbles may form inside 

the vessel. These bubbles should not be allowed to build up 

and create problems of direct gas-liquid'contact. As a - .  

safeguara against this, a"srnal1 fraction of the fermenter 

, , 
contents will be degassed'in a low speed centrifugal separa- 

tor and the separated liquid returned to the 

I I 

fermenter. . . 

-- 

Carbon dioxide passes eveh more freely than oxygen across thd 

silicone tube walls<   ow ever, the removal rate will also be 
governed by solubility of carbon dioxide in fermentation 



broth which again is a function of the pH. Carbon dioxide 

could be removed from the same tubes containing oxygen, or a 

portion of the tubes in the bundle may be dedicated for 

carbon dioxide removal. The use of a carrier fluid such as 

amines in these dedicated bundles is also a possibility. 

Using a 1.5 liter Braun fermenter and a single strand of 

PDMS tubing, a yeast culture was grown successfully as a 

preliminary demonstration of this concept at Washington 

University. Air at 1 atmosphere pressure was supplied to the 

fermenter through the PDMS tube. The tube outlet was 

connected to a mass spectrometer gas analysis system which 

allowed the uptake of oxygen by the fermenter to be measured. 

The tube occupied 0.08% of the fermenter volume. Transfer of 

oxygen into water and a fermentation medium as well as 

sustained yeast growth were demonstrated. Oxygen transfer 

rate into water at 37C was found to be directly proportional 

to the oxygen driving force. Transfer of Oxygen into the 

fermentation was five times slower than into water. An 

innoculum of yeast (S. - cerevisiae) grew to produce a culture 

with a cell density of about 1911 in 2 hours. Visual and 

microscopic examination of the PDMS tubing showed no evidence 

of fouling after being left in the fermenter for several 

days. 



The "gasless" fermenter was modelled as three CSTR's through 

which the fermentation broth circulates in cyclic fashion. 

Through two of these CSTR's PDMS tubes pass carrying oxygen 

to the broth and carbon dioxide out of it. Monod's model for 

cell growth was adopted. With this model, a computer program 

was written at Washington University and the effects of 

liquid flow rate, gas flow rate, and fraction of total number 

of tubes dedicated to co2 removal. At gas flow rates below 

0.5 l/min. dedicating tubes to C02 removal actually helped 

increase the final cell mass. However, above 0.5 l/min. of 

gas flow all the tubes had to carry oxygen to meet the demand 

for cell growth. Further, it was found that at flow rates of 

gas above 1 l/min cell yield does not significantly increase. 

When five percent of the fermenter volume was dedicated to 

CO2 removal tubing a very sizable decrease in dissolved C02 

concentration was obtained. This result is significant for 

prevention of bubble formation inside the fermenter. 

The absence of direct gas-liquid contact is a unique feature 

of this design concept eliminating problems of three phase 

hydrodynamics. This fermenter does not require a gas disen- 

gagement volume and since the volume occupied by the silicone 

tubing is not expected exceed lo%, volume available for cell 

culture is 90% compared to 60%-70% for conventional 

fermenters. High oxygen transfer intensities, fewer moving 



Parts and low shear rates are some of the major advantages of 

this design. Potential problem areas to be addresses during 

the design and operation of this fermenter are: Possibility 

of membrane fouling, regions of stagnation and formation of 

oxygen bubbles. 

2. , - x  The Rotating Packed Bed (RPB) Fermenter 

The RPB shown in Figure 1 has a cylindrical housing and, 

proceeding inward, has an annular region for air/oxygen 
* - 

distribution followed by a region of small packings and then 

a central region for entry of liquid and exit of gases. The 

whole assembly rotates about the axis of the cylinder. The 

rotation rate can change the throughput rate or, conversely, 

for a given throughput rate the mass transfer rate can be 

changed significantly. The RPB fermenter will not run at 

high speeds associated with the "Higee" units for fear of 

disintegration of cell mass. However, the packed bed will 

provide a more intense renewal of-gas-liquid interface that 

it may be possible to forestall any mass transport limitation 

on:-overall cell growth which is an important consideration 

in.the design and operation of fermenters. The radial depth 

of packing will depend on the space-velocity (or space-time) 

required to achieve a certain growth rate. Since yeast 

culture is a low temperature operation, fragile ceramic 



packing need not be used. The packing material selected ' 

will withstand the high g'shdeveloped during STS lift-off.: 
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Figure 1. RPB Ferrnenter > 

The RPB was adapted from the'commercial "Higee" unit of ICI 

Chemicals. This "Higee" unit was used to intensify chemical 

separations and its operating principles adapted to micro-. 

gravity use provide a novel fermentation mode that could , 

prove very efficient. Intens-ification through induced 

gravity provides a means of dealing with two-phase fermen- 

tation. A brief description of the operating principles and 

how this can be adapted to microgravity fermentation follows. 

, . 

The Sherwood flooding.corre1.ation for packed beds providesla 

good estimate of the highest gas velocity which can be ob-- 



tained for a given value of the ratio of liquid to gas flow 

rates (L/G)I~. The gas velocity (U) appears in the expres- 

sion as ~2a/ge3 where a is the specific area of the packing 

and e is the packing voidage. The term, g, which normally 

represents acceleration due to earth's gravity has been rece- 

ntly generalized18 to mean ambient acceleration to extend the 

correlation conceptually to other body force fields. When 

this is done, the correlation opens up new possibilities of 

packed bed operation through what has come to be called 

process intensification. For a given value of L/G and the 

flooding limit provided by the correlation, by decreasing the 

specific area of the packing, a, or increasing the packing 

voidage, e, higher gas velocities could be achieved. How- 

ever, even the latest improvements in packing design could 

not dramatically increase in gas velocity. Dramatic in- 

creases in gas velocity in a packed bed meant correspondingly 

high shear rates across the gas-liquid interface resulting in 

a great intensification of interfacial activity. This was 

indeed absolutely necessary for efficient interphase mass 

transport. With the announcement of ICI1s "Higee" units, the 

engineering profession became keenly aware of the g-term in 

the Sherwood correlation which has been taken for granted as 

a constant to be used to compute the gas velocities cor- 

reckly. By opening up the possibility that g could be varied 

by reconfiguring an absorption or distillation unit into a 



high speed rotating cylinder packed with much finer packing, 

than could be used before, ICI engineers demonstrated a 

dramatic reduction in equipment size and weight for a given,- 

separation operation. By increasing g in a rotary mode, one 

had a choice between increasing throughput rates for a given 

packing size and type or increase the mass transfer rate by! 
- r 

enabling the same throughput rate through much finer packing. 

The RPB fermenter will not quite operate at the level of : 

intensification achieved by the "Higee" units for two 

reasons: (1) There is no advantage in supplying dissolved 

oxygen any faster than the consumption rate of oxygen by the 

growing cell population, (2) Very high interfacial shear , 

rates obtained in "Higee" units can damage cell walls and - 

terminate fermentation or cell growth process. However, an 

optimal rotation rate and radial distance will be adopted to 

take advantage of the intensification effects of centrifugal 

acceleration while maintaining healthy cell growth. There is 

another important difference between RPB and Higee units. 

Higee units are very efficient countercurrent gas-liquid flow 

generators for rapid separation operations. The RPB 

fermenter is, on the other hand, a fermentation reactor and 

not a mere component separator. Therefore, the RPB fermenter 

is limited in its liquid throughput rate to allow the long 

space-times required for growth of biomass. In fact, this 



fermenter may fall on one extreme end of the Sherwood 

correlation corresponding to very low liquid throughput rates 

and very high gas velocities. 

The Higee units in operation either in the industry or in the 

laboratory are exclusively .designed and built for separation 

ope-rations such as distillati-on and absorption. No Higee 

unit has yet been built and operated as a chemical reactor or 

fermenter. A RPB fermenter :combines gas-liquid mixing, cell 

growth and gas liquid separation in one operation with the 

advantages of lower volume and weight requirements compared 

to-conventional fermenter types. . Potential problem areas to 

be dealt with during de~ign~and:~peration of RPB fermenters 

are entrainment of liquid and foam by the rapidly counter- 

current gases. , <  . . . 

GROUND AND FLIGHT TESTS j . . I  

The two fermenter design concepts can be designed and tested 

in flight and subsequent improvements made following similar 

flight tests alone and the final design of a particular space 

fermenter for a definite application determined. In this 

approach no scale-up factors are obtained and no basic 

engineering design database is generated. This is a one-shot 

trial and error approach converging onto an acceptable design. 



An alternative is to ground-test and flight-test identical . 

fermenters at two or more sizes with a view to specifically' 

measure mixing effectiveness, bubble sizes, mass transfer 

coefficients, power required for agitation etc, in addition 

to growth rate of cell mass. By this approach a sound data. 

base is generated, reliable scale-up factors are derived and 

procedures for applying corrections to terrestrial designs 

so as to obtain designs for microgravity conditions. 

. . 

The design procedure developed will enable the design 

engineer to calculate, for a given cell mass production rate, 

optimum gas velocities in a "gasless" fermenter and optimal 

rotation rates and radial distances and intensification 

factors in a RPB fermenter. In addition, the design engineer 

will have the information to guide his choice of fermenter 

configuration, tubing size and arrangement, degassing 

requirements, carrier fluids, control of membrane fouling, 

secondary metabolite production rates and their disposal, 

extent of foaming, extent of channeling of gases, cell 

disruption as a function of operating conditions. 

CONCLUSIONS AND RECOMMENDATIONS 

Microbial food sources are becoming viable and more efficient 



alternatives to conventional food sources especially in the 

context of CELSS in space habitats. 

Since bioreactor designs for terrestrial operation will not 

readily apply to conditions of microgravity, there is an 

urgent need to learn about the differences. These 

differences cannot be easily estimated due to the complex 

nature of the mass transport and mixing mechanisms in 

fermenters. Therefore, a systematic and expeditious 

experimental program must be undertaken to obtain the 

engineering data necessary to lay down the foundations of 

designing bioreactors for microgravity. This may be the 

harbinger of a major sub-discipline of variable gravity 

process engineering. 

Two bioreactor design concepts presented here represent two 

dissimilar approaches to grappling with the absence of 

gravity in space habitats and deserve to be tested for 

adoption as important components of the life support function 

aboard spacecrafts, spacestations and other extra-terrestrial 

habitats. 
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A N  ANALYSIS OF THE PRODUCTIVITY OF 
A CELSS CONTINUOUS ALGAL CULTURE SYSTEM 

R.  Radmer ,  P.  B e h r e n s ,  E .  F e r n a n d e z ,  K .  A r n e t t  
M a r t i n  M a r i e t t a  L a b o r a t o r i e s  

1 4 5 0  S o u t h  R o l l i n g  Road 
B a l t i m o r e ,  M a r y l a n d  2 1 2 2 7 - 3 8 9 8  

One of  t h e  mos t  a t t r a c t i v e  a s p e c t s  of u s i n g  a l g a l  c u l t u r e s  
as p l a n t  c o m p o n e n t s  f o r  a  CELSS i s  t h e  e f f i c i e n c y  w i t h  w h i c h  t h e y  
c a n  be  g rown .  A l t h o u g h  a l g a e  a r e  n o t  n e c e s s a r i l y  i n t r i n s i c a l l y  
m o r e  e f f i c i e n t  t h a n  h i g h e r  p l a n t s ,  t h e  e a s e  w i t h  w h i c h  t h e y  c a n  
b e  h a n d l e d  and  m a n i p u l a t e d  ( m o r e  l i k e  c h e m i c a l  r e a g e n t s  t h a n  
p l a n t s ) ,  a n d  t h e  c u l t u r i n g  t e c h n i q u e s  a v a i l a b l e ,  r e s u l t  i n  much 
h i g h e r  g r o w t h  r a t e s  t h a n  a r e  u s u a l l y  a t t a i n a b l e  w i t h  h i g h e r  
p l a n t s .  F u r t h e r m o r e ,  p r e l i m i n a r y  e x p e r i m e n t s  h a v e  d e m o n s t r a t e d  
t h a t  a l g a l  g r o w t h  and  p h y s i o l o g y  i s  n o t  d e t e c t a b l y  a l t e r e d  i n  a  
m i c r o g r a v i t y  e n v i r o n m e n t , ( l )  w h e r e a s  t h e  r e s p o n s e  of  h i g h e r  
p l a n t s  t o  z e r o  g r a v i t y  i s  unknown.  

I n  a n  e a r l i e r  c o m m u n i c a t i o n , ( 2 )  we d e s c r i b e d  a  s e r i e s  o f  
s t u d i e s  on l o n g - t e r m  c u l t u r e s  o f  S c e n e d e s m u s  o b l i q u u s  m a i n t a i n e d  
i n  a n  a n n u l a r  a i r - l i f t  c o l u m n  o p e r a t e d  a s  a  t u r b i d o s t a t .  The  
p r i m a r y  f i n d i n g  was t h a t  p r o d u c t i v i t y  v s  d r y  w e i g h t  r o s e  l i n e a r l y  
t o  a maximum b e f o r e  s l o w l y  d e c l i n i n g .  

I n  o r d e r  t o  r a t i o n a l l y  d e s i g n  and  o p e r a t e  s u c h  c u l t u r e  
s y s t e m s ,  i t  i s  n e c e s s a r y  t o  u n d e r s t a n d  how t h e  m a c r o p a r a m e t e r s  of  
a  c u l t u r e  s y s t e m ,  e . g . ,  p r o d u c t i v i t y ,  a r e  r e l a t e d  t o  t h e  p h y s i o -  
l o g i c a l  a s p e c t s  o f  t h e  a l g a l  c u l t u r e .  I n  t h i s  c o m m u n i c a t i o n  we 
d e s c r i b e  a  " f i r s t  p r i n c i p l e s "  a n a l y s i s  of t h i s  c u l t u r e  s y s t e m  a n d  
d e r i v e  a m a t h e m a t i c a l  m o d e l  t h a t  d e s c r i b e s  t h e  r e l a t i o n s h i p  of  
c u l t u r e  p r o d u c t i v i t y  t o  t h e  c e l l  c o n c e n t r a t i o n  of  l i g h t - l i m i t e d  
c u l t u r e s .  The p r e d i c t e d  p r o d u c t i v i t y  v s  c e l l  c o n c e n t r a t i o n  c u r v e  
a g r e e s  w e l l  w i t h  t h e  e x p e r i m e n t a l  d a t a  o b t a i n e d  t o  t e s t  t h i s  
m o d e l ,  i n d i c a t i n g  t h a t  t h i s  mode l  p e r m i t s  a n  a c c u r a t e  p r e d i c t i o n  
o f  c u l t u r e  p r o d u c t i v i t y  g i v e n  t h e  g r o w t h  p a r a m e t e r s  of  t h e  
s y s t e m .  
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~ a t e r i i a l s  and  M e t h o d s  - 
, . 

S c e n e d e s m u s  o b l i q u u s  ( ~ a f f r o n  s t r a i n  D3) w a s  c u l t u r e d  i n  
medium c o n t a i n i n g  60.0mM K N O ~ ~ , ,  2.0mM MgS04* 7H20,  1 . l m M  K2HP0 , 
0.6mM KH2P04, 68 . O L M  CaC12* 2:H20, 46 . O H M  H ~ B o ~ , ' - " I ~ . O L M  P e S 0 4 * $ H 2 0 ,  
12  . O v M  Na2EDTA, 9.1uM 'MnC12* 4H20,  1.6LM Na2Mo04* 2H20,  0.8LM ZnS04* 
7H20 ,  0.3LM Cu.S04*5H2-0, a n d  j0.2LM C O ( N O ~ ) ~ W  6H20TaHd a d j u s t e d  t o  
pH 6 . 5 .  C u l t u r e s  w e r e  bubb l sed  w i t h  a  g a s  m i x t u r e  of  2% C02 i n  
a i r ,  i l l u m i n a t e d  w i t h  f 1 u o r e : s c e n t  l i g h t  (40W h i g h  o u t p u t ,  c o o l  
w h i t e ,  F 2 4 T 1 2 ) ,  a n d  m a i n t a i n : e d  a t  32OC. 

.# I I 

The  c o n t i n u o u s  c u l t u r e  a p p a r a t u s  u s e d  i n  t h i s  w o r k ,  shown i n  
F i g .  1 ,  i s  s i m i l a r  t o  t h a t  d e s c r i b e d  e a r l i e r . ( 2 )  The  a p p a r a t u s  
i s  made of  g l a s s  and  c o n s i s t s  of t h r e e  c o n c e n t r i c ,  c y l i n d r i c a l  
c h a m b e r s :  t h e  i n n e r m o s t  c h a m b e r  h o u s e s  t h e  l i g h t  s o u r c e ,  t h e  
m i d d l e  c h a m b e r  c o n t a i n s  t h e  a l g a l  c u l t u r e ,  and  t h e  o u t e r  c h a m b e r  
i s  a  t e m p e r a t u r e - r e g u l a t e d  w,;a.ter j a c k e t .  C e l l  d e n s i t y  i s  m a i n -  
t a i n e d  by m o n i t o r i n g  t h e  l i g b t  t : r a n s m i s s i o n  t h r o u g h  t h e  c u l t u r e  
w i t h  a  p h o t o c e l l .  when t.he ' o u t p u t  of  t h e  p h o t o c e l l  e x c e e d s  a 
p r e s e t  r e f e r e n c e  v a l u e ,  a  m i k r ~ ~ r o c e s s o r  a c t i v a t e s  a  p e r i s t a l t i c  
pump, a n d  a d e f i n e d  vo,lume of f r e s h  medium i s  a d d e d  t o  t h e  a p p a -  
r a t u s .  W i t h  t h i s  s y s t e m  t h e :  c e l l  c o n c e n t r a t i o n  c a n  be  c o n t i n u -  
o u s l y  m a i n t a i n e d  w i t h i n  a  f e w  p e r c e n t  of a * . d e s i r e d  v a l u e .  

8 

C 

C e l l  d e n s i t y  w a s  d e t e r m ' i n e d  u s i n g  a C o u l t e r  C o u n t e r  Model  TA 
I1 w i t h  PCA TI a c c e s s o r y .  ~ @ l o r o ~ h ~ l l  c o n c e n t r a t i o n  was d e t e r -  
mined  by , a d d i n g  a n  a l i q u o t  otf a l g a l  c u l t u r e  t o  a 1 : l  m i x t u r e  of 
T r i t o n  X-100 a n d  5% KOH i n  m e t h a n o l ,  h e a t i n g  a t  63OC f o r  t h r e e  
m i n u t e s ,  a n d  c e n t r i f u g i n g .  O p t i c a l  d e n s i t y  was d e t e r m i n e d  a t  
6 4 5  nm. Dry w e i g h t  d e t e r m i n : a t i o n s  i n v o l v e d .  f i . l t . e r i n g  a  10 m l  
a l i q u o t  of a l g a l - c u l t u ? e  t h r b u g h  a g l a s s  f i b e r  ' f i l t e r  ( a p p r o x i -  
m a t e  r e t e n t i o n  2.6 Lm), r i n s i n g  t h o r o u g h l y  w i t h  d i s t i l l e d  w a t e r ,  
d r y i n g  a t  105OC o v e r n i g h t ,  and  c o o l i n g  t o  room ' t e m p e r a t u r e  i n  a 
d e s s i c a t o r .  [ T h e  f i l t e r  p a p e r  w a s  p r e v i o u s l y  d r i e d  a t  105OC a n d  
w e i g h e d ] .  The number  -of d o u b l i n g s  of  a  c u l t u r e 8  , pe r  24 h o u r s  w a s  
d e t e r m i n e d  by m e a s u r i n g  t h e  i n c r e a s e  i n  c e l l  d e n s i t y  a s  a  f u n c -  
t i o n  of t i m e .  The  g r o w t h  r a t e  of a  c o n t i n u o u s  c u l t u r e  was d e t e r -  
mined  by m e a s u r i n g  t h e  vo lume  t h a t  o v 2 r f l o w e d  d u r i n g  a  d e f i n e d  
t i m e  p e r i o d .  The  p r o d u c t i v i t y  ( m g # h r - ' )  o f  a  c o n t i n u o u s  c u l t u r e  
i s  d e f i n e d  a s  t h e  p r o d u c t  of t h e  d r y  w e i g h t  ( m g * m l - l )  o f  t h e  
c u l t u r e  and  t h e  o v e r f l o w  r a t e  ( m l *  h- '1.  



P h o t o n  f l u x  was m e a s u r e d  w i t h  a  L i C o r  LI-190SB Quantum 
S e n s o r  p r o b e ;  t h e  f l u x  i s  e x p r e s s e d  i n  u n i t s  o f  ~ ~ E . m - ~ # s - l .  The  
e x t i n c t i o n  c o e f f i c i e n t  of t h e  a l g a e  was c a l c u l a t e d  by m e a s u r i n g  
t h e  p h o t o n  f l u x  i n  t h e  p r e s e n c e  a n d  a b s e n c e  of a l g a e .  

Ne t  O2 e v o l u t i o n  was m e a s u r e d  p o l a r o g r a p h i c a l l y  u s i n g  b r o a d -  
b a n d  s a t u r a t i n g ,  o r a n g e - r e d  l i g h t  ( S c h o t t  f i l t e r  OG530 a n d  a p p r o -  
p r i a t e  h e a t  f i l t e r s ) . ( 3 )  Oxygen e x c h a n g e  ( e v o l u t i o n  a n d  u p t a k e )  
was  m e a s u r e d  w i t h  a  q u a d r u p o l e  m a s s  s p e c t r o m e t e r ,  u s i n g  i s o t o p -  

1 8  i c a l l y  l a b e l e d  O2 ( 9 8  a t o m %  [ 0 2 ] ,  C a m b r i d g e  I s o t o p e  
L a b o r a t o r i e s ) .  The  i n s t r u m e n t a t i o n  a n d  m e t h o d s  f o r  d a t a  a n a l y s i s  
a n d  c a l i b r a t i o n  w e r e  a s  d e s c r i b e d  p r e v i o u s l y  ( 4 ) ,  e x c e p t  t h a t  t h e  
d a t a  w e r e  s t o r e d  on m a g n e t i c  t a p e  a n d  p r o c e s s e d  by a  Sym-1 
m i c r o c o m p u t e r .  I l l u m i n a t i o n  f o r  t h e s e  m e a s u r e m e n t s  was s u p p l i e d  
by f l u o r e s c e n t  b u l b s  h a v i n g  a  p h o t o n  f l u x  c o m p a r a b l e  t o  t h a t  u s e d  
t o  g r o w  t h e  c u l t u r e .  A l l  e x p e r i m e n t s  were  p e r f o r m e d  a t  32OC. 

D e r i v a t i o n  of  Model  E q u a t i o n  
- -  .-. 

The  p r o d u c t i v i t y  Y of  a  p h o t o a u t o t r o p h i c  a l g a l  c u l t u r e  w i l l  
b e  e q u a l  t o  i t s  r a t e  of  p h o t o s y n t h e s i s  ( P )  m i n u s  i t s  r a t e  of 
r e s p i r a t i o n  ( R ) ,  i . e . ,  Y = P  - R .  I d e a l l y ,  f o r  a  f i x e d  i n c i d e n t  
l i g h t  i n t e n s i t y  t h e  t o t a l  p h o t o s y n t h e t i c  y i e l d  of  t h e  c u l t u r e  
w o u l d  i n c r e a s e  a s y m t o t i c a l l y  w i t h  i n c r e a s i n g  c e l l  c o n c e n t r a t i o n .  
H o w e v e r ,  t h i s  i n c r e a s e  i n  p h o t o s y n t h e s i s  w i t h  i n c r e a s i n g  c e l l  
c o n c e n t r a t i o n  w o u l d  be c o u n t e r b a l a n c e d  by a n  i n c r e a s e  i n  t h e  
t o t a l  r e s p i r a t i o n  of  t h e  c u l t u r e .  T h e r e f o r e ,  one  wou ld  p r e d i c t  
t h a t  a p l o t  of  t h e  o v e r a l l  p r o d u c t i v i t y  of t h e  s y s t e m  a s  a  
f u n c t i o n  of  c e l l  c o n c e n t r a t i o n  w i l l  g o  t h r o u g h  a  maximum. 

U n d e r  c o n d i t i o n s  i n  w h i c h  t h e  p h o t o s y n t h e t i c  a p p a r a t u s  i s  
n o t  l i g h t  s a t u r a t e d ,  t h e  maximum r a t e  of p h o t o s y n t h e s i s  of  a  c u l -  
t u r e ,  i . e . ,  when e v e r y  p h o t o n  of : l i g h t  i s  a b s o r b e d ,  i s  g i v e n  by 
t h e  e x p r e s s i o n  EmIoAK, w h e r e  Em i s  t h e  maximum t h e o r e t i c a l  
c o n v e r s i o n  of t h e  e n e r g y  of t h e  a b s o r b e d  l i g h t  i n t o  c h e m i c a l  
e n e r g y  by a  p h o t o s y n t h e t i c  s y s t e m ,  I. i s  t h e  l i g h t  i n t e n s i t y  
a v a i l a b l e  t o  t h e  c u l t u r e ,  A i s  t h e  i l l u m i n a t e d  a r e a  of  t h e  
c u l t u r e ,  a n d  K i s  a c o n v e r s i o n  f a c t o r  f o r  t h e  e n e r g y  e q u i v a l e n t  
o f  t h e  a l g a e .  I n  c a s e s  i n  w h i c h  n o t  a l l  of t h e  a v a i l a b l e  l i g h t  
i s  a b s o r b e d ,  t h e  a c t u a l  r a t e  of p h o t o s y n t h e s i s  w i l l  b e  t h e  
maximum r a t e  m i n u s  a  t e r m  t h a t  d e s c r i b e s  t h e  amoun t  o f  l i g h t  
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t r a n s m i t t e d  ( i . e . ,  n o t  a b s o r b e d )  by t h e  c u l t u r e .  The e x p r e s s i o n  
d e s c r i b i n g  t h e  amount  of  l i g h t  t r a n s m i t t e d  i s  a  fo rm of B e e r ' s  
L a w , ( 5 ]  i n  w h i c h  t h e  t r a n s m i t t e d  l i g h t  i n t e n s i t y  I ,  i s  e q u a l  t o  
~ ~ e - "  , w h e r e  E i s  t h e  e x t i n c t i o n  c o e f f i c i e n t ,  c  t h e  c e l l  
c o n c e n t r a t i o n ,  and  1 t h e  p a t h  l e n g t h .  T h e r e f o r e ,  t h e  r a t e  of 
p h o t o s y n t h e s i s  o f  t h e  c u l t u r e  i s  g i v e n  by:  

The r e s p i r a t i o n  t e r m  R '  i s  t h e  p r o d u c t  o f  t h e  c e l l u l a r  
r e s p i r a t i o n  r a t e ,  R ,  t h e  c e l l  c o n c e n t r a t i o n ,  c ,  t h e  t o t a l  c u l t u r e  
v o l u m e ,  V ,  and  G ,  a  t e r m  r e l a t e d  t o  t h e  amoun t  of  c a r b o n  p e r  
c e l l .  T h e r e f o r e ,  t h e  p r o d u c t i v i t y  of  t h e  a l g a l  c u l t u r e  c a n  b e  
d e f i n e d  by :  

-E c1 
Y = E  I AK ( 1 - e  ) - GRcV 

m o  ( 3 )  

w h e r e  

Y i e l d  [ ( g  c e l l s ) -  hr- '  I 
0 . 2 ,  t h e  maximum a t t a i n a b l e  p h o t o s y n t h e t i c  
c o n v e r s i o n  on a n  e n e r g y  b a s i s  
I l l u m i n a t e d  a r e a  (m 2  

0 .146  [ ( g  c e l l s ) * h r - ' * ~ a t t - ~ ) l ,  
t h e  e n e r g y  e q u i v a l e n t  of  t h e  a l g a e  
L i g h t  i n t e n s i t y  ( w a t t s  
E x t i n c t i o n - c o e f f i c i e n t  
( ~ * c m - l * ~ - ' )  
C e l l  c o n c e n t r a t i o n  (go  1 - l )  
L i g h t  p a t h  (cm)  
R e s p i r a t i o n  r a t e  [ g  c a r b o n *  ( g  c e l l s ) - ' -  h r - '  I 
C u l t u r e  v o l u m e  ( 1 )  
R a t i o  of g  c e l l s  t o  g  c a r b o n  ( 2 . 0 4 ) .  

F o r  t h e  c u l t u r e  a  p a r a t u s  d e s c r i b e d  i n  F i g .  1 ,  t h e  i l l u m i -  3 n a t e d  a r e a  i s  0 . 1 4 7 1  m , t h e  c u l t u r e  volume i s  1.2 1, t h e  l i g h t  
i n t e n s i t y  i s  12 .9  ( 5 9 . 6  ~ ~ * m - ~ * s - l ) ,  a n d  t h e  l i g h t  p a t h  i s  
1 .25  cm. The c e l l s  w e r e  49% c a r b o n ,  s o  t h a t  G = 2.04.  The  v a l u e  
f o r  K ( 0 . 1 5 6  g  c e l l s  . h r - l *  W - l )  was d e t e r m i n e d  c a l o r i m e t r i c a l l y ,  



F i g u r e  2 

, 

Growth r a t e  ( e x p r e s s e d  a s  d o u b l i n g s -  day- ' )  o f  
S c e n e d e s m u s  ' a s  a  f u n c t i o n  o f  p h o t o n  f l u x  i n  Roux 
c u l t u r e  b o t t l e s  . '(c, l-osed c i r c l e s )  and c o n t i n u o u s  
c u l t u r e  ( o p e n  c i r c l e s ) .  RL e q u a l s  r e s p i r a t i o n  r a t e  
e x t r a p o l a t e d  from t h e  l i g h t  c u r v e .  
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a n d  a g r e e s  w i t h  p u b l i s h e d  v a l u e s .  ( 6 )  The maximum a t t a i n a b l e  
p h o t o s y n t h e t i c  c o n v e r s i o n  E, was t a k e n  t o  be 2 0 %  . ( 7 )  

The  a b o v e  a n a l y s i s  a s s u m e s  t h a t  1 )  p h o t o s y n t h e s i s  i s  p r o -  
p o r t i o n a l  t o  t h e  amount  of a b s o r b e d  l i g h t ,  i . e . ,  l i g h t  i s  n o t  
s a t u r a t i n g ,  a  n e c e s s a r y  c o n d i t i o n  f o r  e f f i c i e n t  l i g h t  u t i l i -  
z a t i o n ,  a n d  2 )  t h e  r a t e  of r e s p i r a t i o n  R i s  a  c o n s t a n t  o r  known . % 

f u n c t i o n  of  I and  c .  I n  a d d i t L o n ,  t h e  a b s o r p t i o n  c o e f f i c i e n t  E _, , 
i s  n o t  a  c o n s t a n t  w i t h  r e s p e c t  t b z  c e l l  c o n c e n t r a t i o n ,  a n d  t h u s  
t h e  r e l a t i o n s h i p  b e t w e e n  E a n d  c  mus t  be a s c e r t a i n e d .  T h e s e  . -. 

. . 
i t e m s  a r e  c o n s i d e r e d  f u r t h e r  i n  t h e  f p l l o w i n g  s e c t i o n s .  

. . - 
-', 

R e s u l t s  a n d  D i s c u s s i o n  

L i g h t  L i m i t a t i o n  
- -- 

F i g u r e  2  shows t h e  r e l a t i o n s h i p  b e t w e e n  p h o t o s y n t h e t i c  , -- , 
g r o w t h  o f  S c e n e d e s m u s  a n d  p h o t o n  f l u x  u s i n g  c u l t u r e  ( R o u x )  b o t -  

..-, 

t l e s  ( c l o s e d  c i r c l e s )  a n d  o u r  c o n t i n u o u s  c u l t u r e  s y s t e m  ( o p e n -  
c i r c l d s ) .  The d o u b l i n g s  p e r  24 h o u r s  i n c r e a s e  m o n b t o n i c a l l y  w i t h  
p h o t o n  f l u x  up t o  a p p r o x i m a t e l y  140  l J ~ * m - ~ * s e c - '  a t  w h i c h  p o i n t  
t h e  g r o w t h  r a t e  a p p r o a c h e s  t h e  maximum. N o t e  t h a t  t h e r e  i s  v e r y  
g o o d  a g r e e m e n t  b e t w e e n  t h e  g r o w t h  r a t e  o b t a i n e d  i n  t h e  c o n t i n u o u s  
c u l t u r e  a n d  Roux b o t t l e  g r o w t h  s y s t e m s .  A t  t h e  h i g h e s t  p h o t o n  
f l u x  of t h e  c o n t i n u o u s  c u J t u r e  . s y s t e m  ( 7 5  l J ~ * m - ~ * s - '  ) ,  t h e  g r o w t h  
r a t e  i s  s t i l l  on t h e  l i n e ' a r  p o r t i o n r  of t h e  c u r i e .  T h i s  f i n d i n g  
i n d i c a t e s  t h a t  t h e  a l g a e  i n  t h e  c o n t i n u o u s  c u l t u r e  s y s t e m  a r e  n o t  
l i g h t  s a t u r a t e d  and  t h a t  . p h o t o s y n t h e s i s  is  p r o p o r t i o n a l  t o  t h e  
a m o u n t  of  a b s o r b e d  q u a n t a .  ~ h d ' r & f o i . e ,  a  n e c e s s a r y  c o n d i t i o n  o f  
t h e  d e r i v e d  mode l  i s  s a t i s f i e d .  

E x t i n c t i o n  C o e f f i c i e n t  
- 1 :! :< 

F i g u r e  3 shows t h e  r e l a t i o n s . h i p  b e t w e e n  t h e  i n t e g r a t e d  (400-  
7 0 0  nm) a v e r a g e  a b s o r p t i o n  c o e f f i c i e n t  ( E )  a n d  c e l l  c o n c e n t r a t i o n  
i n  t h e  c u l t u r e  s y s t e m .  N o t e  t k a t  t h i s  r e l a t i o n s h i p  i s  n e i t h e r  
c o n s t a n t  n o r  l i n e a r ,  r e f l ' e c t i n g  th-e  I f a c t  t h a t  a t  h i g h  c e l l  
d e n s i t i e s  t h e  p r e d o m i n a n t  g r e e n  l i g h t  i s  o n l y  p o o r l y  a b s o r b e d .  
T h i s  phenomenon h a s  b e e n  q u a n t i t a t i v e l y  r a t i o n a l i z e d  i n  t e r m s  o f  
B e e r ' s  Law, w h i c h  i s  s t r i c t l y  v a l i d  o n l y  f o r  m o n o c h r o m a t i c  
l i g h t  . ( 5 )  



Figure 3 Integrated (400-700 nm) absorption coefficient of 
Scenedesmus as a function of cell density (expressed 
as g dry wts ml-I). 



C e l l u l a r  R e s p i r a t i o n  

B e c a u s e  i t  i s  d i f f i c u l t  t o  a c c u r a t e l y  m e a s u r e  r e s p i r a t i o n  i n  
a  p h o t o s y n t h e s i z i n g  s y s t e m ,  we u s e d  t h r e e  d i f f e r e n t  a p p r o a c h e s .  
I n  t h e  f i r s t ,  w e  e x t r a p o l a t e d  t h e  d a t a  f r o m  F i g u r e  2  t o  z e r o  
l i g h t  f l u x  t o  m e a s u r e  t h e  r e s p i r a t i o n  r a t e ,  R .  I n  t h i s  c a s e ,  t h e  
g r o w t h  r a t e  a t  z e r o  l i g h t  i s  -0 .12  d o u b l i n g  p e r  24 h o u r s ,  whdch 
c o r r e s p o n d s  t o  a  r e s p i r a t i o n  r a t e  of 4 . 1  Vmoles  C02 e v o l v e d *  
mg c h l - '  h r - l  o r  0 .0024  g  c a r b o n  = g  c e l l s - '  h r - l ,  

The  s e c o n d  a p p r o a c h  i n v o l v e s  m e a s u r i n g  o x y g e n  c o n s u m p t i o n  o f  
a  d a r k e n e d  c u l t u r e  u s i n g  a n  o x y g e n  p o l a r o g r a p h .  A s  shown i n  F i g .  
4 ,  t h o r o u g h l y  d a r k - a d a p t e d  c e l l s  h a d  a  l o w  r e s p i r a t i o n  r a t e ;  c a .  
2 .8  P m o l e s  O2 consumed  .mg c h l - '  h r - '  ( 0 . 0 0 1 6  g  c a r b o n  e v o l v e d *  
g  c e l l s - l  0 h r ' l ) .  When i l l u m i n a t e d ,  t h e  r e s p i r a t i o n  r a t e  was  
masked  by a  h i g h  r a t e  o f  p h o t o s y n t h e t i c  o x y g e n  e v o l u t i o n .  Immed- 
i a t e l y  a f t e r  t h e  c e s s a t i o n  of  i l l u m i n a t i o n ,  t h e r e  was a  h i g h  r a t e  
o f  r e s p i r a t i o n  ( 1 3 . 9  P m o l e s  0  consumed*mg c h l - l - h r - '  o r  0 . 0 0 8 1  g  
c a r b o n  e v o l v e d .  g  c e l l s - ' .  h r - ' f  w h i c h ,  a f  t e r  t e n  m i n u t e s  i n  t h e  
d a r k ,  d e c l i n e d  t o  a b o u t  t h e  same r a t e  a s  b e f o r e  i l l u m i n a t i o n .  
H i g h  r e s p i r a t i o n  r a t e s  i m m e d i a t e l y  a f t e r  i l l u m i n a t i o n  h a v e  b e e n  
p r e v i o u s l y  o b s e r v e d . ( 8 )  A l t h o u g h  t h e s e  o b s e r v a t i o n s  a r e  n o t  new,  
t h e s e  v a l u e s  p r o v i d e  l i m i t s  f o r  t h e  r e s p i r a t i o n  r a t e  n e e d e d  f o r  
t h e  m a t h e m a t i c a l  m o d e l .  

F i g u r e  5 shows t h e  r e s u l t s  o f  a n  e x p e r i m e n t  i n  w h i c h  a  
s p e c i a l l y  c o n s t r u c t e d  m a s s  s p e c t r o m e t e r  i n l e t  s y s t e m  was u s e d  t o  
m e a s u r e  t h e  c e l l u l a r  r e s p i r a t i o n  r a t e  d u r i n g  i l l u m i n a t i o n .  The  
m a s s  s p e c t r o m e t e r  c a n  m e a s u r e  t h e  c o n c e n t r a t i o n  of  two d i f f e r e n t  ' 

o x y g e n  i s o t o p e s  ( 1 6 0  a n d  1 8 0  ) s i m u l t a n e o u s l y  i n  s o l u t i o n .  
T h e r e f o r e ,  t h i s  t h i r 2  a p p r o a c t  p r o v i d e s  a  means  t o  d i s t i n g u i s h  
b e t w e e n  r e s p i r a t o r y  o x y g e n  c o n s u m p t i o n  and  p h o t o s y n t h e t i c  o x y g e n  
e v o l u t i o n .  The  e x p e r i m e n t  i n  F i g .  5 was p e r f o r m e d  u n d e r  t h e  same 
c o n d i t i o n s  u s e d  f o r  c o n t i n u o u s  c u l t u r e  a p p a r a t u s ;  t h u s ,  t h e  
o x y g e n  e x c h a n g e  ( c o n s u m p t i o n  a n d  e v o l u t i o n )  s h o u l d  c l o s e l y  m i m i c  
t h a t  o c c u r r i n g  i n  t h e  c u l t u r e  s y s t e m .  Upon i l l u m i n a t i o n ,  t h e r e  
was  a n  i n i t i a l  b u r s t  o f  o x y g e n  u p t a k e  t h a t  s u b s e q u e n t l y  l e v e l e d  
o f f  and r e a c h e d  a  s t e a d y  s t a t e  t h a t  c o r r e s p o n d s  t o  8 . 5  P m o l e s  O 2  
c o n s u m e d *  mg c h l - l  - h r - l  ( 0  - 0 0 4 9  c a r b o n  e v o l v e d  * g  c e l l s - ' .  h r - l )  . 
C o n c u r r e n t l y ,  t h e r e  was a  s u s t a i n e d ,  l i g h t - d e p e n d e n t  r a t e  o f  
o x y g e n  e v o l u t i o n  ( 6 0   moles 0  e v o l v e d o m g  c h l - l - h r - ' 1 ,  a  v a l u e  
c o n s i s t e n t  w i t h  t h e  c a l c u l a t e 2  g r o w t h  r a t e  b a s e d  on  t h e  p r o d u c -  
t i v i t y  o f  t h e  c u l t u r e .  
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O 2  t r a c e  o b t a i n e d  when d a r k - a d a p t e d  0 1 0  m i n )  
S c e n e d e s m u s  was i l l u m i n a t e d  ( f  ) and s u b s e q u e n t l y  
d a r k e n e d  ( + )  . V a l u e s  i n  p a r e n t h e s e s  a r e  computed 
O 2  e x c h a n g e  r a t e s  ( i n  u n i t s  o f  Pmoles  0 2 *  
mg c h l - I  hr-'  ) . 

F i g u r e  4 
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F i g u r e  5 Computed t i m e  c o u r s e s  o f  O2 e v o l u t i o n  ( E o )  and O2 
u p t a k e  ( U o )  o b t a i n e d  u s i n g  a  mass s p e c t r o m e t e r  
s y s t e m  t o  m o n i t o r  t h e  g a s  e x c h a n g e  of  Scenedesmus  . 
+ and + i n d i c a t e  l i g h t - o n  and l i g h t - o f f ,  r e s p e c -  
t i v e l y .  



F i g u r e  6 R e l a t i o n s h i p  b e t w e e n  c u l t u r e  p r o d u c t i v i t y  and  c e l l  
d e n s i t y  ( m e a s u r e d  a s  d r y  w e i g h t )  i n  t h e  c o n t i n u o u s  
c u l t u r e  a p p a r a t u s  shown i n  F i g .  1. The c l o s e d  
c i r c l e s  show t h e  e x p e r i m e n t a l  d a t a  o b t a i n e d .  The  
s o l i d  l i n e  s h o w s  t h e  r e l a t i o n s h i p  p r e d i c t e d  u s i n g  
t h e  mode l  d e s c r i b e d  i n  t h e  t e x t .  



E a c h  of t h e  t h r e e  i n d e p e n d e n t  a n a l y t i c a l  m e t h o d s  u s e d  t o  
e s t i m a t e  t h e  c e l l u l a r  r e s p i r a t i o n  r a t e  h a s  p a r t i c u l a r  a s p e c t s  
t h a t  l i m i t  i t s  a c c u r a c y  f o r  d e t e r m i n i n g  t h e  r e s p i r a t i o n  r a t e  
d u r i n g  i l l u m i n a t i o n .  H o w e v e r ,  t o g e t h e r  t h e y  c a n  p r o v i d e  a n  
a p p r o x i m a t i o n ,  w h i c h ,  i n  t h i s  c a s e ,  i s  5.0 urnoles  0 2 * m g  c h l - l -  
h r - l  ( 0 . 0 0 2 9  g  c a r b o n  e v o l v e d - g  c e l l s - ' e h r - ' 1 .  T h i s  v a l u e  w i l l  
b e  u s e d  i n  t h e  m o d e l  e q u a t i o n .  

C o m p a r i s o n  of  O b s e r v e d  P r o d u c t i v i t y  t o  T h e o r e t i c a l  P r e d i c t i o n s  

F i g u r e  6 i l l u s t r a t e s  t h e  o b s e r v e d  a n d  p r e d i c t e d  r e l a t i o n -  
s h i p s  b e t w e e n  c u l t u r e  p r o d u c t i v i t y  a n d  d r y  w e i g h t .  The  d a t a  
p o i n t s  w e r e  o b t a i n e d  i n  a  s e r i e s  of  e x p e r i m e n t s  i n  w h i c h  S c e n e -  
d e s m u s  was m a i n t a i n e d  i n  t h e  c o n t i n u o u s  c u l t u r e  s y s t e m .  T h e  
s o l i d  l i n e  i s  t h e  r e l a t i o n s h i p  p r e d i c t e d  u s i n g  t h e  v a l u e s  
a s s i g n e d  a n d  d e r i v e d  i n  t h e  p r e v i o u s  s e c t i o n s .  The e x c e l l e n t  
a g r e e m e n t  b e t w e e n  t h e  o b s e r v e d  and  p r e d i c t e d  v a l u e s  s u g g e s t s  t h a t  
t h e  mode l  a c c u r a t e l y  d e s c r i b e s  t h e  c u l t u r e  s y s t e m  i n  t e r m s  o f  
p h y s i o l o g i c a l  p a r a m e t e r s .  

A t  c e l l  c o n c e n t r a t i o n s  g r e a t e r  t h a n  a b o u t  1 . 5  m g . m l - ' ,  t h e  
r e l a t i o n s h i p  b e t w e e n  e x t i n c t i o n  c o e f f i c i e n t  a n d  c e l l  c o n c e n t r a -  
t i o n  i s  a p p r o x i m a t e l y  c o n s t a n t  ( F i g .  3 ) .  T h u s ,  b e t w e e n  t h e s e  
l i m i t s  w e  c a n  d i f f e r e n t i a t e  Eq .  3  w i t h  r e s p e c t  t o  c .  U n d e r  t h e s e  
c o n d i t i o n s ,  maximum p r o d u c t i v i t y  w i l l  o c c u r  a t  a  c e l l  c o n c e n t r a -  
t i o n  o f :  

C 
1  = -  GRV 

mP E 1 
In 

E l E I A K  
m o  

w h e r e  c, i s  t h e  c e l l  c o n c e n t r a t i o n  a t  maximum p r o d u c t i v i t y .  I f  
w e  u s e  t g e  p a r a m e t e r  v a l u e s  g i v e n  a b o v e ,  w e  c o m p u t e  t h a t  c  = 

1 . 7 3  mg-ml-  , w h i c h  a g r e e s  w e l l  w i t h  t h e  d a t a  o f  F i g .  6 .  mP 

We s h o u l d  e m p h a s i z e  t h a t  t h i s  mode l  i s  c o m p l e t e l y  d e t e r m i n e d  
a n d  h a s  no f r e e  a d j u s t a b l e  p a r a m e t e r s .  I t s  m a i n  l i m i t a t i o n  
a p p e a r s  t o  l i e  i n  t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n  of  t h e  r e s p i r a -  
t i o n  r a t e ,  R.  A l t h o u g h  t h e  m o d e l  a c c u r a t e l y  d e s c r i b e s  t h e  g r o w t h  
o f  p h o t o a u t o t r o p h i c  a l g a e  i n  t h i s  s y s t e m ,  i t  i s  l i m i t e d  t o  c a s e s  
i n  w h i c h  a l l  g r o w t h  f a c t o r s  e x c e p t  l i g h t  a r e  p r e s e n t  i n  e x c e s s .  



.- , 

W e  a r e  p r e s e n t l y  w o r k h g  t o  m o d i f y  t h i s  mode l  t o  a c c o u n t  f o r  
c o n d i t i o n s  w h e r e  C02 c o n c e n t r a t i o n  i s  l i m i t i n g  f o r  c e l l  g r o w t h .  
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THE DEVELOPMENT OF AN UNCONVENTIONAL FOOD REGENERATION PROCESS: 
QUANTIFYING THE NUTRITIONAL COMPONENTS OF A MODEL 
METHYLOTROPHIC YEAST 

Gene R. Petersen, Jet Propulsion Laboratory 
Thermochemical and Biological Systems 
calif ornla Institute of Technology 
Pasadena, California 

Barry 0. Stokes, Biomass International 
Ogden, Utah 

INTRODUCTION 
3 

Closing the £003 loop'-for extended space missions is a 

function of the economics of transportation versus regenera- 

tion. The determinants of that function are 1) the weight/vol- 

ume requirements and 2) the suitability or palatability of the 

food produced. The latter determinant is so compelling as to 

limit the number of choices for food regeneration to largely 

conventional plant agronomy. However, the need for system 

redundancy, protein supplements and production efficiency ar- 

gues for the inclusion of unconventional iood regeneration 

schemes. (1,2) This use of unconventional food production 
1 

becomes especially tenable given the highly developed state of 

food processing which can render almost any basic food commod- 

ity palatable. In addition, if the weight/volume factors can 

be shown to be advantageous for unconventional food regenera- 

tion, then these routes will be useful from the economic 

standpoint. ', 

I 

Work in our laboratory at JPL has focused on a hybrid 



chemical/biological approach to unconventional food 

regeneration. Carbon dioxide and water, the major wastes of 

human metabolism would be converted to methanol by one of sev- 

eral physico-chemical processes available (thermal, photocata- 

lytic, etc.). Methanol is then used to supply carbon and 

energy for the culture of microorganisms which in turn produce 

biologically useful basic food stuffs for human nutrition. 

Our work has focused on increasing the carbohydrate levels of a 

candidate methylotrophic yeast to more nearly coincide with 

human nutritional requirements. Yeasts were chosen due to 

their high carbohydrate levels compared to bacteria and their 

present familiarity in the human diet. The initial candidate 

yeast studied was a thermotolerant strain of Hansenula polymor 

pha, DL-1. This paper describes the quantitative results that - 
permit an evaluation of the overall efficiency in hybrid 

chemical/biological food production schemes. A preliminary 

evaluation of the overall efficiency of such schemes is also 

discussed. 

DETERMINING THE NUTRITIONAL PROFILE OF - H. POLYMORPHA 

Table I gives a summation of data from an earlier report 

and shows the carbohydrkte profile of the methylotroph and the 

common yeast, Saccharomyces. (3). This data also provides the 

necessary information required to evaluate the conversion 

efficiencies of the proposed approaches. Obtaining the 

analytical data required the adaptation of available procedures 

and the development of new approaches. The methods involved 
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the use of oxido-reduction analyses, enzymatic analyses, and 

difference calculations. The total CH20, protein, and 

glycogen analyses were obtained by direct analysis of whole 

cell preparations. The glycogen assays were most difficult to 

obtain and required significant efforts to correlate 

qualitative and quantitative data. (3-5) The table shows mass 

balance calculations. These were made to confirm the validity 

of the results. Some cellular components needed to be 

estimated such as nucleic acid, unhydrolyzed polysaccharides, 

lipids and ash. Reasonable estimates of these fractions were 

made using published data and other experimental data. Strains 

of Saccharomyces were also analyzed to provide comparative 

data. An examination of the data in Table I reveals that the 

data are accurate based on mass balance calculations. An 

additional confirmation of this data comes from earlier 

qualitative data which correlates closely with the data in 

Table I and the independent analysis of protein and 

carbohydrate values given by Johnson Space Center's Biomedical 

Laboratories (references 4, 5 and Table I). 

An initial premise was made to treat this microbiological 

food regeneration scheme as a primary food source. Since the 

edible carbohydrate level was naturally low in aerobically 

grown yeasts (see Table I wild type H. polymorpha and 

Saccharomyces), strains of H. polymorpha were selected which 

had enhanced levels of the intracellular storage carbohydrate, 



TABLE I .. 
A 6 

Composition Profile of H. polymorpha and Saccharomyces 

I I I 
I I FRACTION OF DRY WEIGHT ( % )  I 

. , 
I 1 H. polymorpha I Saccharomyces I 
I I - 1 1 
I I I I I S. I s. Is. I 
 ANALYSIS FOR -1DL1 .,I #13 1#122 1#84 1#8.4alcere- (uva-ldia- 1 
I I I 1 I.-- 1 

u 

lvisiaelrum lstati-l 

1 Glycogen 1 6.5 1 14.01 0.0 120.01 - 1 2.9 1 - I - 1 
1 I I I I I 1 I I 1 

, IMannan 13.9.,9 1 32.9142.5 126.01 - 1 26.8 1 - 1 - I 
I 1 . I 1 1 1 I I I 1 
ITrehalose & 123.4 1 22.7123.0 124.81 - 1 12.5 1 - I - I 
IAcid Soluble I I I I ' I 1 I 1 1 
I w -Glucan I I I 1 1 . 1  I I 1 
I I 1 I I ' 1 ' 1  I 1 1 
I I I I I I 1 1 I I 
1 PROTEIN 117.0*1 24.4120.9 11-2.5113'.71 48 158 1 47 1 
I I- I I- 1- 1 

- 
- 1  . I I- 
- 

1 
ICH20 + ~rotein186.8 1 94.0186.4 
I I I 1 
(Other Cellular(l0 1 10 110 
IComponents I I 1 
I (Estimated) I I 1 
I , I I 1 
I I I 1 
IMASS BALANCE I I I 
I TOTAL 196.8 1104 196.4 
I .I . I 1 

a Data from Johnson Space Center ~iomedical Laboratory. This 
analysis from JSC Biomedical Laboratory also provided an 
actual value for fat and fiber of 1.2% and 0.8%, 
respectively. 

. .  . x 
-- - 



g l y c o g e n .  T a b l e  I shows t h a t  s t r a i n s  were s e l e c t e d  t h a t  

had two t o  t h r e e  t i m e s  a s  much g l y c o g e n  a s  t h e  p a r e n t  s t r a i n  

( # 1 3  and # 8 4 ) .  

-- ~ . - -  
The c o n v e r s i o n  e f f i c i e n c y  o f  me thano l  t o  e d i b l e s  c a n  be 

d e t e r m i n e d  d i r e c t l y  f rom t h e  d a t a  o b t a i n e d  i n  T a b l e  I .  T a b l e  

I1 shows t h e  d a t a  f rbm ~ a b l &  I r e d i s p l a y e d  by s u b s t a t e  s o u r c e  

i n t o  t h e  e d i b l e  f r a c t i o n s ,  p r o t e i n  and c a r b o h y d r a t e .  The 

c a r b o h y d r a t e  f r a c t i o n  is t h e  sum o f  g l y c o g e n  and t r e h a l o s e  

' f r a c t i o n s  ( t r e h a l o s e  'is e s t i m a t e d  by a  d i f f e r e n c e  p r o c e d u r e  

d e s c r i b e d  i n  r e f e r e n c e  3): The d a t a  is shown f o r  H .  polymorpha 

and  t h r e e  of  i t s  m u t a n t - q t & i n s  ( o n e  s t r a i n  was a  g l y c o g e n  

d e f i c i e n t  s t r a i n  used  as  i n  i n t e r n a l  c o n t r o l ,  #122)  and t h r e e  

s t r a i n s  of  t h e  common y e a s t .  Saccharomyces.  The Saccharornyces 
- - .-.- 

s t r a i n s  were n o t  grown on l i m i t e d  n i t r o g e n  a s . w e r e  t h e  
< . 1 

m e t h y l o t r o p h s  and the ,  1 o w e r . c a r b o h y d r a t e  l e v e l s  a r e  i n d i c a t i v e  
. - 

o f  t h i s  n u t r i t i o n a l  d i f f e r e n c e .  T o t a l  e d i b l e s  f o r  t h e  

m e t h y l o t r o p h i c  s t r a i n s  a p p r o a c h e s  t h e  g l u c o s e  grown s t r a i n s  

o n l y  i n  t h e  two h i g h  g l y c o g e n  m u t a n t s .  The r a t i o  o f  p r o t e i n '  t o  
- ,  . . 

c a r b o h y d r a t e  is r o u g h l y  r e v e r s e d  f o r  t h e  Saccharomyces  

s t r a i n s .  

i 

These  d a t a  c a n  be  c o n v e r t e d  i n t o  a c a r b o n . e f f  i c i e n c y  i f  

t h e  l e v e l s  o f  me thano l  consumed c a n  be c o r r e l a t e d  w i t h  t o t a l  



TABLE I1 

Edible Fractions of Hansenula Polymorpha 

and Saccharomyces Cerevisiae 

I Fraction of dry weight (as % )  1 
I 1 

I s I 1 I 
l u  1 1 EDIBLES I TOTAL 1 
I b 1 YEASTSPECIES I 1 EDIBLES 1 
I sl I PROTEIN CARBOHYDRATE I 1 
I I I 1 I 
1 I I 1 
I I H. polymorpha I 
I 1 1 
I I Wildtype 1 17.0 
I I I 
1 Me 1 #13 (High glg) 1 24.4 
I I 1 
I 1 #84 (High glg) 1 12.5 
I I I 
I 1 #122 (Low glg) 1 20.9 
I I I 1 1 
I I 
1 I S. cerevisiae* 1 48.0 13.4 1 6 1 . 4  1 
I 1 I I 1 
I 1 S. uvarum 1 55.0 20.4 1 75.4 I 
IGlu 1 I 1 1 
1 I S. diastaticus 1 47.0 21.2 1 68.2 1 
I I I 1 1 

* Approved by FDA for human consumption 



cell Inass produced. This is easily done using gas 

chromatographic analysis of growth media for methanol and using 

gravimetric determinations of the cell mass as a function of 

time. Typical conversion to cell mass has been reported at 35% 

for autotrophs ( 6 ) .  In other experiments in our laboratories 

with the methanol grown strain, Hansenula capsulata, 

conversion of methanol to cell mass was measured at 30-35% 

in early stationary phase (data not shown). Thus a 30-35% 

conversion of methanol to cell mass was considered reasonable 

for - H. polymorpha. Using the data from Table I1 and this 

estimated conversion efficiency, the overall yield for edible 

food regeneration in this methanol grown system can be 

calculated to be 16-21%. For the glucose grown Saccharomyces 

strains, the values are about 5% higher at 21-26%. 

Based on this data it is possible to estimate a total 

overall conversion efficiency of a hybrid chem~cal/biological 

regeneration process if the conversion of C02 to methanol can 

be estimated. A reasonable estimate can be made by considering 

the individual known and estimated conversion efficiencies 

involved in the splitting of water to H2 and .02, the reduction 

of C02 to CO, and the reduction of CO to methanol by H2. Uslng 

photocatalytic and photoelectrocatalytic processes, an estimate 

of 32% conversion from solar energy to methanol can be made 

with reasonable confidence (V. Miskowski and S. DiStefano, 

personal communication). Combining this with the biological 
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efficiencies estimated above, an overall conversion efficiency 

for this candidate hybrid chemical/biological system was 

calculated to be 5.1-6.7% (using 35% as the biological value). 

SIGNIFICANCE 

A preliminary evaluation for a candidate foor regenera- 

tion system has been accomplished. The system involving C02 

reduction to methanol, followed by yeast growth on the methanol 

to produce protein, edible carbohydrate and lipids appears to 

be a worthy candidate for further development. We have been 

able through genetic modifications and specific cultural condi- 

tions to increase the content of digestible carbohydrates in a 

methylotrophic yeast to better meet human dietary requirements. 

The energy efficiency calculations also suggest that the 

system is at least on a par with conventional agriculture and 

may have some significant advantages over such food regenera- 

tion. While many factors must be considered in final selection 

of food regenerating systems, the hybrid system described here- 

in merits consideration for further development. If not this 

specific system, then at least the "class" of systems employing 

chemical reduction of C02 and water to simple organics, and the 

utilization of microorganisms growing on these reduction pro- 

ducts to produce human food nutrients, should be considered in 

any overall food regeneration system in CELSS. 



FUTURE E F F O R T S  
. . 

E f f o r t s  are underway to  s u b j e c t  a n o t h e r  m e t h y l o t r o p h  and 

a n  FDA-GRAS a p p r o v e d  y e a s t  s t r a i n  ( C a n d i d a  b o i d i n i i  and  Cand ida  

u t i l i s ,  r e s p e c t i v e l y )  t o  t h e  same t y p e s  o f  a n a l y s e s  t o  f u r t h e r  

v a l i d a t e  t h e  a p p r o a c h  and  t o  p r o v i d e  a l a r g e r  body o f  d a t a  on  

p o s s i b l e  c a n d i d a t e s  f o r  u n c o n v e n t i o n a l  f ood  r e g e n e r a t i o n  

schemes .  , 
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Application of Photosynthetic  fixing Cyano- 
bacteria to the CELSS Program 

by Lester Packer, Ian Fry, and Shimshon Belkin, 
Membrane Bioenergetics Group, Applied Science 
Division, Lawrence Berkeley Laboratory, University 
of California, Berkeley, CA 94720 

Abstract 

Certain cyanobacterial species have the unique 

ability to reduce atmospheric N2 to organic nitrogen. 

These organisms combine the ease of cultivation charac- 

teristic of prokaryotes with the fully developed photo- 

synthetic apparatus of higher plants. This, along with 

their ability to adapt to changes in their environment by 

modulation of certain biochemical pathways, make them 

attractive candidates for incorporation into the CELSS 

program. 

A high percentage of the cyanobacterial biomass is in 

the form of protein, much of which exists in discrete high 

molecular weight granules (phycobilisomes and carboxy- 

somes). We have shown that with proper manipulation of 

the osmotic environment, high amounts of granular glycogen 

can also be produced. These particular fractions, along 

with the ability of certain species to aggregate, may 

negate future need for conventional harvesting and frac- 

tionation techniques, such as high speed centrifugation. 

We are undertaking a study, using commercially 



,.,. - ? 
; . .  ;: F -*F ;, . , ;. : 
..-, ?,#. '-9 &/ 3 .  

available air lift fermentors, to simultaneously monitor 

biomass production, N2-fixation, photosynthesis, respira- 

tion, and sensitivity to oxidative damage during growth 

under various nutritional and light regimes, to establish 

a data base for the integration of these organisms into a 

CELSS program. 

Introduction 

The use of biological components in the CELSS program 

as subsystems for the revitalizaton of air, waste pro- 

cessing, and for the production of food has been proposed 

for long-term space flight('). To this end, many systems 

of biomass (protein, carbohydrate, lipid) production are 

under consideration by NASA., Employment of photosynthetic 

systems (higher plants, green algae and cyanobacteria) 

allow biomass production from relatively simple components 

which are readily recycled in a CELSS system, namely C02, 

minerals (NO;, PO;, k ,  Na+, etc. ) and micronutrients. 

The production of plant material in a closed system 

presents several problems, two of which we shall address 

here. A primary consideration is that of the energy 

requirement for continuous operation, including illumina- 

tion, temperature control and various maintenance mech- 

anisms. One way in which the energy demands can be 

lessened is by modifying the quality of the light used. 

Illumination of photosynthetic systems with white light 
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(300-700nm range) is wasteful, since photosynthetic 

organisms utilize only selected regions of the visible 
, * 

spectrum. Tailoring the emission profile of the light '.. 

source to match that of the action spectrum of photosyn- 

thesis, or to select an I1emission bandw in a region of 

maximal absorption by some of the photosynthetic pigments 

would present an energy saving, especially if the selected 

I1emission bandw was in the blue region, when using fluor- 

escent light sources. 

A second concern is the probability of nitrogen loss 

from the closed system by th& action of contaminating 

denitrifying bacteria, which degrade NO; to N2 gas, which 

is then lost from the biological system(2). Denitrifica- 

tion is most likely to occur irrespective of the method of 

waste processing due to the storage of human waste and 

non-food biomass (cellulose), which would result in an 

irreversible loss of biologically essential nitrogen. 

To address the above problems, we have proposed the 

use of cyanobacteria (blue-green algae) as the photosyn- 

thetic organism of choice. 

Cyanobacteria o c c ~ , ~ ~ ~  a unique position in the 

hierarchy of plant form and structure. Like higher 

plants, they carry out the O2 -evolving photolytic cleavage" 

of water and the subsequent fixation of C02 into carbohy- - 

drate. Unlike higher plants, however, during periods of 



nitrogen starvation (when NO; levels in the medium are 

depleted) certain species differentiate specialized cell 

types (heterocysts) which maintain low oxygen tension, a 

prerequisite for their major function: the reduction of 

atmospheric N2 to NH3, prior to its incorporation into 

amino acids and proteins. In addition, cyanobacteria 

possess prokaryotic genetics, which allow the future 

possibility of genetic manipulation. Also, environmental 

factors have been shown in certain strains to modify the 

partitioning of photosynthetic reductant to certain macro- 

molecules ( 3 f 4 )  and storage carbohydrate(5). These factors 

make the cyanobacteria prime candidates for consideration 

in the CELSS program, as either a primary source of bio- 

mass or as a supplement to other algal/higher plant sub- 

systems, to reverse the effect of denitrifying bacteria, 

and recycle atmospheric N2 back into the biological sys- 

tems. 

Research Objectives 

Due to the suitability of cyanobacteria for integra- 

tion as a CELSS subsystem, we propose to investigate 

biomass production in the form of dietary compatible 

macromolecules (protein, lipid, carbohydrate) of nitrogen 

fixing heterocystous cyanobacteria in (commercially 

available) air-lift type fermentors. The research plan is 

to investigate environmental effects of nutrient supply, 

particularly C02 (the major limiting factor for plant 



growth) and the effects of various light regimes on pro- 

ductivity, in particular where it affects N2 fixation. 

Due to the more efficient conversion of W photons to 

photons in the blue region rather than to the full visible 

range by fluorescent discharge tubes, we shall investigate 

growth characteristics, biomass production, and certain 

relevant biochemical functions (photosynthetic O2 evolu- 

tion, respiration, and nitrogen fixation) on cells grown 

under blue light, compared to an equal concentration of 

white light photons. The blue llemission band" overlaps 

absorption bands of the light harvesting antennae pigments 

chlorophyll and phycobiliproteins. 

One of the major factors affecting nitrogenase 

activity is the ambiant oxygen level. Although the 

heterocysts possess a thick cell wall which slows O2 

diffusion to rates that are compatible with the rates of 

O2 removal by the respiratory system, it is quite likely 

that intracellular levels of O2 (particularly in the cells 

directly adjoining the heterocysts) may exceed usual 

environmental levels. To determine the role of O2 in such 

a system, we have been developing an electron spin reson- 

ance (ESR) method which monitors the broadening of a 

paramagnetic spin probe molecule by interaction with 02, 

which is itself a paramagnet in the ground state. Inter- 

action of the spin probe with other paramagnetic species 

causes a measurable broadening of the probe's ESR signal 

line width. Since the probe can be completely broadened 



by adding a cell membrane impermeable paramagntic reagent, 
.- 

the broadening due to O2 inside of the cell can be -. 

monitored. Using this technique, we plan to investigate 

the effect of cellular O2 levels, where this may influence 

the rates of nitrogen fixation. 

 ater rials and Methods 

Nostoc muscorum (Anabaena 17119) was grown in BGll 

medium minus nitrate in a 2 litre Bethesda Research 

-1 -2 Laboratories ~irlift Fermentor at 28'~~ i50 u Es m 

light (using Bethesda Research Laboratories 2201 LB day 

light white 300-700 nm, or 2201 LF blue light 400-500 nm) 

with an air flow rate of 2 litres/min, supplemented with 

0.5% C02 . 200 ml aliquots were withdrawn daily, the 
fermentor volume made up by addition of 200 ml of sterile 

medium. Cells were centrifuged at 10,000xg/10 min and 

resuspended to 10 ml in BGll medium suplemented with 10 mM 

Tes buffer pH 7.0. 

O2 evolution was monitored polarographically in BGll 

plus lOmM Tes pH7.0 with a cell density equivalent to 1-2 

ug chlorophyll/ml. Nitrogenase activity was determined in 

whole filaments by monitoring acetylene reduction using a 

Varian Model 3700 gas chromatograph fitted with a Poropak 

T column. Cells (3 ug chlorophyll in 3 ml) were assayed 

in a 5 ml vial under air plus 10% (v/v) C2HZ in a shaking 



T a b l e  I 

CYANOBACTERIA -- (BLUE-GREEN ALGAE) 

Organism Comments Rate of N Reference 
~eduction' 

umoles.mg chlorophyll.hr 

Anabaena sp. filamentous 5-10 Stewart, W.D.P., 1977; 
ATCC 29151 heterocystous Blumwald, E., and 

PCC 7119 frgshwater 
(Nostoc mus- 26 C, 2000-3000 lux 
corun) 

. . 
Tel-Or, E., 1982 

Anabaena sp. filamentous 30-60 Stacey, G. & g . ,  1977 
ATCC 33047 heterocystous 
(Sea anabaena) magine 

37 C, 1600 lux 

Gloeothece sp. unicellular 2-4 Kallas, T.,et g . ,  1982; 
ATCC 27152 non-heterocystous Gallon, .J;R, 1980 

PCC 6909 frgshwater 
(Gloeocapsa 26 C ,  2000-3000 lux 
SP.) 

Synechococcus 
sp. 

ATCC 27145 
PCC 6311 

un'icellular" Blumwald, E. g . ,  
concentric thylakoids 1983 
frgshwater 
26 C, 2000-3000 lux -. , - i : r 

Synechococcus 
SP. 

ATCC 27264 
PCC 7002 

(&qmenellum 
guadrupli- 
catum PR-6) -- 

unicellular Van Baalen, C., 1962 
concentric thylakoids 
ma ine I; 39 C, 2000-3000 lux 

6 ,  

PCC 7421 

unicellular Rippka, R. & d., 
lagks thylakoids 1974 
22 C, < 500 lux . * 

T a b l e  I1 

C E U  COMPOSITION OF NOSTOC MUSCORUM GROWN 

UNDER WHITE (300-700nm) AND BLUE (400-5oonm) LIGHT 

Percent Dry Weight 

Light Protein Glycogen Soluble Lipid chlorophyll Total 

Quality Sugars 

White 3 6 28 10 13 1 .,05 8 8 

Blue 25 22 10 9 0.46 6 7 

Samples taken after seven days of growth 
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waterbath at 2 8 O ~  under 50uEs -Im-2 blue or white light. 

r 

Light intensities were measured using a Li-Cor inc. 

Integrating quantum/radiometer/photometer Li-188B, with a 

Li-190SB quantum sensor. 

Oxygen-broadening experiments: 

Dense suspensions (1-2 mg chl/ml) of the cyanobac- 

terium Agmenellum quadruplicatum, in ASP-I1 medium, were 

introduced into 75 ul capillary tubes, together with 0.5 

mM of the nitroxide spin-probe 3-hydroxy-2,2,5,5-tetra- 

methyl 3-pyrrolin-l-oxyl (PCA-01). The ESR signal was 

monitored by using a varian El09 EPR spectrometer. The 

sample was illuminated inside the cavity with an Oriel 

Universal Xenon Air Lamp. 

Ex~erimental Results 

Representative strains of cyanobacteria are shown in 

Table I, along with their nitrogen fixing capabilities and 

growth conditions. The heterocystous filamentous strain 

Nostoc muscorum (Anabaena 7119) was chosen for the present 

study. , . 

Growth of Nostoc muscorum under blue (400-500nm) and 

2 white (300-700nm) light at 150uE/s/m , is shown in Figure 
1. Clearly the cells grow readily under the blue light, 



Fig. 1) Growth of Nostoc 1 00 

muscorum under white 
(300-500 nm) and blue 
(400-500 nm) light, 
measured by absorbance 
changes at 550 nm. E 

G=cell doubling time. C 

% 0.10 
V) a 

001 

0 1 2 3 4 5 6 7  

Days of Growth 

J 

- white cells 

- G=22hrs 

G=56hrs 

28OC 150 ~ ~ / s / r n ~ -  

I I I 

even though the cell doubling time (generation time, G) is I 
increased by a factor of 2.5. Analysis of photosynthetic 

O2 evolution and nitrogenase activity during growth under 

blue light reveal very little difference from those grown 
5~ 

under white light when rates were calculated on a total 
1 1 

protein basis (Figure 2 and 3, upper sections). Calcula- 

tion of rates (particularly photosynthesis) on a total 

chlorophyll basis reveal an apparent increase in photo- 

synthetic rate (Figure 2, lower section). However, this 

reflects a decrease in total cell chlorophyll, a chromatic 

adaption to blue light (see Table 11). Analysis of cellu- 

lar products after a seven day growth period under blue 

and white light reveals that little change occurs in 

soluble sugars, glycogen, or lipids, while total protein 

decreases only by 10% (Table 11). An nunknownff component 

which does increase (see "Totalff column in Table 11), is 

probably cell wall material, and is under further charac- 

terization. 
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2a°C 150 ~ ~ / s / r n 2  
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Fig. 2) Photosynthetic O2 Fig. 3)-Nitrogenase 
evolution of cells grown activity, as measured by 
under white or blue light, acetylene reduction based 
based on total protein (upper on total protein (upper 
secion) and chlorophyll section) and chlorophyll 
(lower section) conditions as (lower section) conditions 
in Materials and Methods. as in Materials and 

Methods. 

In conclusion, the nitrogen fixing strain Nostoc 

muscorum is capable of growth under light at the blue end 

of the visible spectrum. One must evaluate whether the 

energy saving gained by employing blue photons-outweigh 

the slower growth rate (and hence biomass production). 

However, if a system employing a continuous culture (kept 

at a fixed point in the exponential growth phase, linear 

section of Figure 1) for air revitalization, etc., then a 

slower growth rate may be advantageou~~~requiring less - 
- 

addition of growth medium to maintain the constant cell 
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density. 

Nitrogenase, the enzyme responsible for the biolog- 

ical fixation of atmospheric N2, is extremely oxygen- 
.-- 

sensitive(2). One of the.'modes in which cyanobacteria 

llsolvedll the problem of N2-fixation under aerobic condi- 
A. - 

tions was the development of the heterocysts mentioned 

above. However, as with other nitrogenase containing 

microorganisms, the mechanisms by which these cells retain 

an oxygen-free internal environment is not completely 
-- 

understood. . . 

We have recently developed an ESR technique which 

enables us to measure introcellular O2 concentrations. We 

hope to utilize-this method to gain a better*understanding 

of the protection mechanisms against the toxic effects of 

o2 to nitrogenase, and thereby of the ways the activity of 

this enzyme may be manipulated to the projectls advantage. 

Fig. 4 )  The center ESR signal of PCA-01 (A) and the 2nd 
derivative (B) , before (solid line) and after (dashed 
line) 1 min illumination ,of A. quadruplicatum suspension 
(lmg chl/ml). PCA-01 concenGation was 0.5 mM. 



~ - -  ~- 

The above technique is based upon the broadening 

effect dissolved O2 has on the nitroxide spin probes ESR 

signal. An example of such an effect is presented in 

Figure 4. ~hotosynthetically-generated oxygen, in a sus- 

pension of the cyanobacterim Agmenellum guadruplicatum, 

causes a broadening of the signal by 0.5 G (Figure 4a). 

The effect is even more pronounced when a higher deriva- 

tive of the spectrum is examined (Figure 4b). According 

to our calculations, this broadening is equivalent to O2 

concentration in the suspension of 2.5 mM. Furthermore, 

by quenching the extracellular signal, it is possible to 

examine only the probe inside the cells (Figure 5 ) ,  and 

using the measured degree of broadening calculate intra- 

Fig. 5) A schematic 
presentation of the mode A. Probe Only 

by which an internal spin- 
probe signal is 
differentiated from the 
external one. @ +id- 

B Probe + Na2Mn-EDTA 

63 
cellular O2 concentrations. Studies are presently under- 

way to compare O2 levels in non-N2-fixing and some N2- 

fixing cyanobacterial cells, as well as to establish the 

02-sensitivity of various photosynthetic activities. 
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Future Research 

We propose to continue the investigation of the 

effects of selected wavelengths (and combinations of 

selected wavelengths) on biomass production and the bio- 

chemical functions of O2 evolution and N2 fixation. 

In non-nitrogen fixing strains of cyanobacteria we 

have shown that changes in the environmental conditions, 

particularly increases in salinity, result in a marked 

increase in soluble sugars ( 6  and carbohydrate storage 

products ( 5 )  . We plan to investigate the partitioning of 

photosynthetically derived reductant between the various 

macromolecules (protein, lipid, carbohydrate) under such 

conditions to determine the ability to manipulate the 

relative 1evels.of the various macromolucules by environ- 

mental changes. 
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Carbon Dioxide Evolution Rate As a Method to Monitor and 
Control an Aerobic Biological Waste Treatement System 

S.S. %Lee and M. L. Shuler 
School of Chemical' Engineering 

Cornell University, Ithaca, NY 14853 

. -. " .  .. . 
A long term manned space mis'sion(ca.2 to 20 years) 

may require a regene.rativel~life':support system(RLSS).' A : 
. . , . 

closed ecological life suppokt: s ~ & ~ ~ ~ ( c E L s s )  or partially' 
L ~ - .  , i 

closed ecological lide support s.ystem(PCELSS) may be . . 

suitable for this purpose. In a, partial cELSS a 

significant portion of the food is expected to be grown ,- 

on board. Waste material, , Principally . " I  . consisting of 

inedible plant residues and human metabolic wastes, must 

be treated to yield C02 plus a mineral solution capable 

of supporting plant growth if acceptable system closure' 

is to be attained. 

Shuler(1979) has reviewed the advantages and 

disadvantages of physical- chemical and biological waste 

treatment systems within the context of CELSS. He 

suggested that generally a wet-oxidation process 

(physical- chemical) approach might be anticipated to be 

more space efficient but the form of outputs from 

biological processing may be more suitable to support 

plant growth (probably hydroponics). 
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The objective of this investigation is to develop a 

mathematical model that can predict the performance of 

the biological waste treatment reactor which handles the 

complex chemically undefined feed. The reactor uses an 

undefined mixed culture of microorganisms. In this paper 

we will discuss how a simple carbon mass balance and 

carbon dioxide evolution information can be used as tools 

in modelling such a complex mixed culture and mixed 

substrate bioprocess. We will also present a 

mathematical model and compare the model predictions to 

experimental results both for steady-state and for 

transient conditions. 

MODELLING APPROACH 

Due to the complexity of the waste material to be 

biologically regenerated, the model is semi-empirical. 

Fig.1 illustrates our overall approach to modelling this 

system. The feed is considered to be composed of three 

major components: soluble and insolubles either 

non-lignocellulosics or lignocellulosics. Insoluble 

substrates must be hydrolyzed to soluble form before they 

can be utilized since we assume that the microbes will 

utilize only the soluble form of substrate.   here fore 



LIGNOCELLULOSIC n 

SOLUBLE E l  

Figure 1. Overall modelling approach 



the amount of insoluble non- ~lignocellulosic and 

lignocellulosic substrate utilized can be no more than 

than the amount hydrolyzed. . Contributing to the total 

pool of soluble substrate is the soluble portion of waste 

in the feed and the hydr~lysis~products of insoluble 1 

non-lignocellulosics and lignocellulosics. 

Therefore our model will be developed in two steps. 
.I , 

The microbial growth model from only soluble substrate 

will be developed first, then we will develop the 

hydrolysis kinetic model of insolubles which will be 
9 .  

coupled with the microbial growth model to describe the 

overall biodegradation of waste material. 

CLEAN SYSTEM 

To study the microbial growth kinetics from the 
. - 

soluble substrate, we have worked with a "clean system". 

In the "clean system" experiments we obtained a clarified 

feed by separating a soluble portion of the "real" waste 

by filtering the waste through a ultrafiltration unit 

with 10,000 M.W. cut off membrane. Sg/liter of glucose 

is added to the soluble portion to simulate the 

hydrolysis product of cellulose. 



There are two major advantages in working with the 5 

"clean system". Firstly, it is easier to conduct 

experiments. The presence of insoluble lignocellulosics . 
in the reactor causes many mechanical problems such as 

plugging of tubing, difficulties in maintaining 

homogeneous mixing , etc. Secondly, several different . - 

methods of estimating microbial cell mass can be 

compared. Estimating biomass with precision and accuracy 

is essential in studying microbial growth kinetics. 

However, it is very difficult to estimate cell biomass in 

a complex system where insoluble particles such as 

lignocellulosics are present in high concentration. One 

of the methods we have used successfully is a carbon 

balance and C02 evolution rate (CER) method. Using the 

"clean system" allowed us to test the validity of the 

carbon balance-CER method by comparing it to methods such 

as dry weight, and optical density. The advantage of the 

carbon balance-CER method is that since CER can be 

measured on-line, the cell biomass and growth rate can be 

obtained with speed and precision. 



MATERIAL AND METHODS 

MODEL WASTE 

A model waste simulating that expected to be generated in 

a space ship with 20 crew members during a ten year 

mission has been formulated. The composition of model 

waste is given in Table 1. Cerophyl(Cerophy1 Lab.,Inc., 

Kansas City, MO.) is dried and ground stems and leaves 

from young rye plants. It is used to mimic the inedible 

plant residues. Freeze- dried feces and urine were 

obtained from USDA. The food preparation wastes, freeze- 

dried and canned, were prepared by Prof.Kare1 of MIT to 

simulate the types of waste that might result from a 

predominantly vegetarian diet. 

ORGAN1 SMS 

A mixed culture was originally obtained from soil and the 

Trumansburgh, NY activated sludge plant. The mixed 
0 

culture is stored frozen(-20 C) prior to the inoculation 

of the experimental system. 

TOTAL CARBON 

Total carbon was analyzed using a total carbon analyzer 

Beckman Model 915A. Samples of feed, reactor and recycle 



Table 1. Waste Plodel 

Component 

1. Urine 
2. Feces 
3. Cerophyl 
4. Food preparation wastef 
5. Wash water concentrate 

Quantity 

(a) Lactic Acid 
(b) Urea 
(c) Glucose 
(d) Soap (Ivory) 
( e l  Purified Cellulose 
(£1 NaCl 
(g) KC1 

6. Synthetic spent nutrient 

Wt. % of wash water 
concentrate solids 

9.0 
7.0 
1 .o 
30.0 
35 .O 
9.0 
9 .O 

Wt. X of' Synthetic 
spent Nutrient Solids 

(a) NaCl 65.4 
(b) K211POb 5.0 
( c) CaSO,, 2H2 0 6.2 
(d) MgSO, 7H20 3.8 
(e) FeS04*7H20 0.06 
(f) H3BO3 0.02 
(g) ZnC12 0.02 
(11) CuSOb05B20 0.01 
(i) Cinnamic Acid 19.5 

7. Dis tilled-deionized H2 0 
Total Solids - 16.3 g/l; pH = 5.6 

'+supplied by Prof. Karel at MIT 



were hydrolyzed by concentrated H2S04(98%) 

immediately after sampling. A lOml portion of the sample 

was mixed with lOml of concentrated H2S04 in a glass vial 

at room temperature. The vial was shaken gently several 

times. The acid hydrolyzed samples were stored at room 

temperature until they were analyzed. A soluble portion 
- f> 

was obtained by centrifuging the sample then filtering 

the supernatant through 0.45 urn membrane filter. The 

soluble sample was then stored frdzen(- 20' c) prior to 

analysis. 

C02 MEASUREMENTS 

Carbon dioxide concentration in the effluent gas was 

measured by using a Gas Chromatograph(Aerograph Series 

2700, Varian Associates,Inc., Palo Alto, CA), with a 

thermal conductivity detector ( F  and M Scientific 700 

Laboratory Chromatograph, Hewlett- Packard, Inc.). A 

Porapak Q column was used. 
-. 

DISSOLVED OXYGEN (D.O.) 

Dissolved oxygen concentration of the reactor was 

measured with D.O. probe (Leeds and Northrup 

Electronics, PA) and monitored intermittenly. 



OPTICAL DENSITY (O.D.) 

d .  

Optical density was measured by Bausch and Lomb 

Spectronic 20 spectrophotometer at 600 nm. 
I -  - .  

VIABLE CELL COUNT (V.C.C.) I 

Viable cell count was determined by spread plate method 

on CGY medium(Unz and Dondero,l967) after mild sonication 
I .  

of the 50ml' sample in a lOOml beaker to disperse 

microbial flocs. A Sonic Dismembrator Model 300 was used 

with a power setting of 25. The sample beaker was 

immersed in a water bath at room temperature"during the 

sonication to cool down the sample. The plates were 

incubated at 30' C for 3 days. 

CELLULOSE,HEMICELLULOSE AND LIGNIN I , . I  

r, 

Cellulose, hemicellulose, and lignin were determined by 

acid- detergent method (Goering and Van Soest,1970). The 

analysis was performed by Dr.J.Robertson of the 

department of Animal Science, Cornell University. 

CHEMOSTAT EXPERIMENTS 

Clean System 

Continuous experiments with "clean" feed (soluble portion 



of the model waste with 5g/l of -glucose added) were 

conducted using a 2 liter Multi-gen (New Brunswick Sci. 

Co., New Brunswick, NJ) with a working volume of 1.2 

liter. The reactor was controlled for temperature and pH 

of 7.0 by adding 2N H2S04 as required (via NBS pH 

controller). 

Real System 

Continuous experiments with "real" model waste(which 

includes insoluble fractions) were conducted in a 7.5 

liter NBS Model 19 Fermenter operating with 4 liter 

working volume. The experimental system is shown in Fig 

2. pH was maintained at 7.2 by pH controllers (NBS). 2N 

H2S04 and 2N NaOH was used for acid and base addition. 

The temperature was also controlled and dissolved 
0 

oxygen(~.O.) was monitored intermittenly using a Leeds 

and Northrup D.O. probe on a slip stream. Aeration was 

achieved by sparging air directly underneath the bottom 

impeller. Three impellers (turbine flat blade type)-were 

used for aeration and agitation. Air flow rate was 

maintained above 1.5 vvm and agitation was higher than or 

equal to 400 rpm. ~ i r  flow rate and agitation were 

varied to maintain D.O. above 2 mg/liter. Excessive 

mixing is undesirable since foaming may result. 
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RESULTS AND DISCUSSION 

Experimental data from chemostat experiments for the 
1 - 1  

"clean system" are listed on the Table 2. Dilution rate 

was the independent parameter. Data are from steady- 
. . . . 

state operation. 
', - 5 'i 

TABLE 2: Experimental Results for "Clean System" at 25°C 

r I- 

. # 

. - Notes: 

1. A1 1 data expressed as total carbon concentration. 

2. Substrate concentration, S, includei recalei trant portion of 

200 mg/Q. 

3. C.E.R. = C02 evolution rate. 

4. Feed concentration, So, was 4200 ppm. 

5. Biomass, X ,  is estimated by simple carbon mass balance 

(see eq. 1). 
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CARBON BALANCE -. 

Mass balance of the system is necessary information for a 

CELSS. ~raditional" char;&-terization of substrate level 

as BOD or COD does not provide material balance 

information. To dbtain darbon mass balance, all the 

samples were analyzed for total carbon. This procedure 

allows us to estimate the microbial biomass concentration 

from a simple carbon balance. For the "clean system" : 

where Rc = carbon cbntentj'of reactor samplel(mg/l) 
Xc = micro,bia_l biomass as carbon (mg/l) 
Sc = soluble substrate concentration as 

car.bon(mg/l) - . 
.-.,. ,- . . -  

The microbial,bioma~ss, Xc,. may be estimated by difference 

using eq.1, since Rc and,Sc can be measured . 

experimentally. Fi5g.3 shows the microbial biomass 

estimated by the carbon balance method compared to the 

experimental results of dry weights(D.W.) measurements .,-. . 

and O.D. measurements for the "clean system". The 

average carbon content of microbial biomass(measured by . * 6 - 

by D.W.) is calculated to be 38 % .  This is lower than 

the value of 46.2 % reported by Erickson and his 

co-workers(l979). However, the graph shows that the 

results of all three different method are consistent with . 
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- methods: Dry Weight(D.W.), Optical Den~ity(0.D.)~ and 

Carbon Balance(C.B.) 



each other. The graph also shows that the biomass 

increases as the dilution rate (D) increases. This may 

be explained by the assumption that the maintenance 

energy requirement will be proportionally less as the 

growth rate increases(Pirt,l965). The carbon balance 

measurements can be checked for the consistency using 

carbon dioxide evolution rate(CER) measurements (see eq.5 

and Fig.4). 

IMPORTANCE OF CER 

The carbonaceous substrate may be incorporated into 

microbial biomass, evolved as respiration by products, or 

incorporated into extracellular products. The overall 

balance equation of aerobic microbial reaction may be 

written as (Erickson et a1.,1979) 

where CHmOl = elemental composition of the organic 
substrate 

CHpOnNg = elemental composition of the cell 
biomass 

CHrOsNt = elemental composition of any 
extracellular products 

If we consider the carbon balance 

yc + z + d = 1.0 ( 3 )  

and when no extracellular products are formed (z = 0) 



Carbon a s  carbon d iox ide  
i n  t h e  eff. gas  (Gc) 

F igure  4 .  Carbon Balance 



Eq.4 shows that the amount of carbon in the effluent gas 

as C02 in our "clean system" experiments should be equal 
1 

to the differential 'amount-of carbon between the feed and 
> 

the reactor (see Fig.4). The carbon dioxide evolution 

. ". - 
rate (CER) is 0btained.b~ 

CER(mg/l-hr) = Carbon in C0,2/Residence time(HRT) 

Therefore CER may be used to check the consistency of the 
- ," , 

experimental measurements since we may write 

where Fc = feed concentration as carbon (mg/l) 

CER can also be used to estimate the microbial biomass 

directly once the relationship between the CER and 

biomass is determined for a given system and a set of 

environmental conditions. When the substrate acts as 

both a carbon and energy source for an organism accurate 

estimation of the part of the carbon source which is 

assimilated and that,,part which is dissimilated to 

provide energy is difficult. However, adequate 

estimation often can be made with the following 

method(Pirt,l965). 



For an aerobic system we assume that the oxygen is 

used exclusively as the final electron acceptor in energy 

I yielding process(Hernandez and Johnson,l967) and that the 

I amount of carbon in C02 is equivalent to the amount of 

I carbon substrate dissimilated to provide energy. 

I Pirt(1965) has suggested that the substrate used to 

produce biomass may be composed of two fractions; 

total substrate substrate utilized to 
utilized (  AS^) = produce cell carbon ( A S C )  

+ (6) 
substrate utilized to 
provide energy ( A Se) 

I If we divide the substrate balance by AX, that is the 

I amount of biomass produced, we obtain 

I . which can be written as 

where Y = overall yield ( A X / A St) 
Yc = biomass yield ( A X  / ASC) 
Ye = energy yield ( A  X / ASe) 

I for a carbon balance case 

I Then we obtain 

As discussed earlier 

A Se = carbon as CO in effluent gas for aerobic system 
2 



CER = ASe / HRT = (A Se)(D) (10) 

Ye = A X / A Se = (D)(X) / CER (11) 

Since for chemostat A X = (X - Xo) = X, combining eq.11 

with eq.9 we obtain 

1/Y = 1 + CER / (D)(X) ( 1 2 )  

It has been postulated (Pirt,1965) that microbes require 

energy both for growth and for maintenance purposes. 

Therefore the total substrate dissimilated to provide 

energy , A  Se , is assumed to be composed of two 

fractions: a portion for growth ( A  Seg) and the other 

portion for maintenance ( A  Sem). This can be written as 

Ye = A X  /ASe = AX / ( ASeg +ASem ) (13) 

when the maintenance energy requirement is zero, that is 

M Sem = 0, we have the 'true1 growth yield given by 

Yeg = AX / ASe (14 

combining eq.11,13, and 14 we obtain 

1/Ye = CER / DX = 1/Yeg + Asem/x (15) 

And when we introduce the maintenanace energy 

coefficient,m(l/ hr), we obtain (Pirt,1965) 

1/Ye = l/Yeg + m/ IJ = CER/DX (16 

and the eq. 12 can be written as 



- - - 

. - .  . 

1/Y = (1 + l/Yeg ) + m/ p (17) 

since for a chemostat ,, = D, we obtain 
i . 

1/Ye = 1/Yeg + m/D = CER/DX (18) 

and 

1/Y = (1 + 1/Yeg ) + m/D 
-. 

(19) 

The utility of the above two equations is that we 

can estimate biomass from the CER measurements for a 
.... 

. given system, since the overall yield and the yield based 

on the energy provided (or CC2 evolved) are expressed as 

a function of CER and D. When eq.18 and eq.19 are 

plotted (CER/DX vs 1 / ~  and 1/Y vs 1/D) these two 

equations should both have the same slopes, m, and their 
. - 

interceptors should have a difference of 1.0 . Fig.5 
0 

. shows such a plot for the "clean system" at 25 C. This 
. - -  
graph demonstrates how CER measurements may be used to 

check the consistency of the carbon balance experimental 

results. 

We have thus far discussd how CER can be used to 

check the experimental results of carbon balance method 

to estimate biomass and how it can be also used to 

estimate biomass directly once we have obtained Pirtfs 

relationship expressed by eq.18 and eq.19 for a given 
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experimental system. The advantage of using CER - carbon 

balance approach is that CER can be measured on-line with 

speed and precision. Thus biomass, and growth rates may 

be estimated almost instantaneously. 

RELIABILITY OF CER MEASUREMENTS 

We have seen that CER can give you a very useful 

information, and it can be measured on line. It is an 

excellent candidate for use as a process control 

parameter. Several investigators have suggested using 

CER as a process control parameter(Bravard et al., 1979; 

Mou and Cooney, 1983; Heijnen and Roels, 1979). Some of 

the criteria for an effective process control parameter 

is that it must be reliable,reproducible and sensitive to 

the changes in environmental conditions. Fig.6 shows the 

experimental results of CER measurements obtained at 

different hydraulic residence time(HRT) for four 

different experimental systems. They all display similar 

response as a function of HRT. The data for the pure 

culture of E.Coli grown on the glucose limiting media at 

37'~ is from the work of Domach(1983). CER for this 

E.Coli system was lower than other systems since the 

influent substrate concentration, So, was only 1,000 ppm 

while the Sols for the "clean system" were 4,200 ppm. 



o : CLEAN 25' C 

A : CLEAN 30" C 

0 : REAL 25°C 
* : E.COLI 37" C 

Figure 6. CER measurements vs HRT for four different 

systems 



"SO" for the "real system" varied with diJfferent HRTfs 

since the amount,of lignocellulosic substrate hydrolyzed 

added to the pool of soluble substrpte and varied with 

HRT. The hydrolysis kinetic model-of lignocellulosic 

substrate to soluble substrate will. be presented in a 

future paper. 

MODELLING OF MICROBIAL GROWTH KINETICS 

The detailed description and theoretical 

justification of the model we have used will be discussed 

in a future paper.' For now, we will briefly outline the 

basic assumptions and mathematical~expressions of the 

model which was originally suggested by Andrews and Tien 

(1977). However they did not not test the model with 

chemostat experiments. We have extended the model to 

predict not only the steady state but also for transient 

responses, and the experimental verification of the model 

is discussed in this paper. 

We assume that 1) the mixed culture may be 

represented as a single population of microbes which has 

the average properties of the mixed culture; 2) the 

biotic phase is assumed to have two distinctively 



separate compartment's; ~rotoplasm which is capable of 

growth and other metabolic- reactions and the stored 

substrate portion wlthin the cell which is not yet 

oxidized; and 3) the microbial growth rate is directly 

proportional to the amount of stored substrate the cell 

has. The maximum growth rate occurs when the cell has 

the maximum amount of stored substrate within the cell. 

Thus : 

/ p  max = Stored substrate / Max. stored substrate 

where = shecific growth rate (ljhr? -' 
y max = max. specific growth rate (l/hr) 
Z = ratio of stored substrate to the 

protoplasm concentration 
Zmax = 'rnax. ratio of stored substrate to 

the protoplasm concentration 

A furthur assumption is that the byproduct of metabolic 

energy producing re'actions is CO and the 'energy 
2 

requirement is composed of two portions; growth 

associated and maintenance associated portions. 

The underlying idea of these assumptions is that the 
< .  

microbial growth has two rate limiting reactions. The 

first one is the uptake rate of soluble substrate into 

the cell mass. The second one is the growth step where 

this stored substrate is used to produce additional 



protoplasm and C02 is generated as a byproduct. Fig.7 

illustrates these steps graphically. 

The rate expressions for these steps were proposed 

by Andrews and Tien (1977). The uptake rate of substrate 

may be written as: 

where Rs = substrate uptake rate (mg/l-hr) 
Ku = kinetic constant (l/mg-hr) 

- S = substrate concentration (mg/l) 
P = protoplasm concentration (mg/l) 

The growth rate may be written as: 

where ~g = growth rate (mg/l-hr) 
~g = kinetic constant (l/hr) 

The rate of metabolic reaction by product formation may 

be written as: 

where Kr = growth associated kinetic constant(mg/mg) 
Kb = maintenance associated kinetic 

constant (l/hr) 

Using these rate equations we may write material balance 

equations for substrate concentration, protoplasm 

concentration, and storage concentration for chemostat: 
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Figure 7. Graphic representation of substrate uptake 

step and stored substrate utilization step. 



Substituting eq.21,22, and 23 into eq.24,25, and 26 we 
obtain: 

To use these equations we need to determine the kinetic 

parameters Ku,Kg,Kr,and Kb. These can be obtained from 

steady state chemostat data. Eq.-27,28 and 29 can be 

solved using 4th order Runge-Kutta method. 
. . 

- .- - - - - 

Fig.8,9 and 10 show the steady-state experimental 

data compared with the model predictions for the "clean 
0 

system" at 25 C and 30' C. The overall yield, CER, and 

1/D vs 1/S were predicted very well. Biomass is 

represented as X = (P)(l + Z )  in our model. Perhaps the 

best way to test the plausibility'of a &del is to see 
7 - 

how well the transient responses can be predicted. 

Fig.11 shows the experimental CER measurements as a 

function of time when we increased the dilution rate from 

0.0245/hr to 0.1030/hr. It can be seen that CER 
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Figure 9. Comparison of experimental data and model 

predictions for CER for "clean systemW.Model predictions 

0 
are represented by solid line for 25 C,and dashed line 

for 30' C. 
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Figure 10. Comparison of experimental data and model 

predictions for 1/D VS 1/S for "clean system". Model 
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predictions are represented by solid line for 25 C, and 

dashed for 30' C. 



responded almost instantaneously after the increase of 

the dilution rate. This CER data is reproducible which 

gurthur demonstrates the sensitivity and the reliability 

of CER measurements. The model predicts the transient 

L response in CER remarkably well. The broken line in 

Fig.11 is the model prediction using Powell's 

model(Powell,l969). Powell's model is basically a Monod ' 

model modified to account for the time delay in cellular 

response to changes in growth rates. It is evident that 

our model predicts the transient response better. Fig.12 
, I 

shows experimental CER data compared to the model 

prediction as we decreased the dilution rate from 

0.127/hr to 0.025/hr. The model prediction is again 
- .  

excellent. Perhaps the most important results of this 

investigation is that the model we used can predict the 
- .* 

transient response very well without the use of 

adjustable parameters. 

The modelling of "real system" needs to incorporate 

the hydrolysis kinetic model for lignocellulosic 

substrate. The hydrolysate production rate equation from 

the hydrolysis model will be added to eq.27 as an added 

soluble substrate generation term. The hydrolysis model 

of lignocellulosic substrate and the overall model have 
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been developed and are being verified experimentally. l 
I 

SUMMARY 

An experimental system was developed to study the - 

microbial growth kinetic of an undefined mixed culture in 

an aerobic biological waste treatment process. The 

experimental results were used to develop a mathematical ' 

model that can predict the performance of a bioreactor. 

The bioreactor will be used to regeneratively treat waste' 

material which is expected to be generated during a long 

term manned space mission. Since the presence of 

insoluble particles in the chemically undefined complex - 

media made estimating biomass very difficult in the "real 

system", a "clean system" was devised to study the 

microbial growth from the soluble substrate. 

A carbon mass balance was used to estimate microbial 

biomass. The C02 evolution rate(CER) was used to check 

the consistency of the carbon balance experimental 

results. CER can also be used to estimate biomass 

directly once3Pirt*s relationship with maintenance energy 

coefficients is known for a given system. The advantage 

of using CER is in its speed and precision. CER has been 



demonstrated to be a reliable, reproducible, and 

sensitive indicator of biochemical state of a microbial . 

system. Since CER can be monitored continuously on-line 

it can be used to control the biochemical reactor. 

r .i . 
A mathematical model of microbial growth originally 

suggested by Andrews and Tien(1977) has been extended to 

study the chemostat processes. The model predictions 

have been experimentally verified both for steady state 

and for transient conditions using the simulated "clean 

system". The most important result of this investigation 

was that the model can predict the transient response of 

CER measurements very well without the use of adjustable 

parameters. 

The use of the "clean system" allows us to check the 

validity of carbon balance - CER method of biomass 

estimation and to test the predictability of the node1 

more readily. The microbial growth model developed from 

the "clean system" then can be modified by including the 

hydrolysis kinetic model of lignocellulosics to describe 

the "real system". The overall model for the "real 

system" and its experimental verification will be 

presented in a future report. Such a model will be 

useful in aiding NASA planners to evaluate the feasibilty 



of incorporating the aerobic biological waste treatment 

system as a component of CELSS. 
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CAN PLANTS GROW I N  QUASI-VACUUM ? 
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The problem o f  t h e  e f f e c t  o f  n e u t r a l  g a s  on growth o f  p l a n t s  

was t h e  m o t i v a t i o n  o f  a n c i e n t  e x p e r i m e n t s  o f  S c h l o e s i n g  (1897)' who 

o b s e r v e d  t h a t  n i t r o g e n  and a rgon  were n o t  consumed by p l a n t s  and who 

concluded t h a t  t h e y  were p robab ly  u s e l e s s .  S i n c e  t o  d a t e  we have known 

t h a t  n i t r o g e n  can  be used by legume p l a n t s ,  bu t  10 p e r c e n t  o f  n i t r o g e n  

i s  s u f f i c i e n t  t o  supp ly  t h i s  p r o c e s s .  The q u e s t i o n  remains  t o  know 

y h a t  happens  i f ,  f o r  t h e  same p a r t i a l  p r e s s u r e  o f  0  t h e  n i t r o g e n  
2  ' 

i s  s u p p r e s s e d  and s o ,  t h e  t o t a l  p r e s s u r e  f a l l s  d r a s t i c a l l y  ? I n  o t h e r  

words,  knowing t h a t  o n l y  5 % O2 ( 5 0  mb) i s  s u f f i c i e n t  t o  m a i n t a i n  

p l a n t  r e s p i r a t i o n  and t h a t  t h e  p r e s s u r e  o f  C02 and wa te r  vapour  r e p r e -  

s e n t  around 25 mb i n  t h e  normal a tmosphere ,  i s  i t  p o s s i b l e  t o  c o n c e i v e  

o f  growing p l a n t s  w i t h  o n l y  an  a b s o l u t e  p r e s s u r e  o f  75 mb i . e .  a q u a s i -  

vacuum ? The p r e d i c t e d  answer ,  f o l l o w i n g  t h e  t h e o r y  o f  molecu la r  d i f f u -  

s i o n  o f  g a s  is p o s i t i v e  b u t  t h e  p h y s i o l o g i c a l  v e r i f i c a t i o n  is n e c e s s a r y .  

A f i r s t  p o s i t i v e  a s s a y  o f  growth w i t h o u t  n i t r o g e n  i n  low pres -  

s u r e  was made i n  t h e  l a b o r a t o r y  and mentioned i n  a space  b i o l o g y  
2  

mee t ing  (Gu6rin  de  Montgareui l  e t  a .  ) , because  t h i s  t h e o r e t i c a l  

q u e s t i o n  cou ld  a l s o  concern  s p a c e  t echno logy .  The p l a n t  c u l t i v a t i o n  

i n  space e n v i r ~ n m e n t  is  n o t  s o  f a r  away a s  w e  imagined,  t a k i n g  

i n t o  accoun t  t h e  a c t i v e  r e s e a r c h  o f  CELSS p r o j e c t  ( C o n t r o l l e d  Eco log i -  

cal l i f e  Suppor t  System) i n  which growth o f  p l a n t s  and a l g a e  is plan-  

ned f o r  food s u p p l y  o f  l o n g  d i s t a n c e  manned space  miss ion  (Moore e t  

a 1  For  t h e o r e t i c a l  and p r a c t i c a l  r e a s o n s  i t  seems u s e f u l  t o  ana- 

l y s e  e x p e r i m e n t s  i n  which low p r e s s u r e s  were imposed t o  p l a n t l e t s  

by s u p p r e s s i o n  of n i t r o g e n  and p a r t l y  o f  oxygen.  

M a t e r i a l s  and methods 

Two exper iments  were conducted i n  r y e - g r a s s  and one i n  b a r l e y .  

They c o n s i s t e d  t o  sow samples  of s e e d s  (1 g f o r  r y e g r a s s ,  10 g r a i n s  



'd ' 2 , .  ., . 5 J , -1, " . " .  
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f o r  b a r l e y )  i n  vacuum r e s i s t a n t  c o n t a i n e r s  i n  which was p r e p a r e d  d i f f e -  

r e n t  a tmospheres .  

C o n t a i n e r s ,  Four  g l a s s  c o n t a i n e r s  were used i n  each  series of 

e x p e r i m e n t s ,  0.7 l i t e r  o f  volume f o r  t h e  s e r i e s  I, 3 l i t e r s  f o r  t h e  

s e r i e s  I1 ( F i g .  1 ) .  I n  bo th  c a s e s  t h e y  had l e a k  proof  ground j o i n t s  

and s t o p c o c k  s y s t e m s  t o  r e a l i z e  t h e  l i n k  w i t h  a  vacuum bench f o r  t h e  

i n i t i a l  p r e p a r a t i o n  o f  a tmospheres  and t o  pe rmi t  t h e  sampl ing  o f  g a s  

d u r i n g  t h e  e x p e r i m e n t .  

VACUUM 9 fj M.S. 

F i g u r e  1 -  Vacuum r e s i s t e n t  g l a s s  c o n t a i n e r  f o r  low p r e s s u r e  c u l t i v a t i o n  

o f  s e e d l i n g  ( 0 . 7 l i t e r s  o f  volume).  On t h e  t o p ,  t h e  sampl ing  a p p a r a t u s  

which may be f i t t e d  on mass s p e c t r o m e t e r  i n l e t .  

C 

Growing c o n d i t i o n s .  Each c o n t a i n e r  r e c e i v e d  250 g o f  a c i d  washed 

q u a r t z  sand  ; 30 m l  of  n u t r i e n t  s o l u t i o n  was added and t h e  s e e d s  

sown b e f o r e  c o n n e c t i o n  w i t h  t h e  vacuum bench. The growth was 

performed i n  day l i g h t  d u r i n g  F e b r u a r y  ( s e r i e s  I )  and % r c h  ( s e r i e s  

11) a t  t e m p e r a t u r e s  between 18 and 22OC. The growth was l i m i t e d  

t o  t h e  j u v e n i l e  s t a g e  because  no CO was added and t h e  p h o t o s y n t h e s i s  2 
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o n l y  used t h e  C 0 2  produced by t h e  r e s p i r a t i o n ,  mainly by g r a i n ,  a t  

t h e  h e t e r o t r o p h i c  s t a g e .  

The p r e p a r a t i o n  of a tmospheres  w i t h  t h e  vacuum bench was r e a -  

l i z e d  i n  t h r e e  s t e p s .  1) Vacuum a c t i v e l y  main ta ined  d u r i n g  2min around 

20 mm o f  Hg t o  remove- i n i t i a l  a tmosphere  and t o  purge d i s s o l v e d  g a s  

i n  n u t r i e n t  s o l u t i o n .  2 )  C losure  and o b s e r v a t i o n  d u r i n g  5min t o  check 

any i n c r e a s e  of p r e s u r e  above water vapour p r e s s u r e  (19 mm Hg a t  tempe- 

r a t u r e  o f  20°C) .  3 )  Adding of d i f f e r e n t  amounts o f  oxygen. The p r e s s u r e  

was measured w i t h  a  mercury manometer. Expressed i n  m b a r  f o r  c l a r i t y ,  

t h e y  were 48 and 205 mb f o r  t h e  oxygen t o  cor respond  t o  t h e  p a r t i a l  

p r e s s u r e s  o f  t h e  c o n c e n t r a t i o n s  o f  4 .6  and 20 $ r e s p e c t i v e l y  i n  normal 

a t m o s p h e r i c  p r e s s u r e  (1030 mb). I n  two c o n t a i n e r s ,  n i t r o g e n  was added 

u n t i l  normal a t m o s p h e r i c  p r e s s u r e .  Two o t h e r  c o n t a i n e r s  were k e p t  

w i t h  o n l y  w a t e r  vapor  p r e s s u r e  and t h e  two i n i t i a l  p r e s s u r e s  o f  oxygen. 

Sampling was made t o  check t h e  p r e p a r a t i o n  and t o  f o l l o w  t h e  compo- 

s i t i o n  o f  a tmosphere  d u r i n g  t h e  growth.  

Sampling a n  a n a l y s i s  of  g a s .  The sampl ing  o f  0.2 m l  o f  g a s  was 

made by t h e  pre-vacuum of  t h e  volume l i m i t e d  by t h e  s t o p c o c k s .  For  

a n a l y s i s ,  t h e  sampl ing t u b e  was f i t t e d  on t h e  i n l e t  o f  t h e  mass spec -  

t r o m e t e r  (MAT.CH4). S t a n d a r d  g a s  and a c c u r a t e  p r e s s u r e  gauge was used 

t o  c o r r e c t  t h e  s e n s i t i v i t y  o f  t h e  a p p a r a t u s  f o r  t h e  d i f f e r e n t  t y p e s  

o f  g a s .  

R e s u l t s  and d i s c u s s i o n  

V i s u a l  ~ S s e r v a t i c n s .  The main r e s u l t  is  t h a t  t h e  g i - o ~ t h  o f  p l a n t s  

i s  p o s s i b l e  under a b s o l u t e  p r e s s u r e  14 t i m e s  lower  t h a n  t h e  a tmospher ic  

p r e s s u r e  ( F i g .  2 d ) .  I n  f i r s t  a p p r o x i m a t i o n ,  p l a n t s  i g n o r e  t h e  absence  

o f  n i t r o g e n  and o n l y  r e a c t  t o  t h e  p a r t i a l  p r e s s u r e  o f  0  Hence t h e  2  ' 
growth o f  p l a n t l e t s  was de layed  under  low p r e s s u r e s  o f  0  i n  bo th  

2  
c a s e s  w i t h  and w i t h o u t  n i t r o g e n .  The C02 a v a i l a b i l i t y  b e i n g  l i m i t e d  

by t h e  ca rbon  c o n t e n t  o f  t h e  s e e d ,  t h e  f i n a l  r e s u l t s  a f t e r  20 days  . ,, 
were v e r y  s i m i l a r .  The d i f f e r e n c e s  i n  t h e  k i n e t i c  o f  growth c a n  be 

b e t t e r  obse rved  i n  F ig .  3  and e s t i m a t e d  i n  t h e  examinat ion o f  g a s  

a n a l y s e s .  



EXPERIMENT AT ONE ATMOSPHERE PAGE tS 
of - wALm 

20 % 0 2  5 %  0 2  

0,25 Atm. - LOW PRESSU i E  EXPERIMENTS - 0,07 Atm. 

Figure 2 .  Final result  of growing of ryegrass  seedling under t he  different 

noted pressure conditions. View of t h e  three l i t e r  containers 20 days a f ter  

sowing. 
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F i g u r e  3. View o f  t h e  exper iment  of F i g .  - 13 d a y s  a f t e r  sowing. 

The d e p r e s s i n g  e f f e c t  o f  low O2 p r e s s u r e  a p p e a r s ( r i g h t 1  and a l s o  t h e  

d e p r e s s i v e  e f f e c t  o f  n i t r o g e n  e s p e c i a l l y  i n  low oxygen c a s e  ( r i g h t  

on t h e  t o p ) .  



I n  t h e  e x p e r i m e n t s  w i t h  b a r l e y ,  o n l y  t h e  c a s e s  w i t h  normal O2 

p a r t i a l  p r e s s u r e ,  w i t h  and w i t h o u t  n i t r o g e n  were t e s t e d .  S e e d l i n g  

was b e a u t i f u l ,  no s i g n i f i c a n t  d i f f e r e n c e s -  were obse rved  between both  

e x p e r i m e n t s .  

Analyses  o f  t h e  a tmospheres .  P e r i o d i c  g a s  a n a l y s e s  have permit -  

t e d  checking t h e  a i r t i g h t n e s s  o f  t h e  c o n t a i n e r s .  I n  t h e  c a s e  o f  loss 

o f  n i t r o g e n  a  l e a k  would have been d e t e c t e d  by t h e  appearance  o f  n i t r o -  

gen  peak which remained n e g l e c t i b l e .  F ig .  4 & 5 show t h e  complemen- 

t a r y  v a r i a t i o n  o f  0  and C02 p a r t i a l  p r e s s u r e s  which was a m p l i f i e d  2  
i n  t h e  exper iment  o f  F ig .  5 by t h e  e f f e c t  o f  t h e  s m a l l  used volume. 

Two p h a s e s  c a n  b e ' o b s e r v e d .  I n  t h e  f i r s t  phase  ( 0  t o  8-11 d a y s )  t h e  

r e s p i r a t i o n  is t h e  main a c t i v i t y  and c o n s e q u e n t l y  t h e r e  is t h e  O2 

d e c r e a s i n g  and t h e  C02 enr ichment .  I n  t h e  second phase ,  i t  i s  t h e  

o t h e r  way round and t h e  p h o t o s y n t h e s i s  r e - u s e s  C02 f a s t e r  t h a n  i t  

i s  evo lved  i n  a more and more a u t o t r o p h i c  way. 

The a m p l i t u d e  o f  t h e  maximal v a r i a t i o n s  was r e l a t e d  t o  t h e  v i g o u r  

of  t h e  p l a n t l e t s  n o t i c e d  by v i s u a l  o b s e r v a t i o n s  i n  t h e  i n t e r m e d i a r y  

phase .  The c o n c l u s i o n s  were as f o l l o w s  : 

Slowing down o f  t h e  growth by low O2 p r e s s u r e .  C o n t r a r i l y  t o  
4 

t h e  r e s u l t s  o f  BjBrkman e t  a l .  o r  ~ u e b e d e a u x b ~ a r d y ~  who obse rved  

a growth s t i m u l a t i o n  on low oxygen c o n d i t i o n s ,  w e  obse rved  t h e  growth 

was d e l a y e d  i n  t h e  c a s e  o f  low oxygen p r e s s u r e .  The C02 and oxygen 

v a r i a t i o n  were h a l v e d  ( F i g .  4b,  5 )  and r e t a r d e d  f o r  one t o  t h r e e  days  

i n  compar ison w i t h  normal oxygen p r e s s u r e .  T h i s  s lowing  down c a n  be 

a t t r i b u t e d  t o  a  l i m i t a t i o n  o f  r e s p i r a t i o n  r a t e ,  e s p e c i a l l y  on t h e  

g r a i n s .  Whereas t h e  r e s p i r a t i o n  o f  t h e  o rgans  such  as l e a v e s  o r  r o o t s  

was g e n e r a l l y  n o t  modi f i ed  by a O2 d e c r e a s e  v a r y i n g  from 20 1 t o  5 1, 
t h e  r a t h e r  s t r o n g  r e s p i r a t i o n  i n  p a r t i c u l a r  phases  and i n  n o t  much 

a c c e s s i b l e  s i t e s  c o u l d  be l i m i t e d  by 0  d i f f u s i o n  p r o c e s s e s .  I t  was 
2 

shown by Q u e b e d e a u x % ~ a r d y ~  as r e g a r d i n g  t h e  phase  o f  t h e  f e r t i l i z a t i o n  

o f  t h e  f l o w e r s  i n  soybean.  

E f f e c t  o f  t h e  p r e s e n c e  ( o f  t h e  l a c k )  o f  n i t r o g e n .  I f  we r e f e r  

t o  t h e  v i s u a l  o b s e r v a t i o n s ,  as w e l l  as t o  t h e  r e s u l t s  o f  g a s  a n a l y s e s ,  

t h e  p r e s e n c e  o f  n i t r o g e n  s i g n i f i c a n t l y  s lows down t h e  growth o f  plan- 

t l e t s  ( F i g .  3 ) .  
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F i g u r e  4 .  Time e v o l u t i o n  o f  t h e  0 and CO p r e s s u r e  i n  t h e  3 l i tkr 
2 

c o n t a i n e r s .  A )  With 205 mbar o f  0 i n i t i a g  p r e s s u r e  wi th  ( - - 0 - - )  and 
w i t h o u t  ( - 0 - )  n i t r o g e n .  8 )  With 4 3  mbar o f  0 i n i t i a l  p r e s s u r e  w i t h  
(+) and wi thou t  - 0  n i t r o g e n .  (- - -) $ h e o r e t i c a l  p o t e n t i a l  
o f  r e s p i r a t i o n  ( s e e  t e x t ) .  

F i g u r e  5. Time e v o l u t i o n  o f  t h e  0 and CO p r e s s u r e  i n  0 .7  l i t e r  con- 
2 t a i n e r s .  Same legend a s  F i g .  4 ,  f o r  205 maar of o i n i t i a l  p r e s s u r e  

2 w i t h  (-@--I and wi thou t  (4 n i t r o g e n  and f o r  48 mbar o f  O2 i n i t i a l  
p r e s s u r e  wi thou t  n i t r o g e n  C--a--4. 



That  is n o t i c e a b l e  a t  a h igh  O2 p r e s s u r e ,  i n  which t h e  CO maximum 
2 

i s  a lways  s m a l l e r  under n i t r o g e n  .p resence .  The s lowing  down e f f e c t  

o f  t h e  n i t r o g e n  p r e s e n c e  is more s e n s i t i v e  i n  t h e  c a s e  of low 0 p r e s -  2  
s u r e  and s t a y s  v i s i b l e  i n  t h e  f i n a l  r e s u l t  ( F i g .  2 ) .  T h i s  e f f e c t  is 

s u r p r i s i n g .  I t  seems t o  a c t  upon t h e  number of l e a v e s  and o f  t i l le rs  
., 

and c a n n o t  be e x p l a i n e d .  However, i t  r e n f o r c e s  t h e  p r e v i o u s  i d e a  o f  

t h i s  exper iment  o f  t h e  " u s e l e s s n e s s "  o f  n e u t r a l  g a s .  

D i s e q u i l i b r i u m  o f  t h e  02%* b a l a n c e .  The p r e s e n t  c l o s e d  e x p e r i -  

m e n t  is a k ind  o f  a n  env i ronmenta l  mic rocyc le  i n  which is performed 
- 
t h e  t r a n s f o r m a t i o n  o f  a sys tem ( s e e d )  i n t o  a n o t h e r  one ( p l a n t l e t )  

w i t h  c o n s e r v a t i o n  o f  t h e  matter, e s p e c i a l l y  carbon and oxygen. A t  
, - , I  

t h e  end o f  t h e  e x p e r i m e n t ,  a l l  t h e  components which were a t  t h e  begin-  
. . 
n i n g  have t o  be found.  The a n a l y s i s  o f  t h e  a tmosphere  shows a  s i g n i f i -  

c a n t  O2 e n r i c h m e n t  which i m p l i e s  t h a t  a t  t h e  f i n a l  s t e p  t h e  chemica l  

c o m p o s i t i o n  o f  t h e  m a t t e r  is  d i f f e r e n t ,  a s  w e l l  a s  its r e d o x  
I - 

s t a t u s .  The p l a n t l e t s  were i n  a  more reduced s t a t e  t h a n  s e e d s .  T h i s  ., 
s t a t u s  i m p l i c a t e s  a n  e n e r g e t i c  g a i n  brought  by l i g h t  f o r ,  on t h e  con- 

t r a r y ,  t h e  f i n a l  s t a t e  o f  a  b i o l o g i c a l  p r o c e s s  t a k i n g  p l a c e  w i t h o u t  

e n e r g e t i c  s u p p l i e s  would be n e c e s s a r i l y  more o x i d i z e d ,  i - e .  w i t h  l e s s  

f r e e  oxygen.  

Given i n  t e r m s  o f  c o n c e n t r a t i o n ,  t h e  e x c e s s  o f  oxygen seems impor- 

t a n t ,  e s p e c i a l l y  i n  F ig .  5 ; g i v e n  i n  volume it  is t h e  same : 70 m l  

' f o r  t h i s  exper iment  and between 60 t o  90 m l  f o r  t h e  exper iment  o f  

F i g .  4 .  These v a l u e s  have t o  be compared n o t  t o  t h e  oxygen c o n t e n t  

o f  t h e  a tmosphere  b u t  t o  t h e  t u r n  o v e r  of  t h e  c y c l e  o f  t r a n s f o r m a t i o n  

ment ioned above.  For  t h a t ,  t h e  h y p o t h e s i s  is  g i v e n  t h a t  t h e  m a t t e r  a 

' o f  t h e  s e e d s  h a s  been t o t a l l y  t r ans fo rmed  and t h a t  i t s  s t r u c t u r e  is  - 
' i n  m a j o r i t y  - t h e  c a r b o h y d r a t e  one .  I n  t h a t  c a s e  1 g  o f  s e e d  cor respond  

' to  0 .033  mole o f  CH20. Thus we c a n  n o t i c e  t h a t  t h e  e x c e s s  o f  oxygen 

' (3 .1  m moles )  r e p r e s e n t s  a b o u t '  10 % o f  t h e  t u r n o v e r  o f  t h e  t o t a l  orga-  

n i c  m a t t e r .  L e t  u s  n o t i c e  t o o  t h a t  i f  t h e  C02 v a r i a t i o n  is due t o  

a r e s p i r a t o r y  a c t i v i t y ,  i t  is far from r e p r e s e n t i n g  t h e  t o t a l i t y  o f  

t h e  r e s p i r a t o r y  p o t e n t i a l  of t h e  s e e d s .  If a l l  t h e  d r y  m a t t e r  o f  t h e  

s e e d s  was consumed by r e s p i r a t i o n ,  t h e  h y p o t h e t i c a l  c u r v e  p l o t t e d  

o n  F i g .  4a c o u l d  be o b t a i n e d .  It is n o t  excluded t h a t  a  l a r g e  p a r t  

o f  t h i s  m a t t e r  was t h u s  degraded ,  b u t  i n  t h a t  c a s e  CO was immediat ly  2 



t r a p p e d  by p h o t o s y n t h e s i s  and t h e  obse rved  c u r v e  r e s u l t s  from t h e  

e q u i l i b r i u m  between t h e  two p r o c e s s e s .  

P o s s i b l e  consequences  f o r  c u l t u r e  i n  s p a c e  environment .  

S a f e t y  t h i s  exper iment  demons t ra te  t h a t  p l a n t s  a r e ,  i n  f i r s t  appro-  

x i m a t i o n ,  i n s e n s i t i v e  t o  d e - p r e s s u r i z a t i o n .  Only t h e  l o s s  o f  w a t e r ,  

i n  c a s e  o f  a c t i v e  vacuum, would be c r u c i a l .  

S p a c e  t echno logx .  A s  f a r  a s  t h i s  s i m p l e  exper iment  c a n  be gene- 
: ,  - 

I 

r a l i s e d ,  two t y p e s  o f  consequences  c a n  be s u g g e s t e d .  If t h e  c u l t i v a t i o n  

o f  h i g h e r  p l a n t s  must e f f e c t i v e l y  s u p p l y  a n o t i c e a b l e  p a r t  o f  food 

o f  f u t u r e  s p a c e  s t a t i o n s  a c o n s i d e r a b l e  volume w i l l  be devo ted  t o  

i t .  Take accoun t  o f  t h e  environment  o f  t h e  s p a c e  vacuum,the p o s s i b i -  

l i t y  o f  c u l t u r e  under low p r e s s u r e  p r o p o r t i o n a l l y  r e d u c e s  t h e  l o s s e s  
., 

o f  gas due t o  unavo idab le  l e a k s .  But above a l l ,  t h i s  p r o c e e d u r e  reduces  

t h e  q u a n t i t y  o f  m a t e r i a l  r e q u i r e d  t o  f a c e  vacuum c o n s t r a i n t s .  For  

t h e  same weigh t  ( c o s t  o f  l a u n c h i n g )  t h e  g a i n  o f  volume can be ( a t  

l eas t )  p r o p o r t i o n a l  t o  t h e  r e d u c t i o n  f a c t o r  o f  t h e  p r e s s u r e .  I f  a  

f a c t o r  o f  t e n  can  be e x p e c t e d ,  t h i s  p r o c e s s  w i l l  be c e r t a i n l y  d i sc 'ussed  

i n  t h e  f u t u r e  i n  s p i t e '  o f  t h k  g r e a t  d i s a v a n t a g e  o f  s p a c e  c l o t h e s  f o r  

s p a c e  g a r d n e r s .  

Advantage i n  O2 r e c y c l i n g  f o r  e c o l o g i c a l  system. The e l i m i n a -  

t i o n  o f  a l l  o r  p a r t  of ,  n i t r o g e n  i n  a  c u l t i v a t i o n  system (as w e l l  f o r  

h i g h e r  p l a n t s  and a l g a e  ) d r a s t i c a l y  s i m p l i f i e s t h e  management o f  

i ts  a t m o s p h e r i c  phases  and t h e  c o n t r o l  o f  t h e  oxygen l o o p s  between 

cilit;ures and manned rooms. C u l t u r e s  a r e  s u p p l i e d  by C02 t r a p p e d  i n  

maned a r e a .  O2 p r o d u c t i o n  i n c r e a s e s  t h e  p r e s s u r e  i n  c u l t u r e  sys tems  

and t h e  i ts  e x t r a c t i o n  is made by t h e  pump which m a i n t a i n  t h e  depres -  

s u r i z a t i o n .  D i l u t i o n  p r o c e s s  a r e  s u p p r e s s e d .  Pure  o r  v e r y  e n r i c h e d  

oxygen i s  produced w i t h o u t  n i t r o g e n  s e p a r a t i o n .  I ' t c a n  be s t o r e d  f o r  

t h e  r e s e r v e s  r e q u i r e d  by t h e  c o n t r o l  o f  0  c y c l e  o r  t o  s u p p l y  t h e  2  
m i s s i o n s  o u t  o f  t h e  s p a c e  s t a t i o n .  . 
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Introduction 

In long term application of C02 enrichment ( i-e., from two to ten 

times the normal concentration) an increase in the dry matter production 

has almost always been observed. For C3 plants the enhancement of dry 

weight ranges from almost a 5 fold increase for soybean to barely a 1.2 

fold increase for wheat 2, 3 ,  rice and tocacco wi th many intermed-iate 

values (table I ) . Kramer Is review posed tentative generalization about 

growth responses of plants to enhanced concentration of C02 : I) large 

differences exist among various species ; 11) responsesare greater with 

indeterminate plants than determinate ones ; 111) the largest response 

occurs in seedlings and decreases or ceases as plants grow older. The two 

first propositions are not strongly proved and studied and the effects of 

difference or not well defined conditions could explain much of observed 

variations. So, the Kimball s review situates the average of stimulation 

coefficient of dry matter production, for a doubling of C02 level, in the 

moderate range of 30 - 40 %. 

Ever since the Athens conference 16, more attention has been paid 

to studying the crop and natural vegetation response l 7  and to developing 

models predicting dry matter and yield enhancement. Progress in the crop 

studies was obtained by the experiments of Rogers et a1 l 8  (with open-top 

chambers) and of Jones et a1 (with day light growth chambers). But the 

discrepancy between their results concerning the dry matter enhancement 

factor (for example when doubling C02 one obtains 1.63 and 1.36 

respectively for the same soybean plant) still remains to be explained. 

As for proposition 111) by Kramer, it was based on the decrease of 

the response to C02 enrichment with the length of treatment, as reported 

by Ford and Thorne for barley, Neals and Nicholls 22 for wheat and 

Patterson and Flint l 2  for soybean. It poses a problem for quantitative 

predictive models and asks questions for plant physiology : increase of 



. . .  . - --.. C;. . 'r 2 ." , . ,  

-'Mate,r~el Teneur en Dur6e de 
CO traltement Rapport de Eclalrement Temperature Photo- 

vegetal 
0 )  

fo r t  C 0 2 / c o 2  normal ~~~''~~lf'~ (pEm-2 ("C) phriode 
(,,I l21) 

e l6  5 * 490 140 1,32 20 L N  (6t6) 21/16 8/16 
2 * 950 28 l,47 6 i 12 ca 1120 (a) 15 "6 (a) 1618 
8 600 17 1,30 10 360 2Z05/20 2014 

24 1,13 
10 * 675-1000 47 1,90-2,16 10 600 26/20 12/12 

Betterave 13 1000 10 2,80 10 320 28/22 1618 
a sucre 4 1000-3300 2 1 1,26-1,25 7 ca 330 20115 1618 

4 2 1,23-1,23 7 

Chou 4 1000-3300 2 1 1,44-1,50 7 ca 330 20115 1618 
fr is6 42 1,48-1,39 7 

Coton 12 640 40 2,OO 5 L N  (&t&) 32/20 
7 * 630 110 2,lO 9 L N  (Mal-AoQt) 

M~T;  (C4) 6 1000-3500 15 1,06-1,14 
12 640 30 1,20 8 r L N  (6t6) 32/20 
9 600-1000 12 1,17-1,21 8 650 28/22 14/10 

24 n.s. - n.s. 
45 n.s. -0,86 

Orge : * 6 1000-3500 15 1,36-1,23 4 2 ca 330 20115 1618 
4 1000-3300 2 1 1,44-1,61 4 2 

4 2 1,28-1,24 

R lz  6 i000-3500 15 1,24-1,23 

Soja 7 * 630 110 4,80 9 L N  (Mar-AoQt) 
9 600-1000 I 2  1,53-1,80 8 650 28/22 14/10 

24 1,30-1,77 
45 1,23-1,72 

1 1000 9 -35 1,84 8 600 26/20 12/12 
3 * 1350 38 var. Chlppewa : 1,51 2 ca  28O+LN(Fev-Av) 30132 14/10 

var. Hark : 1,67 

Tabac 11 1000 6 - 24 2,42 15 ca 780 26/22 9/15 
6 - 45 1,35 1 

31 - 45 1,20 

Tournesol 7 * 630 110 1,60 9 L N  (Mal-AoQt) 

~ 6 f 6 r e n c e s  : I : Clough e t  Peet 1981 ( 5 I 2 : Combe 1981 b ( 9' 3 : Cooper e t  Brun 1967 ( 11 
4 : Ford e t  Thorne 1967 (6 ) 5 : Cl f ford 1977 110) 6 : Imal e t  Murata 1976 ( 3) 

' o " ~  7 : M a n e  t a .  9 1 I 8 : Neales e t  Nlcholls 1978 f 2) 9 : Patterson e t  F l ln t  1980 (12 1 
10 : Slonlt e t  al. 1981 d ( ) 11 : Thomas e t  al. 1975 14 ) 12 : Wong 1979 ('3) 
13 : Wyse 1980 b (8 

Table 1 : Effect of C o p  enrichment on the dry matter production. The 

co1 . 4 gives the enhancement factor. 

n.s. : non-significant effect ; (a) average on 4 weeks ; * : until matu- 

rity ; 

LN : natural light. 



carboxylation is obtained at the expense of the oxidative photosynthetic 

carbon cycle. Measured by 1802 uptake in C3 plants, this cycle consumes as 

much reducing equivalents as reductive carbon cycle 20. It may have some 

physiological use for example by the well known coupling with nitrogen 

metabolism. When it is repressed, that can explain, together with many 

other already evocated processes 16, the decrease with time of the growth 

efficiency. 

Long term effect of C02 enhancement also concerns research in the 

photorespiration genetics 21 , because the permanent change of C02 exactly 
simulated a pure genetic change in the specificity factor of C02 of the 

Ribulose bisphosphate carboxylase/oxygenase. 

Hence, to help understanding the physiological control of dry 

matter production posed in new and pertinent terms by C02 effect studies, 

several experiments were performed on wheat, by integrating gas exchanges 
% -. . 

at the whole plant and canopy level 22, 2 3 .  Particular attention was paid 

to I) growth response from seedling to dense canopy situation 24 ; 11) 

change in photosynthetic and photorespiratory characteristics at single 

plant or canopy level 25 ; 111) water use efficiency in normal and limited 

watering ; IV) Relation between daily C02 uptake and mineral uptakes. 

We'll report here typical results of this study, with emphasis on data 

which are not yet published. 

MATERIAL AND METHODS 

Plant material and growth conditions 

Wheat seeds (Thi t icum ae6.tivum L., var. Capitole) were germinated 

between wet filter papers in the ambient conditions of our laboratory 

(temperature was 2G0C + 1;. iu'o ciiiliing treatment was applied for floral 

induction ; so, tillering went on throughout the experiment. Three day- 

old seedlings were planted out in pots of 1.45 liter : 5 and 1 plant per 

pot in the high and low density experiment respectively. The plants were 

grown either on garden soil or sand. 

The day after planting, 20 pots were distributed on a surface of 
* 

0.5 m2 in each of two C23A twin growth chambers 26, 27, 28. The C02 

concentration was regulated at 330 2 5 ~1 1-1 in the control chamber and 

at 660 2 5 ~1 1-1 for the high C02 treatment. The other climatic 
....................................... 
*C23A= Chambres de Culture Automatique en Atmospheres Artificielles 

described by Andre et a1 in the session on International CELSS : 

407 



conditions ::crc the same in both chambers. The photon fluence rate, 

provided by 3 Osram HQI-T 400W/DV lamps, was 600 - + 90 pmoles m-2s-1 at a 
height of 30 cm from the bottom of the chamber. Air flow (rate of 

0.4 - 0.6 ms-l) was vertical from a grid on the floor of the growth 

chamber. The temperature and the relative air humidity were respectively, 

24OC, and 50% during 14 hours of light and 18OC and 85% during 10 hours of 

darkness. The four walls of the chambers were covered with polished 

Aluminium sheets in order to reduce the irradiance border effects. The 

homogeneity of climatic conditions inside each chamber had been tested 

previously 29, 30 : on a horizontal plane the deviation was less than 4% 

for temperature and less than 15% for light. Four different treatments 

were carried out by crossing two C02 concentrations (control and high) 

with two plant densities, in order to obtain different light 

availabilities (200 and 40 plants m-2 for high and low density 

respectively). The plants were grown in controlled conditions until almost 

40 days after germination. The experiments described in this paper, 

constitute a part of a series of six, twin experiments on C02 enrichment 

achieved in similar or identical conditions, at least for 25 days. At that 

stage the influence of a limiting water supply has been studied in part of 

them. These experiments included the inversion of the C02 concentrations 

in the two chambers and showed the reliability of the system. Results were 

reproductible within 15% for C02 gas exchanges for successive crops. The 

accuracy of relative measurements, between twin chambers, was better than 

5%. 

C02 gas exchange measurements 

The C02 concentration was measured with an infra-red gas analyser 

(Hartmann and Braun-URAS 2T). The C02 uptake by photosy:~thesis and the C02 

release by respiration during the night were compensated respectively by 

calibrated C02 injections and C02 trapping with soda lime. The system has 

been previously described 3 1 .  A computer (T&l&m&canique 1600) anticipated 

the compensation of the gas exchanges between two consecutive gas 

measurements (about every 7 minutes), in order to reduce the deviation 

from the set point. The same computer recorded the physical parameters 

(light, air and dew point temperatures) and the amount of C02 injections 

or the time of Co2 trapping so that photosynthesis and respiration could 

be easily deduced. All the calculations were achevied with a Solar 16-40 



mini-computer. During daytime the 02 concentration was kept normal (around 

20.6%) in spite of the photosynthetic 02 release, by using a gas mixture 

of 80% N2 and 20% C02 for the C02 injections. 

Photosynthesis (which included the C02 uptake of shoots minus the 

C02 evolution from the roots) and respiration were mean values of the C02 

gas exchanges of the canopy. A correction for soil respiration was applied 

when garden soil was used. This value was estimated from a preliminary 

experiment on pots without plants in the same chambers (9.0 mg C02 H-l 

during the light period and 6.1 mg C02 h-l pot-1 during the night). Over 

the whole period of growth this correction accounted only for 6% and 7.5% 

of the final dryo weight at 660 and 330 p1 1-1 respectively. 

Area of leaves and growth measurements. 

During the high density experiment we harvested a sample of ca.15 

plants randomly chosen at 23, 30 and 37 days after germination. In the low 

density experiment only two harvests took place at 23 and 38 days, of 5 

plants each. After sampling the remaining pots were reorganized in order 

to avoid the formation of gaps in the canopy. 

At each harvest, the length of the lamina was measured. A 

correlation curve between the length of the lamina and their surface (as 

determinated with manual planimeter) had been established previously in 

order to obtain leaf lamina surfaces. These were taken as leaf surfaces. 

Leaf area index*was calculated by the product of leaf area per plant by 

the number of present plants. A leaf was considered to be expanded when 

the ligule was visible. The plants were dried in an oven at 65OC during 60 

hours before their different parts were weighted. 

The continuous growth curves were obtained (without any fitting) 

by cumulating the net daily photosynthesis (PN) to the initial seed weight 

(52 mg). The factor relating the integration of PN expressed in mg of CO2 

per plant to the dry weight in grams per plant, was determinated by 

considering a dry matter carbon content of 44%. 

Transpiration and mineral consumption 

Methods previously described 3 1 ,  32, were performed with sample of 

20 pots and in sand culture. The daily watering with nutrient solution 

(Hoagland and Arnon n02) provided about twice as much water as was needed 

for transpiration. A device connecting each pot to an individual and 
* 

leaf area index (LA11 
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calibrated reservoir, provided a good uniformity of the solution supply ' 

and allowed an easy control of the working of the watering. Tests of the . 

system, with 40 pots, gave a maximum deviation of 4% from the wanted 

volumes. Weighting of the water, condensed in the cooling system kept at : 

the accurate wanted dew point, gives the daily transpiration. 

The collected overflow of watering was also weighted, pH 

controlled and kept in fridge for analysis. Nutrient uptake of NH4 - NO3 - 

P - K, was obtained from multichanel Autoanalyser Technicon data. Computer 

monitoring and data processing made comparison with fresh solution, 

calibrations with standard solutions and calculations of uptakes take 

into account imput/output of volume and concentrations 27, 32. 

RESULTS AND DISCUSSION 

Growth rate analysis 

Continuous monitoring of C02 exchange provided continuous growth 
* 

curves of carbon accumulation (Fig.1) and accurate relative growth rate 

data reported elsewhere 24. The main results for growth models was that : 

1) a little effect of C02 on RGR was noticeable in first 14 days but then 

disappeared ; I1 The expected exponential amplification of C02 effect 33, 

l 6  was not observed. Quasi exponential kinetics was observed but related 

by constant ratio and so, with same R.G.R. at the same time ; 111) 

Reciprocally a consequence is that the R.G.R. comparison (as for example 

Ruftyls study 35) is not the pertinent measure of a growth stimulation ; 

IV) Higher apparent stimulation effect in early stage previously reported 

23 was, after analysis, attributable to the artefactual seed matter 

respiration : when, from negative figure, the carbon balance begins 

positive, a little advantage of one treatment can give an infinite ratio 

of stimulation. This effect was corrected 24 and the stimulation factor 

naturally rises from 1 (initial status of seeds) to finite values (Figure 

1) (only in that phase R.G.R. was little stimulated). 

Effect on carbon accumulation. 

In order to follow the time-evolution of the effect of C02 

enrichment on dry matter production, we plotted in figure 1 the ratio of 

high C02 to control growth curves as deduced from C02 exchange 

measurements . 
Growth was followed in two distinct ways : by harvesting plant 
* 
relative growth rate (RGR) 
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F i g u r e  1  : Continuous growth c u r v e s  o b t a i n e d  from t h e  i n t e g r a t i o n  o f  t h e  n e t  d a i l y  C02 up take  o f  whole cano- 

p i e s  : 

(- ) 330 p l  1 - I  C02 and ( .  . . . . ) 660 p l  1 - I  C02. R a t i o  o f  h igh  C02 t o  c o n t r o l  growth c u r v e s  ( - . - . - I  ; d r y  

we igh t s  from h a r v e s t s  ( samples  o f  15 and 5 p l a n t s  r e s p e c t i v e l y  i n  t h e  h igh  and t h e  low d e n s i t y  exper iment )  : 

( . ) 330 p1  1-I COP and ( A ) 660 p1 1 - I  COT b a r s  : s t a n d a r d  d e v i a t i o n .  

-- - 2 - 2  
a  : 200 p l a n t s  m . b : 40 p l a n t s  m . 



material at time intervals, and continuously ,by the daily net carbon 

uptake. As shown in figure 1, the results did not exactly agree. Part of 

the global deviation might be ascribed to the uncertainly about the real 

carbon content of the dry matter. 

The ratio between the continuous growth curves of both C02 

treatments (Figure 1) was higher and more constant than those obtained 

from dry weight measurements. The most probable explanation for the 

discrepancy, was the large variability of the dry weight measurements, 

even with the largest samples (10 to 15 plants) and in spite of the 

attention paid to a good uniformity of the groysh conditions inside each 

chamber. As a consequence, even the difference between samples from the 

two C02 levels was not always statistically significant. So, we will 

prefer the data obtained from C02 exchanges to discuss the factor of 

stimulation, 

At both densities this ratio rose during the first 15 days up to 

a level of ca. 1.45 for the high density and ca. 1.50 for the low density. 

For the high density it then remained almost constant until the end of 

the experiment. However, for the low density, the ratio rose significantly 

(up to 1.65) until 23 days, stabilized a few days. That was due to the 

compound of two effects : relative increase of surface (by 20%) and 

promoting effect of C02 on photosynthesis. When leaf area increased 

(mainly due to tillering), the advantage of surface decreased. The ratio 

dropped again from the 26th day to ca. 1.50. In spite of a subsequent rise 

of LA1 to 9.4 at 330 p1 1-1 C02 and to 10.3 at 660 p1 1-1 C02, the ratio 

was maintained at this level until almost 70 days. 

Thus final effect of the high C02 treatment on dry weight per 

plant (1.45 for high density and 1.50 for low density) was not much 

influenced by the plant density. 

The promoting effect of C02 enrichment on dry weight of wheat 

seedlings showed no decreasing tendency with time (Fig.1). In contrast, 

Neales and Nicholls found a progressive decrease of the stimulation of 

biomass at high C02 for young wheat plants too. The discrepancy might be 

explained by the difference in our respective photoperiods. Neales and 

Nicholls applied a very short night (4 Hours) which might have resulted 

in a subsequent increase of the concentration of assimilates in the 

leaves, especially for the high C02 treated plants. A reduced 

photosynthetic capacity has often been observed in such conditions (Neales 

and Incoll 39. 
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For both densities, the final enhancement of dry weight by C02 

enrichment (1.45 at high density and 1.50 at low density) was in the same 

order of magnitude as the results reported for wheat by Gifford (19771, 

Combe 9. However, the low density experiment showed a transient 

stimulation of 1.65 at 23 days for a LA1 below 1, i.e. for strictly 

isolated plants. In the same way Sionit et a1 found a two fold increase 

of dry weight with 675 p1- 1-1 CO2. Even if no plant density was mentioned 

in that paper, we can assume that plants did not drastically interact. In 

the same way, the difference of behaviour between an isolated plant and a 
-- 

canopy might explain some discrepancies in the literature about C02 

enrichment evocated in introduction. For instance, Rogers et a1 19, 

reported at either 620 or 815 p1 1-1 of C02, respectively a 1.63 and a 

1.77 fold increase of soja biomass in field experiments with a density 

estimated around 7 plants m-2. In contrast, Jones et a1 l9 obtained a 

stimulation of 1.36 and 1.53 respectively at 600 and 800 p1 1-I of C02 in 

out-door chambers but with 50 plants m-2. It seems probable that the 

former observed the effect on relatively isolated plants when the later 

better simulated a crop canopy. 

The difference between the response of an isolated plant and a 

canopy to C02 enrichment can be explained by the growth components 

involved in the buildup of the gain of carbon. In the case of an isolated 

plant (or LA1 below 11, the stimulation of dry matter production results 

from promoted Net Assimilation Rate ( N A R )  and leaf area. Furthermore, the 
impact of the gain of leaf area on dry matter production depends on the 

duration of the phase in which ' LA1 stays below 1. Therefore we found no 

such transient of high.. level of stimulation in the high density 

experiment. 

In contrast, for a closed canopy (LA1 beyound 2-31 the response of 

crop assimilation (per unit of ground area) to the increase of LA1 is 

almost saturated 24. The stimulation factor no longer depend on leaf area 

increasing. It depends only on the response of the canopy (considered as 

a big leaf) to the C02 enhancement. Only the second order processes (i.e. 

change of stomata1 conductance, regulation of carboxylation rate, 

photorespiratory and respiratory changes) can intervene. 

Comparison of long-term with short-term responses of photosynthesis 

Daily ~hotos~nthesis and respiration of cultures with and without 
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d e n s i t y  exper iment  o f  F i g .  2 .  Ra tes  o f  p h o t o s y n t h e s i s  were very similar 
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C02 enrichment are shown in Fig.2. They were used to calculate the 

long-term effect of C02 on drysmatter ~roduction discussed above. Second 

order effect can be estimated if one permutes the atmosphere or if one 

plots (Figure 3 )  the short term photosynthesis response of each canopy to 

the C02 concentrations. Such curves were systematically obtained in both 

crop densities when LA1 was equpl or above 2. At first they indicate that 

the photosynthetic characteristics (for normal 02 pressure) of the two 

crops were similar (same big leaf) and therefore the second order of 

regulation processes were neglectible or compensated. each other. Crossing 

the atmosphere gave also the same photorespiratory rate 25. Only a 

carreful analysis of photosynthesis (corrected to correspond to exactly 

the same LA11 suggests a second order effect which reduces the 

photosynthetic capacity by about 5 to a maximum of 10 per cent 22, 24. 

The second observation (also consequence of previous 

consideration) was that, if we double the C02 concentration on the 

reference experiment growing . at 330 p1 l-l, we obtain the same 

photosynthesis as the high C02 adaptated sample., and furthermore the 

values fit the daily average vaklues (Fig.2) of the corresponding day. In 

other words, short term experiment can be used to predict long term 

response to C02 of the crop canopy production. If such behaviour is 

verified for other plants the consequence should be important to predict 

first order response of 'dry madter accumulation of vegetation in closed 

canopy. Experiment of ~ o n k  et a1 l 9  in Soybean, by crossing the C02 level 

suggest similar conclusion in accordance with moderate enhancement factor 

and absence of a negative-feed-back regulation. 

The advantage given by C02 enrichment to obtain productive canopy 

(LA1 > 1) faster than in normal-conditions is neglectible in our case. The 

treatedcuiture was only one or two days in advance in the kinetic of area 

increase. - 

Effect of C02 on transpiration 

Transpiration rate at a given time were very similar for 

experiment without and with C02 enrichment (Figure 4). Taking into 

account the difference-:of leaf area (less than 20%) but also the 

non-linear relationship between transpiration and LA1 (which forbid simple 

normalization by surfa&e) a little effect of re'duction of stomata1 

conductance (5%) was estimated for the same L A I ~ ~ .  

The water use efficiency was increased from 10 to 14 mg 

"2 g- l  H20 (Fig. 5A) . . .. 



jours post-germination 

Figure 4 : Effect of C02 enrichment on transpiration. 

A) Time evolution of the daily transpiration of the high density culture 

with ( 0 ) 330 and ( ) 660 pl 1-' of Cop. Same conditions as Fig. 1. 

B )  Correlation between the daily transpiration of the two cultures at 

the same time. 
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jours post-ger mination 

F i g u r e  5 : Water use  e f f i c i e n c y  o f  two c u l t u r e s  a t  h igh  d e n s i t y  a t  ( ) 

330 and ( A ) 660 p1 1- ' . 
A )  Without w a t e r  l i m i t a t i o n  ( a v e r e g e  of two exper iments )  

B )  With t h e  l i m i t a t i o n  o f  20 m l  day" plant" ,  and ( C )  of 10 m l  day" 

p l a n t - 1  o f  wa te r  (Experiment o f  F i g .  6 ) 

( R )  Rewate r ing .  
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~i~;ke 6 : Effect of moderate water stress on the transpiration rate 

of two cultures at high densities with ( @ ) 330 and ( A ) 660 p1 1-I 

of C02 ; ( 0 ) standard well watered experiment. The watering was limited 

to 20 ml day-' plant-' and ( B )  10 ml day" plant" until 37 days, 

then rewatered (R). 



Water limitation. 

When watering was limited to a given value (20 or 10 ml day-l 

plant-l) - simulating low but constant water availability - the dry weight 
production was reduced by 43% and the leaf area by 57% at day 35 in the 

later case. Figure 6 shows that the output of transpiration raises above 

the input of watering during the depletion of the water storage in the pot 

(estimated by weighting of 350 ml, sand and bottom reserve 1. The 

transpiration finally falls to reach the level of watering. So, at day 35r 

for the normal C02 experiment the transpiration was five timeslower than 

the well watered experiments. Daily photosynthesis was only halved and 

water use efficiency was more than two times higher. With C02 enrichment 

the photosynthesis is less reduced and the water use efficiency raises up 

to 56 mg co2.g-l H20 i.e. around five times the well watered standard 

(Fig. 5c). 

In both cases during the water stress the xylem's hydric potential 

changes from - 3 to - 6 bars in normal CO2 and from - 5-to -8 in high C02 
level. The later one having a -constant difference of potential in 

agreement with results of Sionit et a13% 

These observations confirm, and quantitatively illustrate, the 

general agreement on this subject 16. They respond to the need to link 

observations made on leaves - the most often reported - and the crop 

canopy behaviour. 

Effect of C02 on Nutrient uptakes. 

The daily measurement of mineral uptakes in large sample of plants 

was succesfully performed. Figure jl shows that at a given time the 

consumption of nutrients was similar in normal and high C02 culture. So, 

as the photosynthesis was higher, the mineral uptake was relatively 

lowered in the C02 enriched culture. The uptake was linearly correlated 

to photosynthesis in the first phase of growth, Figure 8. From the slopes 
of the regression lines, we calculated the percent decrease of the mineral 

uptakes : they was 38% for PI 29% for NO3, 28% for NH4 and 25% for K 

uptake. 
I I 

In low density experiments similar results were obtained. ,The 

effect was reinforced for nitrate,uptake which was relatively depressed in 

comparison with the carbon uptake, by a factor of 1.7 at day 22 after 

sowing. Results are in accordance with observations of the decrease of 

nitrogen content of dry matter previously reported by Madsen 37, Wong 

and Allen et a1 38. Studies must be continued until the fructification 
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F i g u r e  8 : R e l a t i o n s h i p  between d a i l y  m i n e r a l  u p t a k e s  and n e t  d a i l y  photo-  

s y n t h e s i s  f o r  two c u l t u r e s  a t  h i g h  d e n s i t y  w i t h  ( A )  330 and ( A )  660 



stage and the harvest to know if such difference disturb the grain 

accumulation in wheat. 

Conclusion 

When simulating canopies planted in varied densities, we have been 9- 

able to demonstrate that increase of dry matter production by enhancing 

C02 quickly becomes independant of increase of leaf area, especially above 

leaf area index of 2; dry matter gain results mainly from photosynthesis 

stimulation per unit of surface (primary C02 effet). When crop density is 

low (the plants remaining "alone" a longer time), the effects of increasing 

leaf surface (tillering, leaf elongation here, branching for other plants 

etc...) was noticeable and dry matter stimulation factor reached 1.65. 

This "area effect'' decreased when canopy was closed in, as the effect of 

different surfaces no longer worked. The stimulation of photosynthesis 

reached to the "primary" C02 effect. The accumulation in dry matter which 

was fast during that phase made the original weight advantage more and 

more neglectible. 

Comparison with short term measurements showed that first order 

long ,term effect of C02 in wheat is predictible with a short term 

I experiment, from the effect of C02 on photosynthesis measured on reference 
I 
I sample. 

We obtained a noticeable stimulation of dry matter for wheat 

I (40 - 50 % )  but it never reaches the very high figures we mentioned above 

taken from literature. These figures cannot be applied to plants in field 

conditions. ~ 
I 

I Unlike in some other research works we have not noticed any 

decrease in stimulation factor due to some negative feed-back, when the 
I 

experiment is lengthened. So, if one represses for quite a long time 

photorespiration rate, it does not seems to have any negative consequence 

for wheat on the photosynthetic apparatus in our conditions. But this, 

only during the vegetative phase, when the nitrogen metabolism is not as 

active as in fructification stage. 

We should note that transpiration and mineral uptakes in our 

culture under best conditions, were not changed notably in a doubling of 

C02 whereas carboxylation increases. These result in increase of about 

50 % in water use efficiency and a decrease in mineral upake (-30 % )  for 
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a given photosynthesis. Active research should be made in the 

consequences of the later point over the dry matter content especially in 

case of grain production. 

During water limitations which reduces dry matter production by 20 

to 40 %, in both canopies -with and without C02 enrichment -stimulation of 

matter production was maintained or even reinforced when strongly water 

limited. In that case water use efficiency reaches up to five times the 

standard figure. 

These results emphasize the necessity to take into account 

simultaneously all the exchanges of the-plant with its environment, in the 

shoot.and it the root level as well. 

We should like to make this point again, research without respect 

of density of planting cannot and must not be used in predictive models 

for field crops. Neither can they and must they be, in CELSS program whose 

density problem will be probably greater and crucial. 
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EFFECTS OF NO;, NH& AND UREA ON EACH OTHER' s UPTAKE 
D INCORPORATION 

Ray C. Huffaker and Michael R. Ward 
Plant Growth Laboratory and 

the Department of Agronomy & Range Science 
University of California, Davis, California 95616 

The purpose of these studies is to determine the 

optimal use by wheat plants of the N sources expected from 
+ processing biological waste products, NO;, NO;, NH4, and 

urea. Our approach is to determine the uptake and metabolic 

products of each N source (from single and multiple compo- 

nent solutions), inhibitory effects of each, feedback 

inhibition, and overall -- in vivo regulation of the rates of 

assimilation of each by wheat plants. Previously, we have 
t determined the interactions of NO;, NO;, and NH4 on each 

other's uptake and incorporation. This report deals with 

urea assimilation and some of its effects on NO; and NHt 

assimilation which have been completed to date. 

'UTERIALS AND METHODS 

Plant Material. Wheat (Triticum aestivum cv. Yecora 

Rojo) seedlings were grown hydroponically. Seeds were 

surface sterilized in sodium hypochlorite (5% v/v) for 15 

min, rinsed with distilled water, and germinated at 25°C in 

aerated deionized water in the dark. After 24 h, the 
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germinated seeds were spread on a-,layer of cheesecloth 

supported on a stainless steel screen suspended about 1 cm 

above the surface of 1 1 of aerated 0.2 mM CaS04 solution 

and placed in the dark at 25°C. After 7 days, the seedlings 

were transferred -to aerated one-quarterI-strength Hoagland 

solution lacking N (3) and placed in a controlled 

environmental growth chamber. Seedlings were grown under. 

conditions ~f~continuous light for 3 d at 25°C or for 3 

weeks under a 16-h photoperiod at 25"/15"C lightidark 

temperature. Photon flux density at the -seedling canopy was 

400 p ~ m - ~ s - l ,  and RH was maintained at 60-652. In some of 

the continuous light experiments, the seedlings were 

transferred after 2 days to nutrient solutions containing 1 

mM 14c-urea, NO;, or N H ~  (preinduced seedlings). 

+ NH', NO;, and Urea Uptake. Uptake :of NH4, NO;, and -4 

urea were determined by following their.disappearance from , 

the uptake solution with tine as described previously in 

studies of NO; uptake (1). 

In Vivo Assimilation of Absorbed NU:, NO- and Urea. -3 ' 
t In vivo assimilation of absorbed NH4, NO;, or urea were -- 

determined simultaneously along with uptake. The difference 
+ between the total amount of NH4, NO;, or urea absorbed and 



that accumulated in the seedling, root, or shoot was con- 

sidered to be assimilated in vivo. -- 

NH' NO;, and nrea Analysis. The tissue was ground 4' 

with a chilled mortar and pestle in 5 volumes of deionized 

+ water and centrifuged at 30,000 x g for 15 min. NH4 in 

plant extracts was determined by fluorimetric detection, 

following separation by HPLC (20 mM KH2PO&, pH 6.2) on a 

Whatman Partisil-10-SCX cation exchange column by post 

column derivatization with o-phthaldialdehyde (OPA) (5) 

determined spectrop~otometrically at 21 0 nin following 

separation b HPLC on a Whatman Paxtisil-10-SAX anion 

exchange column ( 6 ) ;  Urea was determined both spectro- 

photometrically at 189 nm and radiometrically. Urea was .. 

determined in plant extracts by counting plant extracts both 

before and after addition'.of excess urease. Free urea was 

determined by difference.. 

- .  - .  

RESULTS 

Analyses. Thii year: we developed an automated HPLC 
t assay for the uptake of urea along with NO;, NO;, and NH4 by 

wheat seedlings from a full component nutrient solution 

utilizing a microcomputer-based system (Fig. 1). Except for 

the metabolic studies where a tracer is required, this 



Figure 1. Flow diagram for determining uptake kinetics of N 

species by wheat seedlings. Detector 1 is a UV 

absorbance detector set at 189 nm for determina- 

tion of urea. Detector 2 is a UV detector set at 

210 nm for determination of NO; and NO;. Detector 

+ 
3 is a fluorescence detector used for NH4 deter- 

mina t ion. 



removed the need to use 14c-urea with its problems of 

contamination. This system was previously described in the 
+ analysis of NO; and NO;. The NH4 assay has been improved by 

forming the OPA derivative in a flow system with detection 

by spectrofluorometry. 

Uptake. Urea uptake was very slow incomparison to NO- 3 
and N H ~  (Fig. 2) and showed a long lag before uptake began. 

The wheat seedlings were put in the presence of each of the 

above N compounds for 24 h to induce their transporters 

before the uptake studies were begun. The results shown are 

double the real rate of urea uptake since each urea molecule 

contains two N atoms. Of the three N compounds tested thus 
+ far, NH4 uptake was the most rapid. 

Assimilation. Figure 3 shows the concentration of 
+ urea, NH4 and NO; inside the plants. These concentrations 

are a function of uptake minus the amount further assim- 

ilated. Almost all of the urea absorbed by either roots or 

leaves is assimilated (Table I, Fig. 4). 

Urea on NO; and N H ~  Uptake. Urea facilitated the 

uptake of NO; by wheat seedlings (Fig. 5), primarily because 

the induction of the NO; transporter was much faster and a 



+ Figure 2. Comparison of urea, NO;, and NH4 uptake by pre- 
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induced wheat seedlings. Seedlings were grown 

hydroponically in N-free solutions for 7 d in 

, 

darkness followed by 2 d in continuous light. 

Groups of eight seedlings were transferred.to 
' _  

pretreatment solutions containing 1 mM 14c-urea, 

NO;, or N H ~  in one-quarter strength Hoagland 

solution lacking N. After 24 h, the seedlings 

were transferred to 140 ml of fresh uptake solu- 
+ 

tions. Uptake of urea, NH4, and NO; were deter- 

mined by sampling solutions every 2 h. Data is 

presented on a  mole N/g fresh weight basis. 



+ 
Figure 3. Accumulation of urea, NO;, and NH4 in preinduced 

wheat seedlings. Seedlings were grown as 
+ 

described in Fig. 2. NO;, NH4, and urea tissue 
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Table I. Urea assimilation in wheat roots, leaves, and 

whole seedlings. Wheat seedlings were grown 

hydroponically for 3 d in continuous light as 

described in Fig. 2. Groups of 8 seedlings were 

separated into roots and shoots or used as whole 

seedlings. Roots and whole seedlings were placed 

in 40 ml of aerated uptake solutions containing 1 

mM 14c-urea. Shoots were placed base down in 

vials containing 10 mls of 5 mM 14c-urea. Uptake 

and assimilation of urea were determined as 

described in "Materials and Methods" for one 6-h 

time point. 

Uptake AssimilatYon % Assimilation 

pmole N/gfw x 6 h 

Root 12 11.8 98 

Shoot 10 9.9 99 

Whole Seedling 11 10.8 98 



+ Figure 4. Assimilation of urea, NO;, and NH4 by preinduced 

wheat seedlings. Seedlings were grown as des- 

cribed in Fig. 2. N assimilation was determined 

as described in "Materials and Methods." 
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Figure 5. Effect of urea on NO; uptake. Wheat seedlings 

were grown for 3 d in continuous light. Groups of 

8 seedlings were transferred to 40 ml of uptake 

solutions containing 1 mM KN03 with and without 1 

mM urea. Depletion of NO; was monitored by 

sampling solutions every 20 min using an HPLC 

autosampling system. 



greater induction occurred in the presence of urea. Urea 
+ had little effect on NH4 uptake (Fig. 6). 

+ Urea and NH4 on NO; ~eduLtion in Wheat Leaves. N H ~  
facilitated NO; reduction while urea decreased NO; reduction 

(Table 11). Since this experiment was done on an equimolar 
+ basis, the urea supplied twice as much N H ~  as did the NH4 

treatment. We are at the stage now of supplying urea at 
+ half the concentration of NH4 for a comparison on the basis 

+ of NH4 concentration after assimilation of urea. 

Growth of Wheat Plants in Urea. Wheat plants grew the 
+ least in urea compared to NO; and NH4 (Table 111). As 

+ expected, the plants grew slightly better in NO; than NH4. 

DISCUSSION 

The automated analytical system described allows a 

precise estimate of the induction and activity of the 

transporters of the N compounds~involved in the study. The 

importance of studying the inducibility of the transporters 

is to determine their stability throughout the growing 

season. Indications are that they decrease in both stabil- 

ity and activity as the plant roots age. If the trans- 

porters are under constant induction or turnover, as the 



Time (hr)  

t Figure 6. Effect of urea on NH4 uptake. Wheat seedlings 

were grown for 3 d in continuous light. Groups of 

8 seedlings were transferred to 40 ml of uptake 
+ 

solutions containing 1 rnM NH4 as (NH4)2S04 with 
t 

and without 1 mM urea. Depletion of NH4 was 

monitored by sampling solutions every 20 min using 

an HPLC autosampling system. 



+ Table 11. Effect of NH4 and urea on NO; reduction in wheat 

leaves in light. Wheat seedlings were grown for 

3 d in continuous light. Leaves from groups of 8 

seedlings were excised and placed base down in 

vials containing 10 ml of 5 mM NO;, 5 mM NO; + 5 
mM N H ~  or 5 mM NO; + 5 mM urea. Uptake and 

reduction were determined for a 24-h absorption 

period as described in "Materials and Methods." 

Treatment Uptake Reduction % Reduction 

pmol/gfw x 24 h 

NO; 90 65.7 73 

NO; + urea 92 48.8 53 
+ NO; + NH4 91 79.2 87 



+ Table 111. Effect of urea, NH4, and NO; on the growth of 

wheat#-plants. Wheat seedlings were grown hydro- 

ponically in N-free solutions for 7 d in contin- 

uous darkness, . . followed by 2 d under a 1618-h 

lightldark regimen. Groups of 5 seedlings were 

then transferred to 5 1 of nutrient solutions 

containing one-quarter strength - Hoagland solution 

lacking N. Nitrogen was.,supplied . . as 1 mM KN03, 1 

mM NH4HC03 or 1 mM urea. Solutions were changed 

daily. Root and shoot weights were determined at 

the end of the 3-week experimental period. 

N Source 

Urea 

- -- 

Root Shoot Whole Plant 

weight (g) 

7.2 12.4 19.6 

6.7 11.4 18.1 

4.3 8.0 . 12.3 



plant ages, it may lose or develop decreased ability to 

maintain their presence in the plasmalemma. Do the trans- 

porters disappear when the inducing N compounds are depleted 

from the nutrient solution? Can they be reinduced when the 

inducing compound is again- added to the nutri'ent solution? 

Are they stabilized when the inducing compound is always 

present? 

It has been shown previously that the NO; and NO; 

transporters are induced by the presence of their substrates 

(2, 4). Indications are that the urea transporter is 

induced and that the induction requires quite a long time 

(over 2 days) (Fig. 2). Work is continuing to verify this 

observation. 

. Uptake of urea is extremely slow when compared to NO; 
+ or NH4 (Fig. 2), which seems to result in decreased growth 

(Table 111) with urea as the only source of N. Once urea is 

taken up, it is very efficiently assimilated; therefore, 

uptake seems to be the rate-limiting step to its utilization 

by wheat seedlings. When the four N species used in our 
+ studies are fed to roots, NH4, urea, and NO; are assimilated 

almost totally in the roots while NO; is assimilated primar- 

ily in wheat leaves. Thus, NO; seems to be the only one of 

the four whose reduction may be facilitated more directly by 



photosynthetically derived electrons. Urea decreased NO; 

reduction in leaves (Table 1111, however, since urea is 

mainly assimilated in roots, it will likely have little 

effect on NO; assimilation on a whole-plant basis. This 

remains to be determined. 

At equimolar concentrations, urea facilitated NO; 

uptake (Fig. 5). The increased uptake.was largely due to 

decreasing the time required for induction of the NO; 

transporter and increasing the amount of transporter 
+ induced. Urea had little effect on NH4 uptake (Fig. 6). 

Future studies: 

1. Determine if presence of urea induces a urea trans- 

porter or if the transporter is constitutive. 

2. Determine the stability of the transporters as wheat 

ages. 

3. Complete the studies showing the interactions of urea, 
+ NH4, NO;, and NO; on each other's induction, uptake, 

and further assimilation in roots'and intact seedlings. 

4. Complete growth studies as a function of the assimila- 

tion of the four mixed N sources at differing concen- 

trations. 
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S T U D I E S  ON MAXIMUM Y I E L D  OF WHEAT 
FOR THE CONTROLLED ENVIRONMENTS OF SPACE 

Bruce G .  Bugbee 
Frank B .  S a l i s b u r y  

P l a n t  S c i e n c e  Department  
Utah S t a t e  U n i v e r s i t y  

Logan, Utah 84322-4820  U.S.A. 

The economic f e a s i b i l i t y  of u s i n g  food-p roduc ing  c r o p  

p l  a n t s  i n  a  C o n t r o l  1  ed-Environment  L i f e - S u p p o r t  System 

(CELSS) w i l l  u l t i m a t e l y  depend on t h e  ene rgy  and a r e a  ( o r  

volume)  r e q u i r e d  t o  p r o v i d e  t h e  n u t r i t i o n a l  r e q u i r e m e n t s  f o r  

each  person .  Energy and a r e a  r e q u i r e m e n t s  a r e ,  t o  some 

e x t e n t ,  i n v e r s e l y  r e l a t e d ;  t h a t  i s ,  an i n c r e a s e d  energy  i n p u t  

r e s u l t s  i n  a  d e c r e a s e d  a r e a  r e q u i r e m e n t  and v i c e  v e r s a .  

A m a j o r  g o a l  o f  o u r  r e s e a r c h  e f f o r t  i s  t o  d e t e r m i n e  t h e  

c o n t r o l  1  ed -env i ronment  f o o d - p r o d u c t i o n  e f f i c i e n c y  of  wheat 

p e r  u n i t  a r e a ,  per u n i t  t i m e ,  and p e r  u n i t  energy  i n p u t .  We 

have  s t u d i e d  wheat f o r  t h e  f o l  lowing r e a s o n s :  

(1)  I t s  g r a i n  can be p r o c e s s e d  i n t o  a  wide v a r i e t y  of  

food p r o d u c t s  t h a t  can s u p p l y  a major  p o r t i o n  o f  d i e t a r y  

c a r b o h y d r a t e s  and p r o t e i n .  C e r t a i n  o t h e r  c r o p s  (e.g., 1  e t -  

t u c e )  can s u p p l y  o n l y  a  s m a l l  p o r t i o n  of  d i e t a r y  c a l o r i e s  

b e f o r e  t o x i c  1  e v e 1  s of v i t a m i n s  o r  secondary  p r o d u c t s  a r e  

consumed. 1. 



(2) Wheat, r i c e ,  and ma i ze  ( i n  t h a t  o r d e r )  a r e  t h e  

m a j o r  f o o d  c r o p s  o f  t h e  w o r l d .  Much i s  known a b o u t  whea t  

p h y s i o l o g y ,  and t h i s  k n o w l e d g e  can  be r a p i d l y  a d a p t e d  t o  new 

e n v i  r onmen ts .  

( 3 )  Much i s  a1  so known a b o u t  wheat  g e n e t i c s ,  so i t  i s  

p o s s i b l e  t o  q u i c k l y  s e l e c t  and b r e e d  new c u l t i v a r s  f o r  a  new 

e n v i  ronment .  

( 4 )  Wheat f o r m s  f l o w e r s  i n  r esponse  t o  l o n g  days (i.e., 

i t  i s  a  l o n g - d a y  p l a n t )  and grows we1 1 i n  c o n t i n u o u s  1  i g h t ,  

w h i c h  r e s u l t s  i n  a  maximum u s e  e f f i c i e n c y  p e r  u n i t  mass o f  

t h e  l i g h t i n g  system. S h o r t - d a y  c r o p  p l a n t s  such  as r i c e  h a v e  

an o b l i g a t e  r e q u i r e m e n t  f o r  a  da rk  p e r i o d  ( a b o u t  8 t o  1 2  

h o u r s ,  d e p e n d i n g  on s p e c i e s  and c u l  t i  v a r )  b e f o r e  t h e y  i n i -  

t i a t e  seed p r o d u c t i o n .  Tomatoes c a n n o t  grow unde r  c o n t i n u o u s  

1  i g h t ,  w h i c h  causes  t h e i r  1  e a v e s  t o  become c h l  o r o t i c  ( y e 1  1  ow) 

and  e v e n t u a l l y  d i e .  

( 5 )  The v e r t i c a l  l e a f  o r i e n t a t i o n  a1  l o w s  wheat  t o  e f f i -  

c i e n t l y  a b s o r b  h i g h  1  e v e 1  s  o f  p h o t o s y n t h e t i c a l  l y  a c t i v e  

r a d i a t i o n  (400  t o  700 nm) and c o n v e r t  t h i s  e n e r g y  i n t o  a  h i g h  

g r a i n  y i e l d  p e r  u n i t  area.  Crop  p l a n t s  w i t h  h o r i z o n t a l  . 

l e a v e s  e f f i c i e n t l y  a b s o r b  l o w  l e v e l s  o f  r a d i a t i c n  b u t  gene r -  

a l  l y  a r e  l e s s  e f f i c i e n t  when r a d i a t i o n  l e v e l s  a r e  h i g h  (Gar -  



d n e r  e t .  a l .  1985;  L e o p o l d  a n d  K r i e d e m a n n ,  1975) .  

B a s e d  o n  o u r  p r o d u c t i v i t y  f i n d i n g s  f r o m  t h e  p a s t  f e w  

y e a r s ,  we c a n  now c a l c u l a t e  t h e  s i z e  and  e n e r g y  r e q u i r e m e n t s  

f o r  each  p e r s o n  i n  a  CELSS. F i r s t ,  h o w e v e r ,  i t  i s  u s e f u l  t o  

compare  o u r  f i n d i n g s  w i t h  t h e o r e t i , c a l  l y  a c h i e v a b l e  1  i m i t s ,  

a n d  t h e n  w i t h  more  r e a l i s t i c  p o t e n t i a l l y  a c h i e v a b l e  p r o d u c -  

t i v i t i e s .  

THE THEORETICAL MINIMUM S I Z E  OF A CELSS 

A t  t h e  C02 c o n c e n t r a t i o n s  p r e s e n t  i n  t h e  e a r t h ' s  a tmo-  

s p h e r e ,  s p e c i e s  w i t h  Cq p h o t o s y n t h e s i s  (e.g., m a i z e ,  s u g a r -  

c a n e )  a r e  o f t e n  more e f f i c i e n t  t h a n  s p e c i e s  w i t h  C3 p h o t o -  

s y n t h e s i s ,  w h i c h  i n c l u d e  w h e a t  and  m o s t  c r o p s  (summary i n  

S a l i s b u r y  and  Ross, 1985) .  A t  e l e v a t e d  C02 l e v e l s ,  h o w e v e r ,  

C3 p l a n t s  a r e  s i g n i f i c a n t l y  more  e f f i c i e n t  t h a n  Cq p l a n t s .  

C3 c r o p  p l a n t s  a r e  t h e r e f o r e  a n  e x c e l l e n t  c h o i c e  f o r  a  CELSS 

o r  a  l u n a r  s t a t i o n , w h e r e  C02 l e v e l s  a r e  e x p e c t e d t o  b e  

e l e v a t e d .  F rom t h e  s t o i c h i o m e t r y  o f  e l e c t r o n  t r a n s p o r t  i n  

p h o t o s y n t h e s i s  and  a  p r o t o n  r e q u i r e m e n t  o f  t h r e e  f o r  ATP 

s y n t h e s i s  ( H a n d g a r t e r  a n d  Good, 1982) ,  a  t h e o r e t i c a l  min imum 

o f  9 m o l e s  o f  p h o t o n s  a r e  r e q u i r e d  t o  f i x  1 m o l e  o f  CO2 i n t o  

c a r b o h y d r a t e s  i n  C3 s p e c i e s .  T h i s  i s  known as  a  q u a n t u m  

r e q u i r e m e n t  o f  9 o r  a  q u a n t u m  y i e l d  ( r e c i p r o c a l  o f  quan tum 

r e q u i r e m e n t )  o f  0.111. The  t h e o r e t i c a l  quan tum r e q u i r e m e n t  



of  Cq s p e c i e s  i s  1 5  (quan tum y i - e l d  of  0.067). 

- A t  t h e  w h o l e  p l a n t  l e v e l ,  however ,  some e n e r g y  i s  r e -  

q u i r e d  f o r  n i t r a t e  r e d u c t i o n ,  some i s  l o s t  t o  f l u o r e s c e n c e ,  

some i s  a b s o r b e d  by n o n p h o t o s y n t h e t i c  p i g m e n t s  and r e r a d i a t e d  

a s  h e a t ,  and  some i s  u sed  i n  t he  r e s p i r a t o r y  s y n t h e s i s  o f  

c o m p l e x  m o l e c u l e s ,  s o  t he  b e s t  a c h i e v a b l e  quantum y i e l d  i s  

0..083 (quan tum r e q u i r e m e n t  = 12).: T h i s  h a s  been a c h i e v e d  

o n l y  a t  low i r r a d i a n c e  l e v e l s  and i n  t h e  a b s e n c e  of pho to -  

r e s p i r a t i o n  ( E h l  e r i n g e r  a n d .  P e a r c y ,  1983;  Osborne  and Gar- 

r e t t ,  1983 ) .  T h i s  quantum y i e l d  i s  c l o s e  t o  t h e  c o n v e r s . i o n  

e f f i c i e n c i e s  a c h i e v e d  w i t h  a1  gae.  

I f  we c o u l d  a c h i e v e  a  c o n t i - n u o u s  quantum y i e l d  o f  0.083 

f rom a  p h o t o s y n t h e t i c  pho ton  f l u x  (PPF) of  1000 pmol m-2 s - 1  

( a b o u t  one  ha1 f  f u l  1  sun1  i g h t  a t  t h e  e a r t h ' s  s u r f a c e ) ,  we . 

c o u l d  t h e o r e t i c a l  l y  p r o d u c e  216 g  m - 2  d-1 of  c a r b o h y d r a t e s .  

( C a l c u l a t i o n s :  1000  vmol m-2 s - 1  X 86 ,400  s  d-1 X 0.083 = 

7.2 mol C02 m-2 d - 1  X 30  g  (mo l  ~ ~ ~ 0 1 - 1  = 2 1 6  g m-2 d-1.1 

Assuming 4 k c a l o r i e s  p e r  gram of  c a r b o h y d r a t e s  and a  r e q u i r e -  

ment o f  2600 k c a l  p e r s o n - 1  day-1 . t h e n  we can  c a l c u l a t e  

( 2 1 6  g  m-2 d - 1  X 4  k c a l  g - 1  d i v i d e d  i n t o  2 6 0 0  k c a l  p e r s o n - 1 )  

a  m i n i m u m  c o n t i n u o u s - f o o d - p r o d u c t i o n  a r e a  of  o n l y  3 m2 per 

person.  



THEORETICAL ENERGY REQUIREMENTS 

McCree ( 1 9 7 2 )  c a l c u l a t e s  t h a t  5  p m o l s  o f  p h o t o n s  s - l  

p r o d u c e d  by  h i g h - p r e s s u r e  s o d i u m  l a m p s  i n  t h e  p h o t o s y n t h e t i c  

p a r t  o f  t h e  s p e c t r u m  ( 4 0 0  t o  700  nm) r e p r e s e n t  a l m o s t  e x a c t l y  

one w a t t  o f  e n e r g y .  Thus, if h i g h - p r e s s u r e  s o d i u m  l a m p s  c a n  

b e  made 4 0  p e r c e n t  e f f i c i e n t  a t  p r o d u c i n g  p h o t o s y n t h e t i c  

e n e r g y  ( e f f i c i e n c y  o f  37.6% i s  n o t e d  b e l o w ) ,  an i n p u t  o f  500  

W m-2 c o u l d  p r o d u c e  1000  umol  m-2 s-1. I f  3 m2 w e r e  r e q u i ' r e d  

p e r  p e r s o n ,  t h e  energy .  i n p u t  c o u l d  b e  as l o w  as 1.5 kW per, 

person. T h i s  i s  t h e  h i g h e s t  p o s s i b l e  e f f i c i e n c y  t h a t  c o u l d  

b e  a c h i e v e d  by  any p l a n t  s p e c i e s .  

* I  . 

POTENTIALLY ACHIEVABLE S I Z E  AND ENERGY REQUIREMENTS 

T h i s  a n a y l  s i s  o f  t h e o r e t i c a l  s i z e  a n d  e n e r g y  r e q u i r e -  

m e n t s  i s  h i g h l y  s i m p l i f i e d . .  The f o l l o w i n g  f a c t o r s  r e d u c e  t h e  

a c h i e v a b l e  p r o d u c t i  v i  t y  o f  h i g h e r  p l  a n t s  b e 1  ow t h e  t h e o r e t l -  

c a l  maximum. 

1. L i g h t  A b s o r p t i o n .  d , 

P l a n t  l e a v e s  n e v e r  a b s o r b  a 1  1  t h e  i n c i d e n t  r a d i a t i o n . :  

We h a v e  f o u n d  t h a t ,  u n d e r  i d e a l  c o n d i t i o n s ,  5  p e r c e n t  o f  t h e  

p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n  i s  r e f l e c t e d ,  and  1 p e r -  

c e n t  i s  t r a n s m i t t e d ,  e v e n  b y  a  dense  c a n o p y  w i t h  v e r t i c a l  

l e a v e s .  I t  i s  u n l  i k e l y  t h a t  a b s o r b e d  e n e r g y  w i l  1  e v e r  e x c e e d  

95 p e r c e n t  o f  i n c i d e n t  p h o t o s y n t h e t i c  e n e r g y .  

.- 
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A more s i g n i f i c a n t  a b s o r p t i o n  p r o b l  em o c c u r s  d u r i n g  t h e  

e a r l y  s t a g e s  o f  g rowth  when s m a l l  p l a n t s  do n o t  c o v e r  t h e  

s u r f a c e  a r e a  and c o n s e q u e n t l y  c a n n o t  i n t e r c e p t  a1 1  t h e  i n c i -  

d e n t  i r r a d i a t i o n .  We grow w h e a t  a t  d e n s i t i e s  u p  t o  1500  

p l a n t s  m-2 (6.7 cm2 p l a n t - l ,  2.6 cm between p l a n t s ) .  T h i s  i s  

3  t o  6 t i m e s  n o r m a l  p l a n t i n g  d e n s i t i e s  i n  t h e  f i e 1  d ,  b u t  

p l a n t  l e a v e s  a b s o r b  o n l y  50 p e r c e n t  o f  t h e  i r r a d i a n c e  when 

t h e y  a r e  1 4  d a y s  o l d  and 90 p e r c e n t  when 1 8  days  o l d .  A f t e r  

day 1 8 ,  l i g h t  i n t e r c e p t i o n  c o n t i n u e s  t o  be e x c e l  l e n t  u n t i l  

h a r v e s t  a t  day 60. The g e r m i n a t i n g  s e e d s  do n o t  r e q u i r e  

1  i g h t  u n t i l  emergence  on day 3,  b u t  a b s o r p t i o n  e f f i c i e n c y  i s  

1  ow f rom day 3 t o  a b o u t  day 18. I n  o u r  c u r r e n t  s y s t e m ,  t h i s  

l o s s  i s  a b o u t  20 p e r c e n t  o f  t h e  t o t a l  a r e a  a n d  e n e r g y  r e -  

q u i r e d  t o  grow t h e  c r o p .  A m e c h a n i c a l  s y s t e m  o r  t r a n s -  

p l  a n t i n g  t o  a1  t e r  p l  a n t  s p a c i n g  d u r i n g - e a r l y  g rowth  ( s o  

p l a n t s  a r e  moved a p a r t  a s  t h e y  m a t u r e )  c o u l d  e l  i m i n a t e  some 

o f  t h i s  l o s s .  Such s y s t e m s  a r e  b e i n g  used  i n  commerc ia l  

c o n t r o l  1  e d - e n v i  ronment  f o o d  p r o d u c t i o n .  

I n c r e a s i n g  p l a n t  d e n s i t i e s  e v e n  beyond t h o s e  we h a v e  

u s e d  woul d  a1  s o  i m p r o v e  e a r l y  i n t e r c e p t i o n  o f  r a d i a t i o n  

b e f o r e  day 30,  b u t  t h i s  a p p r o a c h  h a s  two p r o b l e m s ,  one  e n g i -  

n e e r i n g  and  one  b i o l o g i c a l :  (1)  We have  n o t  y e t  d e s i g n e d  a  

s y s t e m  t o  s u p p o r t  u l t r a  h i g h  d e n s i t i e s  of p l a n t s  a b o v e  a  

h y d r o p o n i c  r o o t - z o n e  e n v i  ronment .  ( 2 )  I n t e r p l  a n t  compe t i  - 



t i o n  f o r  l i g h t  q u i c k l y  becomes c o n s i d e r a b l e  a t  h i g h  p l a n t  

d e n s i t i e s .  L i t t l e  i s  known a b o u t  t h e  e f f e c t s  o f  t h i s  l o w -  

l i g h t  s t r e s s  on y o u n g  p l a n t s ,  b u t  f i e l d  s t u d i e s  i n d i c a t e  t h a t  

h i g h  d e n s i t i e s  d e c r e a s e  s e e d  y i e l d  b e f o r e  t o t a l  p l a n t  g r o w t h  

i s  r e d u c e d  ( s e e  d i s c u s s i o n  i n  G a r d n e r  e t  a l . ,  1985).  

2. H a r v e s t  I n d e x .  --- -- 
The m o s t  s i g n i f i c a n t  l i m i t a t i o n  t o  f o o d  p r o d u c t i o n  i s  

t h a t  n o t  a l l  t h e  b i o m a s s  p r o d u c e d  b y  t h e  p l a n t s  i s  e d i b l e .  

The e d i b l e  d i v i d e d  by  t o t a l  b i o m a s s  ( b o t h  d r y )  i s  c a l l e d  t h e  

h a r v e s t  i n d e x .  A l e t t u c e  c r o p  h a s  a b o u t  80  p e r c e n t  e d i b l e  -- 
1  e a v e s  and  20 p e r c e n t  i n e d i b l e  s t e m  a n d  r o o t s .  P o t a t o e s  c a n  

h a v e  a  h a r v e s t  i n d e x  o f  e d i b l e  t u b e r s  o f  8 0  p e r c e n t  o f  t h e  

t o t a l  b iomass ,  and  w h e a t  c a n  r e a c h  60  p e r c e n t  e d i b l e  g r a i n  on 

a  d r y - m a s s  b a s i s .  U n d e r  t h e  ~ e s t  c o n d i t i o n s ,  t h e r e  i s  a  2 0  

t o  40 p e r c e n t  l o s s  f r o m  i n e d i b l e  p l a n t  p a r t s .  

Many a u t h o r s  h a v e  s u g g e s t e d  c r o p s  w i t h  e d i b l e  r o o t s ,  

l e a v e s ,  a n d  r e p r o d u c t i v e  s t r u c t u r e s .  Swee t  p o t a t o  a n d  s u g a r  

b e e t  a r e  e x a m p l e s .  I n  m o s t  cases ,  h o w e v e r ,  o n l y  t h e  y o u n g  

1  e a v e s  a r e  e d i b l e ,  a 1  t h o u g h  i t  i s  t h e  m a t u r e  t u b e r s ,  r o o t s ,  

f r u i t s ,  o r  seeds  o f  s u c h  p l a n t s  t h a t  a r e  n o r m a l l y  h a r v e s t e d .  

U n u s u a l  f o o d  c r o p s  s h o u l d  be c o n s i d e r e d  f o r  a  CELSS, b u t  

c l a i m s  o f  h i g h  p r o d u c t i v i t y  and  h i g h  h a r v e s t  i n d e x  o f t e n  - 

c a n n o t  be s u b s t a n t i a t e d .  
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3. D i g e s t i b l e  e n e r g y  p e r  u n i t  e d i b l e  b i o m a s s .  

When t h e  e n e r g y  c o n t ' e n t  o f  o v e n  d r y  w h e a t  g r a i n  i s  

d e t e r m i n e d  b y  c o m b u s t i o n  i n  a  bomb c a l o r i m e t e r ,  v a l u e s  a s  

1 h i g h  a s  3.94 k c a l  g - 1  a r e  o b t a i n e d ,  b u t  t h e  d i g e s t i b l e  e n e r g y  

i s  o n l y  a b o u t  3.7 k c a l  ( T a b l e  1): T h i s  r e l a t i o n s h i p  a 1  s o  

h o l d s  f o r  o t h e r  f o o d  c o m m o d i t i e s .  

T a b l e  I 

DIGESTIBLE ENERGY CONTENT OF 
HARD R E D  S P R I N G  WHEAT G R A I N  

As H a r v e s t e d  Oven k c a l  K c a l  g - 1  
( %  D r y  g- l I n  Bomb 

% C a l o r i m e t e r  

C a r b o h y d r a t e s  66.8 76.8 x 4 - - 3.07 

P r o t e i n  

F a t  

F i b e r  

Ash 

V o i  s t u r e  

Net '  U s a b l e  D i g e s t i b l e  E n e r g y  V a r i e s  f r o m  a b o u t  90  t o  95% o f  
t h e  3.94 K c a l  g-l (See FA0 p u b 1  i c a t i o n  24. 1970.  Amino A c i d  
c o n t e n t  o f  F o o d s  a n d  B i o l o g i c a l  D a t a  on P r o t e i n s . )  

A s s u m i n g  94% d i g e s t i b i l i t y :  . 

x .94  
3 . / 0  k c a l  a - 1  

x 4.18 j o u l e ;  K c a l  
1 5 . 0  j o u l e s  g - l  



4. E n e r g y  c o n v e r s i o n .  

H i g h - p r e s s u r e  s o d i u m  l a m p s  p r o d u c e  376 W o f  e n e r g y  

b e t w e e n  400 and  700  nm p e r  1 0 0 0  w a t t s  i n p u t  power.  T h i s  

makes them 37.6% e f f i c i e n t  ( p e r s o n a l  c o m m u n i c a t i o n :  C h r i s  

F lpe l  k a s ,  S y l  v a n i a  T e s t  a n d  M e a s u r e m e n t s  Lab,  D a n v e r s ,  MA). 

T h e i r  o u t p u t ,  however ,  m u s t  be  r e f l e c t e d  down o n t o  t h e  

p l a n t s .  The b e s t  r e f l e c t o r s  a r e  a b o u t  90  p e r c e n t  e f f i c i e n t .  

T h i s  makes t h e  o v e r a l  1  e f f i c i e n c y  o f  t h e  s y s t e m  33.8 p e r c e n t .  

E f f i c i e n c i e s  o f  27.4 p e r c e n t  h a v e  b.een a c h i e v e d  o n  a  

c o m m e r c i a l  s c a l e .  The P h y t o f a r m  i n  D e k a l b ,  I 1  l i n o i s ,  h a s  an 

e n e r g y  i n p u t  o f  219 W m-2 f r o m  h i g h - p r e s s u r e  s o d i u m  1  amps a n d  

a  p h o t o n  o u t p u t  o f  3 0 0  p m o l  m-2 s - 1  o r  6 0  W m-2 o f  

p h o t o s y n t h e t i c  i r r a d i a n c e  ( M a y n a r d  B a t e s ,  p e r s o n a l  

c o m m u n i c a t i o n ) .  

5. R e s p i r a t i o n .  

R e s p i r a t i o n  p r o v i d e s  t h e  e n e r g y  t o  s y n t h e s i z e  c o m p l  e x  

m o l  e c u l  e s  f r o m  t h e  i n i t i a l  p r o d u c t s  o f  p h o t o s y n t h e s i s .  I t  

o c c u r s  a t  t h e  same r a t e  i n  w h e a t  l e a v e s  i n  b o t h  t h e  l i g h t  a n d  

t h e  d a r k  ( A z c o n - B i e t o  a n d  Osmond, 1983) .  When w h e a t  i s  g rown  

i n  c o n t i n u o u s  i r r a d i a t i o n ,  a 1  1  t h e  r e s p i r a t o r y  s y n t h e s i s  o f ,  

compounds m u s t  o c c u r  i n  t h e  1  i g h t .  T h i s  r e s p i r a t o r y  e v o l u -  

t i o n  o f  C02 d e c r e a s e s  t h e  q u a n t u m  y i e l d  a n d  may b e  p a r t  o f  

t h e  r e a s o n  a  quan tum y i e l d  o f  0.111 h a s  n o t  been  a c h i e v e d  i n  

p l  a n t  l e a v e s .  



A s s u m i n g  t h a t  a l l  r e s p i r a t i o n  t a k e s  p l a c e  i n  t h e  l i g h t  

a n d  t h a t  we c a n  c o n t i n u o u s l y  a c h i e v e  a  quan tum y i e l d  o f  

0.083, t h e r e  i s  s t i  1 1  a  l o s s  o f  f i x e d  c a r b o n  t o  r o o t  s y s t e m  

r e s p i r a t i o n .  T h i s  1  o s s  i s  p r o p o r t i o n a l  t o  t h e  b i o m a s s  o f  t h e  

r o o t  sys tem.  F i e 1  d  g rown  c r o p  p l  a n t s  t y p i c a l  l y  i n v e s t  20  t o  

30% o f  t h e i r  b i o m a s s  i n  r o o t s ,  b u t  o u r  h y d r o p o n i c a l l y  g rown  

w h e a t  p l a n t s  i n v e s t  o n l y  a b o u t  10% o f  t o t a l  b i o m a s s  i n  r o o t s .  

C a r b o n  d i o x i d e  e v o l  u t i o n  d u r i n g  p h o t o s y n t h e s i s  f r o m  

" d a r k "  r e s p i r a t i o n  i s  t a k e n  i n t o  a c c o u n t  i n  o u r  c a l c u l a t i o n s  

b y  a s s u m i n g  a  q u a n t u m  y i e l d  o f  0 .083 r a t h e r  t h a n  0 .111 .  

C o n s i d e r i n g  t h e s e  f a c t o r s ,  t h e  p o t e n t i a l  l y  a c h i e v a b l e  

s i z e  a n d  e n e r g y  r e q u i r e m e n t s  c a n  b e  c a l c u l a t e d  as f o l  1  ows: 

T h e o r e t i c a l  ( w i t h  1000  pmol m-2 s - 1  PPF) 216 g  m-2 d - 1  

95% 1  i g h t  a b s o r p t i o n  o v e r  1  i f e  c y c l  e  205 g  m-2 d - 1  

8 0 %  h a r v e s t  i n d e x  164  g  m-2 d - 1  

M u l t i p l i e d  b y  3.7 k c a l  g - 1  ( 9 4 %  d i g e s t i b l e )  607 k c a l  m-2 

Assume 3000  k c a l  p e r  p e r s o n  p e r  day:  5 in2 person-1 

E n e r g y  r e q u i  r e m e n t :  

1 0 0 0  ~ m o l  m-2 s - 1  = 200 W m-2 

200  W m-2 d i v i d e d  by  0 .338 e f f i c i e n c y  = 592 W m-2 

5 9 2  W m-2 x  5 m2 = 3552 W p e r s o n - l  = 3.6 kW person-l 



T h e s e  t h e o r e t i c a l  e f f i c i e n c i e s  w i  1 1  be  v e r y  d i f f i c u l t  t o  

a c h i e v e ,  b u t  t h e y  r e p r e s e n t  a  l o n g  t e r m  g o a l .  They w i  1 1  be  

e x t r e m e l y  d i f f i c u l t  t o  a c h i e v e  w i t h  a  c r o p  p l a n t  ( l i k e  s t r a w -  

b e r r i e s )  t h a t  i s  c h o s e n  f o r  i t s  a s t h e t i c  q u a l i t i e s  and f l a v o r  

r a t h e r  t h a n  f o r  i t s  p r o d u c t i  v i t y .  N o n e t h e l  e s s ,  r e s e a r c h  w i  1 1  

n e e d  t o  b e  d o n e  on a 1  1  s p e c i e s  g rown  i n  a  CELSS t o  o p t i m i z e  

t h e i r  e d i  b l  e  p r o d u c t i  v i  t y .  

CURRENTLY ACHIEVABLE P R O D U C T I V I T I E S  WITH WHEAT 

D u r i n g  t h e  p a s t  y e a r ,  a f t e r  s p e n d i n g  much t i m e  on de -  

s i g n i n g  and b u i  1  d i n g  r e s e a r c h  chambe r s  t o  c r e a t e  optimum 

e n v i r o n m e n t a l  c o n d i t i o n s  f o r  s t u d i e s  on w h e a t  p r o d u c t i v i t y ,  

we h a v e  o b t a i n e d  r e p r o d u c i b l e  p r o d u c t i o n  d a t a  t h a t  c a n  be 

u s e d  t o  e s t i m a t e  t h e  s i z e  o f  a  CELSS. We h a v e  been h i g h l y  

s u c c e s s f u l  i n  c o n v e r t i n g  p h o t o s y n t h e t i c  i r r a d i a n c e  i n t o  b i o -  

mass b u t  l e s s  s u c c e s s f u l  i n  c o n v e r t i n g  t o t a l  b iomass  i n t o  

e d i b l e  y i e l d .  

Quantum Y i e l d  and  Sho r t -Te rm P h o t o s y n t h e s i s  

We m e a s u r e  s h o r t - t e r m  r a t e s  o f  c a r b o n  f i x a t i o n  i n  w h e a t  

c a n o p i e s  w i t h  a  g a s  exchange  s y s t e m  t h a t  i n c l u d e s  a  p r e s s u r -  

i z e d  g rowth  chamber.  A canopy  of  0.8 m2 i s  grown i n  t h i s  

chamber  w i t h  t h e  r o o t s  i n  a  s e a l e d ,  r e c i r c u l  a t i n g ,  h y d r o p o n i c  

sy s t em.  A p h o t o s y n t h e t i c  pho ton  f l u x  o f  1000 urn01 m-2 s-1 i n  

an a t m o s p h e r e  e n r i c h e d  t o  1700  pmol C02 (mol a i r ) - 1  h a s  r e -  



s u l  t e d  i n  p h o t o s y n t h e t i c  r a t e s  a s  h i g h  a s  5 8  vmo1 m-2 s -1  o f  

c a r b o n  d i o x i d e  a b s o r b e d  per u n i t  h o r i z o n t a l  a r e a .  Y i n e t y -  

f o u r  p e r c e n t  o f  t h e  p h o t o n  f l u x  was  a b s o r b e d ,  r e s u l t i n g  i n  a  

q u a n t u m  r e q u i r e m e a n t  o f  16.2.  T h i s  c a n  b e  c o m p a r e d  t o  t h e  

t h e o r e t i c a l l y  a c h i e v a b l e  q u a n t u m  r e q u i r e m e n t  o f  9 a n d  p o t e n -  

t i a l  l y  a c h i e v a b l e  r e q u i r e m e n t  o f  12 .  

I f  we s u b t r a c t  f o r  r o o t  r e s p i r a t i o n  a n d  m u l t i p l y  by t h e  

p h o t o p e r i o d  e a c h  d a y ,  t h i s  f i g u r e  c a n  b e  c o n v e r t e d  i n t o  a  

d a i l y  g r o w t h  r a t e .  R o o t  b i o m a s s  i n  o u r  h y d r o p o n i c  s y s t e m s  i s  

t y p i c a l l y  o n l y  1 0  p e r c e n t  o f  t h e  t o t a l  ( 2 0  t o  3 0 %  i n  t h e  

f i e 1  d ) .  S u b t r a c t i n g  t h i s  e s t i m a t e d  1 0  p e r c e n t  r e s p i r a t o r y  

1  o s s  a n d  a s s u m i n g  c o n t i n u o u s  1  i g h t ,  t h i s  p h o t o s y n t h e t i c  r a t e  

s h o u l d  r e s u l t  i n  a  g r o w t h  r a t e  o f  1 3 5  g  m-2 d-1. T h i s  com- 

p a r e s  we1 1  w i t h  t h e  t h e o r e t i c a l  l y  a c h i e v a b l e  g r o w t h  r a t e  o f  

2 0 5  g  m-2 d - 1  ( a t  9 5 %  l i g h t  a b s o r p t i o n ) .  . 

M e a s u r e d  G r o w t h  R a t e s .  

We m e a s u r e  a c t u a l  g r o w t h  r a t e s  a t  w e e k l y  i n t e r v a l s  by 

r e m o v i n g  a  0.2 m2 s e c t i o n  o f  p l a n t s  ( a b o u t  2 0 0  p l a n t s  i n  a  

r i g i d  s u p p o r t ) ,  b l o t t i n g  t h e  r o o t s  d r y ,  w e i g h i n g  t h e  s e c t i o n ,  

a n d  r e t u r n i n g  i t  t o  t h e  h y d r o p o n i c  s o l u t i o n .  A f e w  p l a n t s  

a r e  d e s t r u c t i v e l y  h a r v e s t e d  a n d  d r i e d  t o  d e t e r m i n e  p e r c e n t  

d r y  m a s s ,  f r o m  w h i c h  d r y - m a s s  g r o w t h  r a t e s  c a n  b e  c a l c u l a t e d .  

We h a v e  m e a s u r e d  g r o w t h  r a t e s  o f  8 7 5  g  m-2 week-1 o r  1 2 5  



g  m-2 d-1 .  T h i s  g r o w t h  r a t e  s e r v e s  a s  a  v a l i d a t i o n  o f  t h e  

s h o r t - t e r m  p h o t o s y n t h e s i s  measurements .  U n f o r t u n a t e l y ,  i t  

t a k e s  a b o u t  2 2  d a y s  f o r  a  g r o u p  o f  p l a n t s  t o  r e a c h  t h i s  g r o w t h  

r a t e ,  and  t h e  r a t e  g r a d u a l l y  d e c r e a s e s  a s  t h e ' p l a n t s  m a t u r e .  

T h e s e  f a c t o r s  c o m b i n e  t o  make a b e s t - a c h i e v a b l e  g r o w t h  r a t e  o f  

8 9  g  m-2 d - 1  a v e r a g e d  o v e r  a  6 0 - d a y  1  i f e  c y c l e .  

T h e  p r o d u c t i o n  ' o f  8 9  g  m-2 d - 1  t o t a l  b i o m a s s  i s  t r u l y  

r e m a r k a b l e  by  c o n v e n t i o n a l  a g r i c u l  t u r a l  s t a n d a r d s .  T y p i c a l  

f i e l  d  p r o d u c t i  v i  t i e s  a r e  1  e s s  t h a n  1 0  g  m-2 d l ,  a n d  2 0  g m - 2  

d - 1  i s  e x c e p t i o n a l  ( T a b l  e  I 1  1. Wheat i s  o b v i o u s l y  s t r e s s e d  

e v e n  i n  t h e  b e s t  f i e l  d  c o n d i t i o n s .  The s t r e s s  f a c t o r s  c o u l d  

b e  l o w  c a r b o n  d i o x i d e  a n d / o r  l o w  1  i g h t ,  n e i t h e r  o f  w h i c h  

w o u l d  be  e c o n o m i c a l  t o  change  i n  t h e  f i e l  d. 

Y i e l d  a n d  H a r v e s t  I n d e x .  

These  h i g h  g r o w t h  r a t e s  a r e  t h e  good news. The b a d  news 

i s  t h a t  we h a v e  n o t  y e t  b e e n  a b l e  t o  c a u s e  w h e a t  g r o w i n g  a t  

h i g h  r a t e s  t o  p a r t i t i o n  a  n o r m a l  p e r c e n t a g e  ( 4 0  t o  50%)  o f  

i t s  t o t a l  b i o m a s s  i n t o  e d i b l e  g r a i n .  A c r o p  p r o d u c i n g  89 g  

m-2 d - 1  s h o u l d  h a v e  a  g r a i n  y i e l d  o f  3 5  t o  4 5  g  m-2 d - 1 ;  o u r  

b e s t  y i e l d  h a s  b e e n  o n l y  21.4 g  m-2 d -1 .  A t  21.4 g  m-2 d - 1 ,  

30  m 2  and 1 5  kW p e r s o n - l  w o u l d  be r e q u i r e d .  T h i s  i s  o u r  

c u r r e n t l y  a c h i e v a b l e  p r o d u c t i v i t y .  T a b l  e  I 1 1  i n d i c a t e s  some 

o f  t h e  g r o w t h  p a r a m e t e r s  a s s o c i a t e d  w i t h  t h i s  y i e l d .  



Table I1 

A COMPARISON OF WHEAT 
PRODUCTIVITIES I N  DIFFERENT 

ENVIRONMENTS 

Absolute L i f e  Y i e l d  Tota l  Biomass Harvest 
Seed Cycle Per Biomass Per Index - 

Y i e l d  Day Day 
g m-2 days g m-2 d-1 g m-2 g m-2 d-1 % 

F i e l d  Product ion 300-700 90-130 3-7 700-1800 7-18 4 5 

World Record 
i n  F i e l d *  1450 120 12.1 3200 2 7 4 5 

CELSS P r o j e c t  1200 5 6 21.4 5000 89 2 4 

Russian Study** 1000 56 17.9 2860 5 1 35 

*Winter Wheat (sown i n  autumn; a c t u a l l y  i n  the  f i e l d  about 270 days). 

**Achieved w i t h  50% o f  CELSS p r o j e c t  energy i n p u t  ( G i t e l  'zon, 1977). 

Table I11 

T o t a l  Ed ib le  Days I n  Harvest P lants  
Biomass Biomass Growth Index Per 

Cul ti va r  g m-2 d-1 g m-2 d-1 Chamber % m2 

Fremont 89.0 21.4 56 24.0 715 

Anza 69.0 21.4 6 0 31 .O 450 

P l  ants harves ted from a 400 x 500-mm experimental p l  o t  area (0.2 m2) 
guard rows n o t  i nc luded  i n  ca l cu la t i on .  



The p r o b l e m  o f  1 ow h a r v e s t  i n d e x  i s  c a u s e d  b y  1 ow s e e d  

number  p e r  head. A  c o m p a r i s o n  o f  o u r  y i e l d  componen ts  w i t h  

f i e l d  p r o d u c t i o n  d a t a  c l e a r l y  i n d i c a t e s  t h e  p r o b l e m ,  as  shown 

i n  T a b l e  I V .  

Table  I V  

YIELDS I N  CONTROLLED ENVIRONMENTS AND I N  THE F IELD 
. . 

L i f e  Seed H a r v e s t  Heads Seeds Mass p e r  
c y c l e  y i e l d  i n d e x  P e r  P e r  s e e d  
d a y s  g  m-2 p e r c e n t  m2 head  m g  

C o n t r o l  1 ed  60 1 3 0 0  25% 3000 1 5  29 
e n v i r o n m e n t  

H i g h  y i e l d  120  8 0 0  45% 800  30 33 
f r o m  f i e l d  

C o n t i n u o u s  l i g h t  a n d  a  c o n s t a n t  h i g h  t e m p e r a t u r e  (270C)  

a r e  p r i n c i p l  e  f a c t o r s -  r e s p o n s i  b l  e  f o r  s h o r t e n i n g  t h e  1  i f e  

c y c l e  f r o m  1 2 0  t o  60  days .  These same t w o  f a c t o r s  may a l s o  

be r e s p s n s i b i e  f o r  th 'e l o w  s e e d  number p e r  head.  Low s e e d  

number  p e r  head  i s  t h e  c o m b i n e d  r e s u l t  o f  t w o  f a c t o r s :  ( 1 )  

f e w e r  s p i k e 1  e t s  forme'd o n  t h e  head  ( s p i k e )  d u r i n g  t h e  f l o r a l  

i n d u c t i o n  phase  ( d a y s  4 t o  1 3 )  and ( 2 )  p o o r  p o l  1  i n a t i o n  

d u r i n g  a n t h e s i s  ( d a y s  25 t o  35 ) .  

T h e r e  i s  e v i d e n c e  t h a t  l o n g  p h o t o p e r i o d s  r e s u l t  i n  t h e  

p r o d u c t i o n  o f  f e w e r  s p i k e l e t s  p e r  s p i k e  d u r i n g  f l o r a l  i n d u c -  



t i o n  (Rawson, 1970; Lucas,  1972).  D a v i d  Bubenheim, a  g r a d u a t e  

s t u d e n t ,  i s  now c o n d u c t i n g  s t u d i e s . o t o  q u a n t i f y  t h e  e f f e c t  o f  

p h o t o p e r i o d s  as l o n g  as 24 h o u r s  on  r a t e  o f  r e p r o d u c t i v e  

d e v e l o p m e n t  i n  whea't. The mos t  s i g h i f i c a n t  o f  h i s  p r e l  i m i -  

n a r y  f i n d i n g s  a r e  as f o l  1  ows (Bubenheim and S a l  i s b u r y ,  1985) :  

( 1 )  The l e n g t h  o f  t h e  v e g e t a t i v e  phase i s  e x t r e m e l y  

s h o r t  i n  c o n t i n u o u s  1 i g h t .  I n  one c u l  t i v . a r ,  r e p r o d u c t i v e  

d e v e l  opment began 48 h o u r s  a f t e r  g e r m i n a t i o n .  

. ' 

( 2 )  The l e n g t h  o f  t h e  i n i t i a t i o n  phase, d u r i n g  w h i c h  

s p i k e l e t  number ' i+s de te rm ined ,  i s  i h v e r s g l y  p r o p o r t i o n a l  t o  

p h o t o p e r i o d  be tween  12 and 24 hours .  A s h o r t  i n i t i a t i o n  

phase  r e s u l t s  i n  f e w e r  s p i k e l e t s  p e r  s p i k e  (head)  and f e w e r  

p o t e n t i a l  seeds p e r  head. 

( 3 )  D e v e l o p m e n t  o f  day1 e n g t h - l n s e n s ' i  t i  v e  c u l  t i  v a r s  
, 

( f r o m  M e x i c o )  i s  f a s t e r  i n  l o n g  p h o t o p e r i o d s  d u r i n g  t h e  

v e g e t a t i v e  and  i n i t i a t i o n  phases,  b u t  t h e  s tem e l o n g a t i o n  

phase  i s  g r e a t l y  r e t a r d e d  by l o n g  p h o t o p e r i o d s .  These two  

e f f e c t s  o f f s e t  each  o t h e r ,  m a k i n g  t h e  c u l  t i v a r s  appear  i n s e n -  

s i  t i  v e  t o  p h o t o p e r i  od. 

A second  p r o b l e m  i s  p o o r  p o l  1  i n a t i o n  and seed s e t  i n  

e x i s t i n g  f 1  o r e t s .  Wheat i s  s e l  f - p o l  1 i n a t e d ,  and t h e  a n t h e r s  



( m a l e  f l o w e r  p a r t s )  e i t h e r  do n o t  f o r m  o r  do n o t  g row 

n o r m a l  l y  a f t e r  p o l  1  i - n a t i o n  i n  o u r  c o n d i t i o n s .  M i c r o s c o p i c  

e x a m i n a t i o n  h a s  i n d i c a t e d  t h a t  p o l  l e n  i s  o f t e n  a b o r t e d  b e f o r e  

i t  a c c u m u l  a t e s  s t a r c h ,  whi.1 e  embryo  sac ( f e m a l  e  f 1  ower  p a r t )  

d e v e l  opment  i s  c o m p l . e t e l y ,  n o r m a l .  

We a r e  j u s t  b e g - i n n i n g  t o  s t u d y  t h e  p r o b l e m .  O u r  e n v i -  

r o n m e n t a l  c o n d i  t ion ,s ;  a r e  , v e r y  d i f f e r e n t  f r o m  , those  i n  w h i c h  

w h e a t  e v o l v e d ,  s o  many e n v i r o n m e n t a l l y  i n d u c e d  f a c t o r s  c o u l d  

b e  c o n t r i b u t i n g  t o  c a u s e  p o o r  s e e d  s e t .  Two p a r a m e t e r s ,  

h o w e v e r ,  a r e  a s s o c i a t e d  w i t h  p o l  l e n  s t e r i l  i t y :  n u t r i e n t  

( e s p e c i a l  l y  b o r o n )   deficiency a n d  h i g h  t e m p e r a t u r e s .  B o r o n  

a n d  c a l c i u m  a r e  p a s s i v e l y  a b s o r b e d  a n d  t r a n s l o c a t e d  i n  t h e  

t r a n s p . i r a t i o n  s t r e a m  t o  f o l  i a r  p l a n t  p a r t s .  The f o l i a r  c o n -  

c e n t r a t i o n s  o f  t h e s e  e l e m e n t s  a r e  t h e r e f o r e  d e t e r m i n e d  b y  

t h e i r  c o n c e n t r a t i o n  i n  t h e  r o o t  z o n e  and  by  t h e  r a t i o  o f  

t r a n s p i r a t i o n  t o  p h o . t o s y n t h e s i s .  I n  t h e  f i e . l d  t h i s  r a t i o  i s  

t y p i c a l l y  a b o u t  200 t o  250,  grams - o f  w a t e r  t r a n s p i r e d  p e r  gram 

o f  b i o m a s s  produced.: The , h i g h  C02 1  e v e 1  s  i n  o u r  c o n t r o l  l e d  

e n v i r o n m e n t s  c a u s e  p h o t o s y n t h e s i s  t o  i n c r e a s e ,  b u t ,  b y  

c a u s i n g  s t o m a t e s  t o  : c l o s e ,  t r a n s p i r a t i o n  i s  d e c r e a s e d .  T r a n -  

s p i r a t i o n / p h o t o s y n t h e s i s  r a t i o s  c a n  b e  as  l o w  as  50 : l .  C a l -  

c i u m  a n d  b o r o n  c o n c e n t r a t i o n s  i n  l e a f  t i s s u e  a r e  d e c r e a s e d  

a c c o r d i n g l y .  



We c o m p e n s a t e  f o r  t h e  r e d u c t i o n  by  u s i n g  2.5 t i m e s  

n o r m a l  c a l c i u m  a n d  b o r o n  c o n c e n t r a t i o n s  i n  t h e  i n i t i a l  h y d r o -  

p o n i c  s o l u t i o n s  o f  y o u n g  p l a n t s .  T h i s  change  r e s u l t s  i n  

t i s s u e  c o n c e n t r a t i o n s  o f  t h e s e  e l e m e n t s  t h a t  a r e  s i m i l a r  t o  

t h o s e  f o u n d  i n  f i e 1  d - g r o w n  w h e a t  1  e a v e s ,  b u t  t h e  n u t r i e n t  

i m b a l a n c e  c a u s e d  b y  h i g h  C o p  may n o t  be  c o m p l e t e l y  a 1  1  i e -  

v i a t e d  i n  a l l  p l a n t  p a r t s .  F o l i a r  a p p l i c a t i o n s  o f  b o r o n  h a v e  

i n c r e a s e d  f r u i t  s e t  i n  p r u n e  t r e e s  t h a t  h a d  a d e q u a t e  f o l i a r  

l e v e l s  (Hanson  a n d  Rreen ,  1985) .  The amount  o f  c a l c i u m  and  

b o r o n  i s  t y p i c a l l y  l o w  i n  w h e a t  heads,  and  i t  i s  e s p e c i a l l y  

l o w  i n  d e v e l o p i n g  heads  j u s t  p r e v i o u s  t o  emergence f r o m  t h e  

l e a f  s h e a t h .  One o f  t h e  c l a s s i c  symptoms o f  b o r o n  d e f i c i e n c y  

i s  p o o r  p o l l e n  v i a b i l i t y  ( K i r k b y  a n d  M e n g e l ,  1983) .  We 

t h e r e f o r e  a n a l y z e d  t h e  c o n c e n t r a t i o n s  o f  1 3  e l e m e n t s  i n  w h e a t  

h e a d s  b e f o r e  and  a f t e r  emergence  i n  12, 18, and  2 4 - h o u r  

p h o t o p e r i o d s  w i t h  700 pmo l  m o l - 1  C02 e n v i r o n m e n t .  P h o t o -  

p e r i o d  h a d  1  i t t l e  e f f e c t  o n  t h e  a m o u n t  o f  a n y  e l e m e n t  i n  t h e  

heads ;  i n d e e d ,  w i t h  t h e  e x c e p t i o n  o f  c a l c i u m ,  magnesium, a n d  

b o r o n  t h e r e  was a l m o s t  no  e f f e c t  o f  d e v e l o p m e n t a l  s t a g e  on 

n u t r i e n t  c o m p o s i t i o n .  The c h a n g e s  i n  t h e s e  3 e l e m e n t s  a r e  

shown i n  T a b l e  V.  

The c o n c e n t r a t i o n  o f  t h e s e  e l e m e n t s  i s  l o w  i n  p o s t e m e r -  

g e n c e  h e a d s  a n d  e x t r e m e l y  l o w  b e f o r e  emergence,  b u t  t h e s e  

d a t a  do n o t  n e c e s s a r i l y  i n d i c a t e  a  d e f i c i e n c y  o f  t h e s e  e l e -  



ments .  Me a r e  c u r r e n t l y  a n a l y z i n g  a d d i t i o n a l  n o r m a l  h e a d  

s a m p l e s  t o  d e t e r m i n e  a d e q u a t e  l e v e l s  o f  t h e s e  e l e m e n t s .  

Table  V 

CONCENTRATIONS OF THREE ELEMENTS I N  WHEAT HEADS 

(Mean * STD. D e v i a t i o n )  

S t a g e  o f  Head 
D e v e l o p m e n t  

--- 
P r e e m e r g e n c e  (Day  2 7 )  0 .05k .02  0 .09k .02  4.6*1.6 

P o s t e m e r g e n c e  (Day  5 0 )  0 .34* .10  0.27*.03 9.3*1.2 

H i g h  t e m p e r a t u r e s  a r e  a l s o  a s s o c i a t e d  w i t h  p o l  l e n  s t e -  

r i l  i t y  i n  whea t .  A r e c e n t  r e p o r t  i n d i c a t e s  t h a t  c o o l  n i g h t  

t e m p e r a t u r e s  m i g h t  b e  e s p e c i a l l y  b e n e f i c i a l  ( C a r l s o n  a n d  

W i l l i a m s ,  1985) .  We h a v e  begun  s t u d i e s  i n  s h o r t e r  p h o t o -  

p e r i o d s ,  b u t  we h a v e  n o t  y e t  p r o v i d e d  p a r t i c u l a r l y  c o o l  n i g h t  

t e m p e r a t u r e s  ( 2 7 0 ~  day, 250C n i g h t ) .  I t  may be i m p c r r t a f i t  t o  

p r o v i d e  c o o l  d a r k  p e r i o d s  d u r i n g  t h e  week o f  a n t h e s i s .  

W i t h i n  t h e  n e x t  y e a r ,  we e x p e c t  t o  s o 1  v e  t h e  h a r v e s t  

i n d e x  b a r r i e r  t o  h i g h  y i e l  ds. F i n d i n g  t h e  s o l u t i o n  c o u l d  

r a p i d l y  i n c r e a s e  o u r  c u r r e n t l y  a c h i e v a b l e  y i e l  ds. Meanwhi  1  e, 

we h a v e  e x a m i n e d  s e v e r a l  c u l  t u r a l  , e n v i r o n m e n t a l ,  a n d  g e n e t i c  

a p p r o a c h e s  t o  y i e l  d  o p t i m i z a t i o n .  



The E f f e c t  o f  C02 C o n c e n t r a t i o n  on Growth  and Y i e l d .  - -- - - - 
T a b l e  V I  summar izes d a t a  f r om t h e  f i r s t  o f  two  c a r b o n -  

d i o x i d e - e n r i c h m e n t  s t u d i e s  c o n d u c t e d  i n  t h e  f a 1  1  o f  1984. 

The  t r i a l  compared r e s p o n s e s  o f  dwar f  (50-cm t a l  1 )  and semi-  

d w a r f  (80-cm t a l  1 )  whea t  c u l  t i v a r s  grown a t  t h r e e  C02 concen-  

t r a t i o n s :  350 pmol m o l r l  ( a m b i e n t ) ,  700 pmol mo l -1 ,  and 

1800  vmol mo l -1 .  

Table VI 

THE EFFECT OF C O ~  .CONCENTRATION 
ON TOTAL AND EDIBLE 

BIOrlASS OF WHEAT* 

Vegetat ive 
co2 Fresh Mass Total  Edi b l  e  Harvest Root Seeds 

Concentrat ion On Day 28 Biomass** Biomass** Index rlass . Per 
:pmol mol-1 9  g  m-2 d-1 g m-2 d-1 % % Head 

;*Each value represents the mean o f  4  r ep l i ca te  p l o t s  o f  0.2 m2 each. 

**These v a l  ues do no t  i n c l  ude a  7-day germination per iod i n  the green- 
*,. house. 

T a b l e  V I I  shcws r e s p o n s e s  o f  t h r e e  o f  t h e s e  c u l t i v a r s  

p l u s  a n o t h e r  one i n  t h e  greenhouse.  A l t h o u g h  s u n l i g h t  i n  t h e  

g reenhouse  was s u p p l e m e n t e d  w i t h  l i g h t  f r o m  h i g h - p r e s s u r e -  

sod ium lamps  ( 2 4  h  d - I ) ,  t h e  t o t a l  i r r a d i a n c e  was l o w e r  t h a n  



: Table VII Part A 

RESPONSE OF CERTAIN WHEAT CULTIVARS TO 
ENRICHED CARBON D I O X I D E  IN THE ATMOSPHERE 

(October, 1984, t r i a l )  

Grain 
Y i e l d  

Per 
Locat ion  Tota l  Days Day 

co2 Gra in  t o  I " ' -  (oven Heads Seeds Harvest  
Concentrat ion Y i e l d  Matu- d r j )  P l a n t s  per  pe r  Index 
(pmol mol-1) C u l t i v a r  gm-2 r i t y  gm-  d-1 m2 m2 Head % 

Greenhouse 
700 

Chamber 2 
350 

Chamber 3 
700 

Chamber 1 
1800 

Fremont 
F remont* 
PCYT 20 
Y. ROJO 

FMT 
FMT HD** 
Anza 
PCYT 20 

FMT 
FPlT HD 
Anza 
PCYT 20 

FMT 
FMT HD 
Sonoi t a  
PCYT 20 

* Two rep1 i c a t e  p l o t s  o f  ~ r e m o n t  (FMT) were grown i n  the  greenhouse; the 
d i f f e rences  between t h e  p l o t s  represent  experimental error .  

** HD = h igh  dens i ty  (715 p l a n t s  m-2; a1 1 o ther  treatments i nc luded  450 
p l a n t s  m-2) 



Table V I I  Part B 

Locat ion;  Vegetat ive Growth 
c02 Root P I  a n t  (grams f resh mass) 

Concentrat ion Flass He ight  . ' Day Day D aY %*** pmol mol-1 Cul ti va r  cm 17 2 3 28 

Greenhouse Fremont* 
Fremont* 
PCYT 20 
Y. ROJO 

Chamber 2 FMT 
350 FMT HD** 

ANZA 
PCYT 20 

Chamber 3 FMT 
700 FMT HD 

Anza 
PCYT 20 

Chamber 1 FMT 
1800 FMT HD 

Sonoi t a  
PCYT 20 

* Two r e p l i c a t e  p l o t s  of Fremont (FMT) were grown i n  t h e  greenhouse; the  
d i f f e rences  between t h e  p l  o t s  represent  experimental e r ror .  

**HD = h igh  dens i t y  

***Figures f o r  r o o t  mass i n d i c a t e  percent  of t o t a l  p l a n t  dry mass. 

i t  was i n  t h e  t h r e e  chambers .  I t  v a r i e d  d u r i n g  t h e  l i f e  

c y c l e  f r o m 4 0 0  t o  1 0 0 0  p m o l  rn-2 s - 1 ,  w h e r e a s  i r r a d i a n c e  i n  

t h e  t h r e e  c h a m b e r s  was h e l d  a t  1 0 0 0  pmol m-2 s - l .  

F o r  t h e  t r i a l  s,  a new s y s t e m  was  d e v i s e d  t o  h o l  d t h e  

p l a n t s .  I n s t e a d  o f  s t y r o f o a m  l i d s  w i t h  foam p l u g  i n s e r t s ,  9 -  



s h a p e d  m e t a l  b a r s  w e r e  p l a c e d  s i d e  by  s i d e  and h e l d  t o g e t h e r  

w i t h  1  ong  b o l  t s .  Seed1 i n g s  a r e  h e 1  d  i n  c l  o s e d - c e l  1 foam 

r u b b e r  ( w e a t h e r  s t r i p p i n g )  b e t w e e n  t h e  b a r s .  T r a n s p l  a n t i n g  

i s  f a s t e r  i n  t h i s  s y s t e m ,  a n d  i t  a 1  l o w s  u s  t o  u s e  much  h i g h e r  

p l a n t  p o p u l a t i o n s .  The d i s t a n c e  b e t w e e n  r o w s  i s  f i x e d  a t  

e i t h e r  30 o r  38  mm, b u t  t h e  s p a c i n g  w i t h i n  rows  c a n  b e  v a r i e d  

t o  a c h i e v e  a  w i d e  r a n g e  o f  p l a n t  d e n s i t i e s .  The d i m e n s i o n s  

o f  t h e  1  i d s  a r e  400 x  500 mm. 

A s e c o n d  r e p l i c a t e  t r i a l  c o n f i r m e d  t h e  f i n d i n g s  o f  t h e  

f i r s t  c a r b o n - d i o x i d e - e n r i c h m e n t  s t u d y .  I n  b o t h  s t u d i e s  t o t a l  

p l a n t  b i o m a s s  was c o n s i d e r a b l y  i n c r e a s e d  by  C02 e n r i c h m e n t ,  

b u t  g r a i n  y i e l d  a n d  h a r v e s t  i n d e x  w e r e  h i g h e r  a t  700 pmol  

m o l - l  C02 t h a n  a t 1 8 0 0  p m o l  m o l - 1  C02. T h e s e  d a t a  s u g g e s t  

t h a t  t h e  h i g h e s t  C02 c o n c e n t r a t i o n  may be  t o o  h i g h  f o r  m a x i -  

mum y i e l d s ,  b u t  if h i g h  C02 i s  i n d u c i n g  a  s e c o n d a r y  e f f e c t ,  

s u c h  a s  n u t r i e n t  d e f i c i e n c y ,  t h e n  a d j u s t m e n t  o f  o t h e r  e n v i -  

r o n m e n t a l  p a r a m e t e r s  w o u l d  l e a d  t o  i n c r e a s i n g  y i e l d s  e v e n  a t  

t h e  h i g h e s t  C02 l e v e l .  The s t o m a t a 1  c l o s u r e  i n d u c e d  b y  h i g h  

C02 g r e a t l y  r e d u c e s  t r a n s p i r a t i o n ,  b u t  r e d u c i n g  h u m i d i t y  

i n c r e a s e s  t r a n s p i r a t i o n ,  w h i c h  may i n c r e a s e  n u t r i e n t  u p t a k e  

a n d  u l t i m a t e  y i e l d .  We h a v e  p r e l  i m i n a r y  d a t a  s u g g e s t i n g  t h a t  

r e d u c e d  h u m i d i t y  i n c r e a s e s  n u t r i e n t  u p t a k e  i n  h i g h  C02 c o n d i -  

t i o n s .  R e d u c i n g  t r a n s r p i r a t i o n  w i t h  h i g h  c a r b o n  d i o x i d e  and  

h i g h  h u m i d i t y  m i g h t  s a v e  e n e r g y  ( t h a t  r e q u i r e d  t o  e v a p o r a t e  



- - -L = 

w a t e r )  i n  a  CELSS. 

T a b l e  V I I I  q u a n t i f i e s  t h e  e f f e c t  o f  C02 e n r i c h m e n t  on  

I t h e  r a t i o  o f  g r a m s  o f  w a t e r  g i v e n  o f f  i n  t r a n s p i r a t i o n  t o  

1 g rams c a r b o h y d r a t e s  f i x e d  i n  p h o t o s y n t h e s i s .  

T a b l e  V I I I  

TRANSPIRATION/PHOTOSYNTHESIS RATIO 
( g  H 2 0 / g  CH20) 

c o 2  P P F  P P F  
pmol  m o l - 1  900  pmol m-2 s - 1  2100 pmol m-2 s - 1  

I 

T y p i c a l  f i e l d  v a l u e s  a r e  200  t o  250 

. ,  

T h e s e  t r a n s p i r a t i o n  r a t e s  a r e  v e r y  l o w ,  b u t  t h e y  do n o t  

a p p e a r  t o  b e  an i n h e r e n t  p r o b l e m .  T r a n s p i r a t i o n  i s  i m p o r t a n t  

f o r  c o o l  i n g  p l a n t  l e a v e s ,  b u t  e v e n  t h e  1  o w e s t  t r a n s p i r a t i o n  

r a t e s  p r o v i d e  a d e q u a t e  c o o l  i n g  i n  o u r  c o n d i t i o n s ,  and  l o w  

t r a n s p i r a t i o n  r a t e s  s t i l  1  p r o v i d e  a m p l e  p u r i f i e d  w a t e r  f o r  a  

1  i f e  s u p p o r t  sys tem.  The 1 i m i t i n g  f a c t o r  may be  n u t r i e n t  

u p t a k e ,  b u t  n u t r i e n t s  c o u l d  be  a p p l i e d  as  f o l i a r  s p r a y s .  



THE EFFECT OF INCREASED PHOTOSYNTHETIC PHOTON FLUXES ON 

PHOTOSYNTHESIS 

P l  a n t  g r o w t h  r e s e a r c h  i n  c o n t r o l  1  e d  e n v i r o n m e n t s  i s  

t y p i c a l l y  c o n d u c t e d  a t  p h o t o s y n t h e t i c  p h o t o n  f l u x e s  b e t w e e n  

3 0 0  a n d  1 0 0 0  pmol  m-2 s-1. P h o t o s y n t h e s i s  o f  s i n g 1  e  1  e a v e s  

o f  C3 c r o p s  1  i g h t  s a t u r a t e  i n  t h i s  r a n g e ,  b u t  l e a v e s  i n  c r o p  

c a n o p i e s  c o m p l e t e  f o r  a v a i l a b l e  1  i g h t  so  t h a t  dense communi-  

t i e s  o f  v i g o r o u s  c r o p  p l a n t s  o f t e n  do n o t  l i g h t  s a t u r a t e  e v e n  
. _ I  

i n  f u l l  s u n l i g h t  (2,000 pmol  m-2 s -1) .  I f  i n c r e a s e d  e n e r g y  

i n p u t s  l e a d  t o  i n c r e a s e d  p r o d u c t i v i t y ,  t h e  s i z e  o f  a  C E L S S  

f o o d  p r o d u c t i o n  f a c i l i t y  c a n  b e  r e d u c e d  a c c o r d i n g l y .  I t  i s '  

n o t  y e t  known w h e t h e r  e n e r g y  o r  v o l u m e  w i l  1  be  t h e  more  

1  i m i  t i n g  c o n s t r a i n t .  

G r o w t h  and  y i e l d  o v e r  a  r a n g e  o f  e n e r g y  i n p u t s  s h o u l d  

p r o v i d e  v a l u a b l e  d e s i g n  i n f o r m a t i o n .  We h a v e  o b t a i n e d  s h o r t  

t e r m  ( 7 - d a y )  p h o t o s y n t h e t i c  r e s p o n s e s  t o  PPF l e v e l s  o f  up  t o  

2,100 pmol  m-2 s - 1 .  These  m e a s u r e m e n t s  w e r e  made i n  an open 

gas e x c h a n g e  s y s t e m  t h a t  u t i l i z e s  a  s e a l e d  g r o w t h  chamber  a-s 

t h e  a s s i m i l a t i o n  chamber. The d e s ' i g n  o f  t h i s  s y s t e m  i s  d i s -  

c u s s e d  i n  S e s t a k ,  C a t s k y ,  and  J a r v i s  (1971) .  P h o t o s y n t h e t i c  

c a l c u l a t i o n s  a r e  d e s c r i b e d  i n  N o b e l  (1983) .  These  r e s u l t s  

a r e  shown i n  F i g u r e s  1  and  2. I t  i s  a p p a r e n t  t h a t  p h o t o -  

s y n t h e t i c  r a t e  i n  a  C02 e n r i c h e d  e n v i r o n m e n t  i s  1  i g h t  1  i m i t k d  

e v e n  i n  t h e  h i g h e s t  n a t u r a l  l y  o c c u r i n g  l i g h t  l e v e l s .  
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F i g u r e  1 N e t  p h o t o s y n t h e s i s  a s  a  f u n c t i o n  o f  i r r a d i a n c e  
l e v e l .  N o t e  t h a t  p h o t o s y n t h e s i s  o f  a  dense  c a n o p y  
i n c r e a s e s  w i t h  i n c r e a s i n g  1 i g h t  a t  l e a s t  u p  t o  t h e  
l e v e l  o f  s u n 1  i g h t .  N o t e  a1 s o  t h a t  m o s t  g r o w t h  
c h a m b e r s  i n  u s e  t o d a y  ( w h i c h  u s e  f l u o r e s c e n t  p l u s  
i n c a n d e s c e n t  1  amps; PPF a b o u t  2 5 0  t o  900 urn01 m-2 
s - 1 )  a r e  j u s t  a b o v e  t h e  l i g h t  c o m p e n s a t i o n  p o i n t .  
A t  s u c h  a  1  i g h t  l e v e l ,  d o u b l i n g  t h e  i r r a d i a n c e  more  
t h a n  d o u b l  es n e t  p h o t o s y n t h e s i s .  
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F i g u r e  2  N e t  p h o t o s y n t h e s i s  a n d  s t o m a t a l  c o n d u c t a n c e  a s  a  
f u n c t i o n  o f  c a r b o n - d i o x i d e  c o n c e n t r a t i o n  a t  t w o  
i r r a d i  ance  (PPFJ 1  e v e 1  s. N o t e  t h a t  c o n d u c t a n c e  
d e c r e a s e s  s h a r p l y  as  C02 i n c r e a s e s ,  i n d i c a t i n g  
s t o m a t a l  c l o s u r e .  P h o t o s y n t h e s i s  i n c r e a s e s  w i t h  
i n c r e a s i n g  C02, b u t  t h e  i n c r e a s e  w i t h  i n c r e a s i n g  
l i g h t  i s  much more s t r i k i n g .  H i g h e r  l i g h t  l e v e l s  
a1  so  i n d u c e  s t o m a t a l  o p e n i n g ,  i n c r e a s i n g  c o n d u c -  
t a n c e .  ( C u r v e s  f o r  p h o t o s y n t h e s i s  a r e  e x t r a p o l a t e d  
t o  a n  a p p r o x i m a t e  C02 c o m p e n s a t i o n  p o i n t  o f  1 0 0  



We s t u d i e d  t h e  l o n g e r  t e r m  e f f e c t s  o f  h i g h  i r r a d i a n c e  b y  

e x p o s i n g  a  p l a n t  c a n o p y  t o  2 1 0 0  p m o l  m-2 s - 1  f o r  2 4  h  d - 1  

f o r  7  days.  No c h a n g e  i n  C02 u p t a k e  was o b s e r v e d  d u r i n g  t h i s  

p e r i o d .  We a 1  s o  e x a m i n e d  t h e  i n i t i a l  p h o t o s y n t h e t i c  r a t e  

a f t e r  a  $ - h o u r  d a r k  p e r i o d ,  d u r i n g  w h i c h  a s s i m i l a t e s  c o u l d  b e  

u n l o a d e d  a n d  e x p o r t e d  f r o m  t h e  l e a v e s .  Aga in ,  n o  change  i n  . 

n e t  p h o t o s y n t h e s i s  was o b s e r v e d .  These  r e s u l t s  s u g g e s t  t h a t  

f e e d b a c k  i n h i b i t i o n  o f  p h o t o s y n t h e s i s  i s  n o t  a  s e r i o u s  

p r o b l e m  e v e n  i n  c o n t i n u o u s  1  i g h t .  I f  t h e s e  r a p i d  g r o w t h  r a t e s  

c a n  b e  t r a n s l a t e d  i n t o  e d i b l e  p r o d u c t i v i t y ,  t h e  o p t i o n  o f  

s u b s t i t u t i n g  e n e r g y  f o r  v o l  ume o v e r  a  w i d e  r a n g e  w i  1 1  be  

a v a i  1  a b l  e  t o  C E L S S  s y s t e m  d e s i  g n e r s .  

The  E f f e c t  o f  P l a n t i n g  D e n s i t y  o n  G r o w t h  a n d  Y i e l d  - - - - 
As d i s c u s s e d  e a r l i e r ,  p o o r  1  i g h t  a b s o r p t i o n  d u r i n g  e a r l y  

g r o w t h  c o n s i d e r a b l y  r e d u c e s  e n e r g y  e f f i c i e n c y .  When a m p l e  

n u t r i e n t s ,  w a t e r ,  a n d  o x y g e n  a r e  a v a i l a b l e  i n  t h e  r o o t  zone, 

h i g h  p l a n t  p o p u l a t i o n s  s h o u l d  l e a d  t o  enhanced  e a r l y  g r o w t h ,  

w h i c h  m i g h t  a1  s o  l e a d  t o  h i g h e r  y i e l d s .  T h i s  h y p o t h e s i s  was 

t e s t e d  u s i n g  o u r  n e w l y  d e s i g n e d  p l a n t  s u p p o r t  1  i d s  ( d i s c u s s e d  

e a r l i e r ) .  A v e r y  r a p i d  c i r c u l a t i o n  r a t e  i n  o u r  h y d r o p o n i c  

s o l u t i o n  m i n i m i z e s  any r o o t  zone  d e f i c i e n c i e s  s o  t h a t  compe- 

t i t i o n  f o r  l i g h t  i s  t h e  p r i m a r y  l i m i t i n g  f a c t o r .  T a b l e  I X  

s h o w s  t h e  r e s u 1  t s  o f  a n  i n i t i a l  s t u d y  w i t h  a . 2 4  h  d - 1  

p h o t o p e r i o d  a n d  w i t h  a PPF o f  7 0 0  pmol  m-2  s - l .  



T a b l e  IX 

THE EFFECT OF PLANTING DENSITY 
O N  GROWTH AND YIELD 

Y 

V e g e t a t i v e  T o t a l  E d i b l e  
P l a n t  F r e s h  ' B iomass  B iomass  

D e n s i t y  Mass A t  H a r v e s t  A t  H a r v e s t  Heads 
m-2 Day 22 g m-2 d - 1  g  m-2 d-1  m-2 

H i g h  I n t e n s i t y  
F i e l d  P r o d u c t i o n :  

The  g r o w t h  p a r a m e t e r s  a t  e a c h  d e n s i t y  r e p r e s e n t  one 400 x  500 
mm b l o c k  o f  p l a n t s  w i t h  t h e  g u a r d  r o w s  r e m o v e d .  

H i g h e r  p l a n t  d e n s i t i e s  a r e  c l e a r l y  a s s o c i a t e d  w i t h  i n -  

c r e a s e d  v e g e t a t i v e  f r e s h  mass f o r  t h e  f i r s t  22 days  o f  

g r o w t h .  G r o w t h  p a r a m e t e r s  a t  h a r v e s t  show an i n c o n s i s t e n t ,  

b u t  general  i y  p o s i t i v e  r e s p o n s e  t o  h i g h  d e n s i t i e s .  A d d i -  

t i o n a l  t e s t s  need  t o  be  c o n d u c t e d .  

BREEDING A CULTIVWR FOR CELSS, 

The p r o d u c t i o n  o f  mu1 t i p 1  e  heads p e r  p l a n t ,  known as  

t i  1 1  e r i n g ,  i s  a  d e s i r a b l e  phenomena i n  f i e 1  d  p r o d u c t i o n ,  b u t  

1 i t  d e c r e a s e s  p l a n t  u n i f o r m i t y  a n d  h a r v e s t  i n d e x  and  i s  t h u s  



undes i rab le  in  cont ro l  l e d  environments where uniculm cul t i -  

vars  can be p lanted  a t  high d e n s i t i e s .  

We now have cul t i v a r s  t h a t  d o  n o t  t i 1  l e r  in the f i e l d .  

In our enriched cont ro l  1 ed environment condi t ions,  however, 

they t i 1  1 e r  almost as much as cont ro l  p lants .  Elevated 

l e v e l s  of n u t r i e n t s  ( e s p e c i a l l y  n i t rogen) ,  water, C02, a n d  

1  i  g h t  a r e  a1 1  k n o w n  t o  promote t i  1  l e r ing .  The combination o f  

these  f a c t o r s  has prevented us from t e s t i n g  the uniculm 

concept in  our s tud ies .  Theory continues t o  p red ic t  t h a t  

uniculms would perform b e t t e r  i n  high production environments, 

b u t  the  germplasm i s  n o t  y e t  a v a i l a b l e .  

We have h a d  cons iderable  success in breeding ul t radwarf  

( l e s s  t h a n  50-cm) cul t i v a r s .  The r e s u l t s  o f  a r e p l i c a t e d  

y i e l d  t r i a l  a r e  shown in Table X .  

Yields  tend t o  be s l i g h t l y  l e s s  t h a n  our highest  

y i e l d i n g  dwarf 1 ines ,  Sonoita ,  Yecora R o j o ,  a n d  PCYT 20, b u t  

pl a n t  height  has been reduced considerably.  Consequently, 

y i e l d  per m3 has been improved. Harvest index should a l s o  be 

increased ,  b u t  the  immediate advantage i s  t h a t  u l t radwarf  

1  ines  a re  much e a s i e r  t o  work with i n  confined, cont ro l  l e d  

environmental areas .  The d i f f i c u l  t i e s  o f  providing a 

uniform environment increase  exponent ial ly  with p lant  height .  



C u l  t i v a r  

T a b l e  X 

YIELD PERFORMANCE OF BEST 
ULTRADWARF ADVANCED BREEDING LINES 

H e i g h t  Y i e l d  Y i e l d  
cm g  m - 2  g  m-3 

C o m m e r c i a l  f u l l  d w a r f  w h e a t s  

S o n o i  t a  
Y e c o r a  R o j o  
PCYT 20 

01  e s e n '  s  D w a r f *  27 40.5 150 

Semi d w a r f  w h e a t  
F u l l  s i z e  w h e a t  

* O l e s e n ' s  D w a r f  was t h e  s o u r c e  o f  d w a r f i n g  genes f o r  t h e s e  
b r e e d i n g  1  i nes .  

L a s t  s p r i n g  we s e l e c t e d  1 2 1  l i n e s  f r o m  t h e  CIMMYT germ- 

p l a s m  c o l  l e c t i o n  i n  M e x i c o .  One o f  t h e s e  c u l  t i v a r s  i s  1  e s s  

t h a n  2 0  c m  t a l l ,  a n d  s e v e r a l  o t h e r s  show g r e a t  p r o m i s e  f o r  

g e n e t i c  y i e l d  enhancement.  We c o n t i n u e  t o  e v a l u a t e  new 

m a t e r i a l  i n  b o t h  t h e  f i e l d  a n d  i n  a  h y d r o p o n i c  g r e e n h o u s e  

s e c t i o n  t h a t  i s  e n r i c h e d  w i t h  C02 a n d  s u p p l e m e n t e d  w i t h  h i g h -  

p r e s s u r e - s o d i u m  1  i g h t .  



FOOD PRODUCTION I N  SIMULATED MICROGRAVITY 

M i c r o g r a v i t y  may be  more  i m p o r t a n t  t o  h i g h  p r o d u c t i v i t y  

t h a n  any o t h e r  e n v i r o n m e n t a l  p a r a m e t e r ,  y e t  we h a v e  no i n f o r -  

m a t i o n  o n  t h e  l o n g  t e r m  r e s p o n s e s  o f  c r o p  p l a n t s  t o  m i c r o -  

g r a v i t y  c o n d i t i o n s ,  and  o n l y  a  f e w  l o n g  t e r m  s t u d i e s  h a v e  

b e e n  a t t e m p t e d  w i t h  p l a n t s  i n  t h e  s i m u l a t e d  m i c r o g r a v i t y  

e n v i r o n m e n t  o f  c l  i n o s t a t s .  

I 

The  g r a v i t y  c o m p e n s a t i o n  e n v i r o n m e n t  o f  c l i n o s t a t s  may 

o r  may n o t  b e  an a c c u r a t e  s i m u l a t i o n  o f  t r u e  w e i g h t l e s s n e s s  

f o r  p l a n t s .  T h i s  q u e s t i o n  w i  1 1  r e m a i n  u n a n s w e r e d  .., u n t i  1  more  

d a t a  f r o m  s p a c e f l  i g , h t  e x p e r i m e n t s  a r e  a v a i  1  a b l e  f o r  c o m p a r i -  

son. I n  t h e  mean t ime ,  we a r e  a t t e m p t i n g  t o  o b t a i n  i n f o r m a -  

t i o n  o n  l o n g - t e r m  c r o p - p l a n t  r e s p o n s e s  t o  w e i g h t l e s s n e s s  b y  

u s i n g  c l  i n o s t a t  s i m u l  a t i o n .  

E l  i m i n a t i n g  i n a d v e r t e n t  e n v i r o . n m e n t a 1  s t r e s s  w h i  1  e  p r o -  

v i d i n g  g r a v i t y  c o m p e n s a t i o n  on a  c l j n o s t a t  i s  a  c h a l  l e n g i n g  

t a s k ,  b u t  m i n i m i z i n g  s t r e s s  i s  e s p e c i a l  l y  i m p o r t a n t  w i t h  c r o p  

p l a n t s .  C r o p  p l a n t s  h a v e  b e e n  b r e d  f o r  r a p i d  g r o w t h  when 

e n v i r o n m e n t a l  c o n d i t i o n s  a r e  f a v o r a b l e ,  a,nd t h e y  a r e  g e n e r a l  - 
l y  m o r e  s e n s i t i v e  t o  s t r e s s  t h a n  n o n c r o p  s p e c i e s .  Our  o b j e c -  

t i v e  h a s  b e e n  t o  d e s i g n  a  c l i n o s t a t  t o  m i n i m i z e  m e c h a n i c a l  

s t r e s s  a n d  p r o v i d e  t h e  f a v o r a b l e  e n v i r o n m e n t a l  c o n d i t i o n s  

t h a t  a 1  1  ow c r o p  p l a n t s  t o  e x p r e s s  t h e i r  f u l  1  g r o w t h  



p o t e n t i  a1 . 

A c l i n o s t a t  w&s c o n s t r u c t e d  t o  p r o v i d e  h i g h  i n t e n s i t y  

r a d i a t i o n  f r o m  " a b o v e "  t h b  p l a n t s  a t  a l l  t i m e s .  T h i r t y - f o u r  

p o t s  w e r e  p l a c e d  o n ' t h e  i n s i d e  o f  a  1.4-m d i a m e t e r  c y l i n d e r  s o  

t h a t  p l a n t  t o p s  w e r e  d i r e k t e d  a t  t h e  a x i s  o f  r o t a t i o n .  The - 

c y l i n d e r  i s  d i v i d e d  v e r t i c a l  l y  ( r i g h t  a n g l e s  t o  t h e  a x i s  o f  

r o t a t i o n )  w i t h  p l y w o o d  p a i n t e d  w h i t e .  One 400-W m e t a l  h a 1  i d e  

l a m p  ( S y l  v a n i a  S u p e r  M e t a l  A r c )  i s  p l a c e d  a t  t h e  a x i s  o f  

r o t a t i o n  on e a c h  s i d e  o f  t h e  p l y w o o d .  The l a m p s  w e r e  

p r o t e c t e d  by  g l  a s s  ' c y l  i n d e r s ,  w h i c h  w e r e  v e n t i  l a t e d  w i t h  sma l  1  

f a n s  so  t h a t  r a d i a n t  h e a t i n g  o f  p l a n t  l e a v e s  c o u l d  b e  

m i n i m i z e d .  The r o t a t i o n  r a t e  o f  t h e  c l  i n o s t a t  i s  c o n t r o l  l e d  

b y  a  v a r i a b l e  speed,' D C  e ' l e c t r i c  m o t o r ,  w h i c h  i s  c o n n e c t e d  t 'o 

t h e  c e n t r a l  a x i s  b y  a  g e a r - r e d u c t i o n  c h a i n  d r i v e .  The r o t a -  

t i o n  r a t e  f o r  a l l  e x p e r i m e n t s  was 0.6 rpm, w h i c h  r e s u l t e d  i n  a  

g r a v i t a t i o n a l  a c c e l C e r a t i o n  o f  2.8 x  10-4 g  a t  t h e  o u t s i d e  edge 

o f  t h e  c l  i n o s t a t .  T h i s  i 's  we1 1  b e 1  ow t h e  t h r e s h 0 1  d  g r e s p o n s e  

f o r  s h o o t s  and  a t  o r  b e l o w  t h e  t h r e s h o l d  r e s p o n s e  f o r  r o o t s .  

A c a p i  1 1  a ry - tu "be ,  d r i p - i  r r i  g a t i o n  s y s t e m  was u s e d  t o  

p r o v i d e  n u t r i e n t  s o l u t i o n  as  t h e  p l a n t s  moved  p a s t  t h e  b o t t o m  

o n  e a c h  r e v 0 1  u t i o n .  F i b e r g l  a s s  w indow s c r e e n  was s t r e t c h e d  

o v e r  t h e  t o p  o f  e a c h  p o t  ' t o  h o 1  d  t h e  s o i  1 1  e s s  m e d i a  ( 1 : l : l  

r a t i o ,  p e a t : p e r l  i t e :  v e r m i c u l  i t e )  i n  p l  a c e  d u r i n g  r o t a t i o n .  



T a b l e  X I  

WHEAT YIELD COMPONENTS AS 
AFFECTED B Y  MICROGRAVITY SIMULATION 

t o t a l  t o t a l  h a r v e s t  heads  s e e d s  mass 
b i  o- s e e d  i ndex P e r  Per P e r  
mass mass p l a n t  head  s e e d  

9  9 % mg 

C O N T R O L  9 .4  3.8 40 10  18 .4  20 .4  

CLINOSTAT 9 .8  2 .6  27 7 20.0  1 9 . 6  

R e s u l t s  a r e  p r e l i m i n a r y ,  b u t  T a b l e  XI summar izes  o u r  

f i n d i n g s  w i t h  wheat .  We can  now draw t h e  f o l  1  owing c o n c l u -  

s i o n s  (Bugbee and  S a l i s b u r y ,  1985) .  

( 1 )  P e a s ,  s o y b e a n s ,  and whea t  a r e  c a p a b l e  of  p r o d u c i n g  v i a b l e  

s e e d  w h i l e  b e i n g  c o n t i n u o u s l y  grown on a  c l i n o s t a t .  

( 2 )  P l a n t  g rowth  r a t e s  a r e  n o t  n e c e s s a r i l y  a f f e c t e d  by 

c l i n o s t a t i n g .  

( 3 )  S t r u c t u r a l  s u p p o r t  of  f o l i a r  p l a n t  p a r t s  o n  c l  i n o s t a t s  

may be h e l p f u l ,  a l t h o u g h  t h e  c o n t a c t  w i t h  t h e  s u p p o r t  

c o u l d  i t s e l f  be s t r e s s f u l  ( J a f f e ,  1 9 7 6 ) .  

( 4 )  I r r a d i a t i o n  f rom " a b o v e "  t h e  p l a n t s  may be n e c e s s a r y  t o  

e l  imi n a t e  a  p h o t o c o m p e n s a t i o n  e f f e c t .  

( 5 )  P l a n t s  on t h i s  c l i n o s t a t  do n o t  c o n s i s t e n t l y  bend i n  t h e  

d i r e c t i o n  of  r o t a t i o n  ( H o s h i z a k i  and Hamner, 1982;  

T i  bb i  t t s  and  H e r t z b e r g ,  1978) .  



PLANT T I S S U E  CULTURE FOR R A P I D  REGENERATION OF H Y B R I D  WHEAT 

( J o h n  G .  Carman)  

O u r  p r i m a r y  g o a l  i n  t h e  t i s s u e  c u l t u r e  o f  w h e a t  i s  t o  

c o n s i s t e n t l y  r e g e n e r a t e  1000  o r  more  u n i f o r m ,  h i g h - y i e l  d i n g  

h y b r i d  p l a n t s  f r o m  t h e  c a l  l u s  i n i t i a t e d  f r o m  e i t h e r  a  4-mm 

s l  i c e  o f  y o u n g  i n f  1  o r e s c e n c e  t i s s u e  o r  an i n d i  v i d u a l  w h e a t  

embryo. We a r e  o p t i m i s t i c  t h a t  we c a n  r e a c h  t h i s  g o a l  

w i t h i n  t w o  y e a r s .  O u r  s h o r t  r a n g e  o b j e c t i v e s  a r e  t o :  

( 1 )  I d e n t i f y  w h e a t  c u l  t i v a r s  t h a t  show p r o m i s e  f o r  t i s -  

sue c u l t u r e  r e g i m e s .  

( 2 )  O p t i m i z e  t h e  c u l t u r e  medium f o r  c a l  l u s  i n d u c t i o n ,  

s o m a t i c  ( a s e x u a l  e m b r y o i  d  p r o l  i f e r a t i o n ,  a n d  soma- 

t i c  e m b r y o i d  g e r m i n a t i o n  on a g a r - s o l  i d i  f i e d  medium. 

( 3 )  O p t i m i z e  c u l t u r e  c o n d i t i o n s  and  g r o w t h  r e g u l a t o r  

c o n c e n t r a t i o n s  f o r  s o m a t i c  e m b r y o i d  p r o l  i f e r a t i o n  i n  

c e l l  s u s p e n s i o n  c u l  t u r e s .  

O u r  accompl  i shments  t o  d a t e  i n c l u d e :  

( 1 )  I d e n t i f i c a t i o n  o f  a  w i n t e r  w h e a t  t h a t  i n f r e q u e n t l y  

p r o d u c e s ,  i n  c a l  1  u s  c u 1  t u r e ,  s o m a t i c  e m b r y o i d s  t h a t  

a r e  i d e n t i c a l  i n  a p p e a r a n c e  and g e r m i n a t i o n  

p r o p e r t i e s  t o  s e x u a l  l y  fo rmed  embryos.  

( 2 )  I d e n t i f i c a t i o n  o f  t w o  s p r i n g  w h e a t  c u l t i v a r s  t h a t  



undergo ex tens ive  somatic embryogenesis in cal  1 us - -- 
cul ture .  Unfortun-ately, the-embryoi ds produced a r e  

n o t  a s  w e l l  formed as  t h o s e  produced in  t h e  w i n t e r  

wheat cul t i  var. 

( 3 )  Continued o p t i m i ~ a t i ~ o n  o f  cul t u r e  medium var iabl  es  

such t h a t  a 2 - fo ld  ilncrease has been r e a l i z e d  f o r  

some wheat cul t i v a r s  in  frequency o f  somatic 

embryoid formation1 over former c u l t u r e  media used 

f o r  wheat t i s s u e  cu1,:tu-re as c u r r e n t l y  reported in 

the  1 i t e r a t u r e .  , . .  

As we develop suspension c u l t u r e  systems f o r  wheat 
.. 

t i s s u e  c u l t u r e s ,  we hope t o  be a b l e  t o  a c h i e v e  our  g o a l  o f  

1000 p l a n t s  per explant .  Recently,  such systems t h a t  have 

been developed f o r  r i c e  have y i e l d e d  f a r  g rea te r  numbers o f  

pl a n t s ,  with t h e o r e t i c a l  p ro jec t ions  o f  126 ,000  pl an t s  per 

expl a n t  w i t h i n  a six-month cul t u r e  regime. 

CONCLUSIONS 
I 

The d a t a  i n  t h i s  p a p e r - l p r o v i d e  many r e a s o n s  t o  be o p t i -  

m i  s t i c  about enhanc-i n g  our cu r ren t  producti vi t i e s .  We n o w  
- 7  

have the  research equipment a n d  instrumentat ion t o  study p h y -  
5 

s i o l  ogica l  responses t o  unusual environmental condi t ions ,  a n d  

we espec ia l  l y  look forward t o  d a t a  from CELSS experiments i n  

space. We a r e  a l s o  i n t e r e s t e d  in the problems crea ted  by 
) .- 

n*early complete c l o s u r e  of a ground-based fac i  1 i  t y .  

482 



REFERENCES 

A z o n - B i e t o  J. a n d  Osmond C. - B. - ( 1 9 8 3 )  Re1 a t i o n s h i p  b e t w e e n  

p h o t o s y n t h e s i s  and r e s p i r a t i o n .  P I  a n t  P h y s i o l .  71:574-581.  
P 

~ u b e n h e i m  D. and  S a l i s b u r y  F. B. ( 1 9 8 5 )  P h o t o p e r i o d  

s e n s i t i v i t y  o f  wheat .  P l a n t  P h y s i o l .  77:104 ( S u p p l  ). 

Bugbee B. a n d  S a l i s b u r y  F. B. ' ( : I9851 Food  p r o d u c t i o n  i n  

s i m u l a t e d  m i c r o g r a v i t y .  P l a n t  P h y s i o l .  77 :104  ( S u p p l  ) .  

C a r 1  s o n  D. R .  a n d  W i  1 1  i a m s  I 1 1  C'. B. ( 1 9 8 5 )  E f f e c t  o f  

t e m p e r a t u r e  on t h e  e x p r e s s i . o n t o f  m a l e  s t e r i l i t y  i n  

p a r t i a l  l y  ma1 e  s t e r i  1  e  soybean.  C r o p  S c i .  25:646-648. 

C o n r a d  H. M. ( 1 9 6 8 )  B i o c h e m i c a l  changes  i n  t h e  d e v e l o p i n g  

w h e a t  seed1  i n g  i n  t h e  w e i g h t 1  e s s  s t a t e .  B i o S c i e n c e  - 18:645- 

652.  

E h l e r i n g e r  J. and P e a r c y  R. W. ( 1 9 8 3 )  V a r i a t i o n  i n  q u a n t u m  
, .  . 

y i e l d  f o r  C02 u p t a k e  among C3 and  C4 p l a n t s .  -- P l a n t  P h y s i o l .  

G a r d n e r  F. P., P e a r c e  R. B. a n d  F l i t c h e l  1 R. L. P h y s i o l o g y  o f  

C r o p  P l a n t s .  I o w a  S t a t e  U n i v e r s i t y  P r e s s . ,  Ames, I o w a .  

G i t e l ' z o n  I. I. (ed.) 1977. P r o b l e m s  o f  c r e a t i n g  b i o t e c h n i c a l  

s y s t e m s  o f  human 1  i f e  s u p p o r t .  N A S A  T e c h n i c a l  T r a n s 1  a t i o n .  

NASA TT -F-17533.  W a s h i n g t o n ,  D . C .  
. ,  - 

H a n d g a r t e r  R. P. a n d  G o o d  N. E. ( 1 9 8 2 )  E n e r g y  t h r e s h o l d s  f o r  

ATP s y n t h e s i s  i n  c h l o r o p l a s t s .  B iochem,  B i o p h y s .  ACTA 

681 :397-404 .  

Hanson  E. J. and  B r e e n  P. J. ( 1 9 8 5 )  X y l e m  d i f f e r e n t i a t i o n  and  
' % 



boron  a c c u m u l a t i o n  i n  I t a l i a n  prune f l o w e r  buds.  J .  Amer. 

S o c .  H o r t .  S c i .  110 :566-570 ' .  

H o s h i z a k i  T. and Hamner K .  C .  ( 1 9 6 2 )  A n  u n u s u a l  s t em b e n d i n g  

r e s p o n s e  o f  Xanthium p e n s y l v a n i c u m  t o  h o r i z o n t a l  r o t a t i o n .  

P l a n t  P h y s i o l  . 27:453-459.  

J a f f e  M .  J .  ( 1 9 7 6 )  Thigmomorphogenesi  s :  A d e t a i  1  e d  

c h a r a c t e r i z a t i o n  of  t h e  r e s p o n s e  o f  b e a n s  ( P h a s e o l u s  

v u l  g a r i  s L . )  t o  m e c h a n i c a l  s t i m u l  a t i o n .  Z. Pf 1  a n z e n p h y s i o l .  - 
- 77:437-453 .  

K i r k b y  and  Mengel ( 1 9 8 3 )  ~ r i n i i ~ l e s  of p l a n t  n u t r i t i o n .  

I n t e r n a t i o n a l  P o t a s h  I n s t i t u t e ,  S w i t z e r l a n d .  

L e o p o l  d  C .  A .  a n d  K r i e d e m a n  P .  E .  ( 1 9 7 5 )  P l a n t  Growth  a n d  

Deve lopment .  2nd Ed .  McGraw-Hill Book Co. ,  N Y .  

L u c a s  D .  ( 1 9 7 2 )  The e f f e c t  of  d a y l e n g t h  on p r i m o r d i a  p roduc -  

t i o n  o f  t h e  w h e a t  apex.  A u s t r a l i a n  J o u r n a l  -- of  B i o l o g i c a l  

S c i e n c e  25:649-656.  -- - 
McCree K .  J .  ( 1 9 7 2 )  T e s t  of  c u r r e n t  d e f i n i t i o n s  of  p h o t o s y n -  

t h e t i c a l  l y  a c t i v e  r a d i a t i o n  a g a i n s t  1  e a f  p h o t o s y n t h e s i s  

d a t a .  A g r i c u l  t u r a l  Me teo r01  -- ogy - 10:443-453. 

Nobel P. S. ( 1 9 8 3 )  B i o p h y s i c a l  p l a n t  p h y s i o l o g y  and e c o l o g y .  

W .  H .  Freeman and Company, San F r a n c i s c o ,  C A .  

O s b o r n e  R .  A .  a n d  G a r r e t t  M .  K .  ( 1 9 8 3 )  Q u a n t u m  y i e l d s  f o r  C02 

u p t a k e  i n  some d i p l o i d  and t e t r a p l o i d  p l a n t  s p e c i e s .  P l a n t ,  

Ce l  1 ,  and  E n v i r o n m e n t  6:135-144. -- - - - 



Rawson H. M. ( 1 9 7 0 )  S p i k e l e t  number, i t s  c o n t r o l  and  r e l a t i o n  

t o  y i e l d  p e r  e a r  i n  wheat .  A u s t r a l i a n  J o u r n a l  o f  B i o l o g i c a l  -- 
S c i e n c e  2 3 : l - 1 5 .  --- - 

S a l i s b u r y  F. B:and Ross C. W. ( 1 9 8 5 )  P l a n t  P h y s i o l o g y ,  T h i r d  

E d i t i o n .  Wadswor th  P u b l  i s h i n g  Co., Be1 mont ,  Ca1 i f o r n i a .  

S e e  p a g e s  1 9 5  t o  2 2 8 .  
. . 

S e s t a k  Z. ( 1 9 7 1 )  P l  a n t  p h o t o s y n t h e t i c  p r o d u c t i o n :  manua l  o f  

methods.  D r .  W. J u n k  P u b l  i s h e r s ,  The Hague, N e t h e r 1  ands. 

T i b b i t t s  T. W .  a n d  H e r t z b e r r g  W. Y .  ( 1 9 7 8 )  G r o w t h  a n d  

e p i n a s t y  o f  m a r i g o l  d p l a n t s  m a i n t a i n e d  f r o m  emergence o n  

h o r i z o n t a l  c l i n o s t a t s .  P l a n t  P h y s i o l  . 61:199-203.  



UTILIZATION OF POTATOES IN CELSS: PRODUCTIVITY AND GROWING 
SYSTEMS 

T.W. Tibbitts, Department of Horticulture, University of 
Wisconsin-Madison, Madison, WI 53706 

The potato plant (Solanum tuberosum L.) has been 

recognized as one of the basic food crops that should be 

studied for use in NASA's Controlled Ecological Life Support 

System (CELSS) (Tibbitts and Alford, 1982). It offers high 

yields per unit area and time, with most of this production 

in the form of highly digestible carbohydrate (Smith, 1977). 

Potatoes, like wheat and rice, are particularly useful in 

human diets because of their nutritional versatility and 

ease of processing and preparation. 

Potatoes can be grown effectively with stem cuttings 

from plants maintained in sterile culture, thereby \ 

eliminating most insect and disease problems and greatly 

increasing the plant to plant uniformity for research 

investigations. For our studies, piantlets 10 cm high are 

grown from the stem cuttings in,test tubes on agar under 

sterile culture and then transplanted into containers of 

non-sterile peat vermiculite or other media. Upon 

transplanting, these small plants grow rapidly and after 28 

days can attain a diameter exceeding 40 cms. The plants 

develop vigorous side branches that produces a spreading, 

vine like plant. As plants enlarge, the leaves orient to 
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effectively intercept all of the incoming irradiation. A 

canopy with 3 leaf layers per unit ground area (i.e. a leaf 

area index of 3) absorbs over 95% of the incident radiation 

(Figure 1). 

0 7 14 21 28 35 42 49 56 63 70 77 84 91 

DAYS AFTER TRANSPLANTING 

Figure 1. Leaf area index of potato plants spaced 45 cm 
apart and grown with 400 vmol s'lrnm2 irradiance with 12-hr 
photoperiod at 20% and 70% RH. 

Tubers form on stolons (underground horizontal stems) 

that extend from the buried portion of the stem. In some 

cultivars stolons are very short and tubers form almost 

sessile to the stem, whereas in other cultivars stolons will 

extend 0.3 to 0.5 m from the stem and develop tubers along 

their entire length. Tuber production is regulated to some 



extent by the volume of media available for root and stolon 

extension; for example, 38-liter containers provided greater 

tuber production than 19-liter containers (Figure 2). 

MIGHT OF TUBERS 
(g dry w t  per plant) 

19liters 

38 liters 

DAYS AFTER TRANSPLANTING 

~igure 2. Effect of container size on tuber weight a% 
potatoes at different stages of development. Plants grown 
with 400 urn01 s'lm-2 irradiance with 24-hr photoperiod at 
1 6 O ~  and 70% RH. 

Plants were larger in the 38-liter containers and 

accumulated significantly more tubers during final weeks of 

growth between 105 and 147 days after transplanting. 

Tuber production is controlled to a significant extent 



by many different environmental factors including 

photoperiod, irradiation level and temperature (Bodlaender, 

1963). These factors affect both the total dry matter 

accumulated per unit time and the allocation of this dry 

matter between tubers and other vegetative organs of the 

plant. 

Photoperiod has long been recognized to regulate 

tuberization, with short photoperiods encouraging 

tuberization and long photoperiods slowing tuberization 

(Bodlaender, 1963). Our experiments have shown that long 

photoperiods do decrease the proportion of photosynthates 

partitioned to the tubers but with increases in total 

irradiance, tuber production can be obtained despite 

suppressing effects of the long photoperiods. Thus if 

irradiance levels are high enough, tuber production can be 

very large under long photoperiods. A 15-week study of 

tuber formation of potatoes maintained with 12, 16 and 20-hr 

of irradiance at 400 urn01 s'lm-2 and 20°c temperature 

demonstrated that the highest yields occurred under 20-hr 

irradiance; with the least under 16 hr (Table 1). However, 



Table 1. Tuber production of 15-week-old @Superior1 potatoes 
grown under different irradiance durations at 400 
pmol ~'lm'~ level and 20% temperature. 

Irradiance 
period 
(hrs) 

Tuber dry weight 
Per plant (g) 

Tuber percentage .. of 
total biomass 

of the three treatments, the 12 hr plants had the greatest 

proportion of dry weight in the tubers, i.e. the highest 

"harvest indexu. In another study of only 6 weeks duration, 

we found that continuous irradiance at a level of 400 vmol 

s'ln~'~ also produced more tubers than 12 h of irradiance at 

this same level (Table 2). However continuous irradiance at 

a level of 200 pmol s'l m"2 produced essentially no tubers. 

Table 2. Tuber and total biomass production of @Norland' 
potatoes grown for 6 weeks under different 
irradiance treatments and 1 6 O ~  temperature. 

Irradiance 
Duration Level 

(hrs) (pmol s-lm-2) 

Dry weiaht per plant (ql 
Total Tubers 
biomass 



These data also demonstrated that the efficiency of 

total dry mass accumulation can be as good or better under 

continuous irradiance than under 12 hr irradiance, for a 

doubling of total irradiance with 24 hr irradiance more than 

doubled the dry matter obtained with 12 hr irradiance. This 

study also demonstrated that a 200 pmol s'l m-2 irradiation 

level is more photosynthetically effective than 400 pmol 

s-1m-21 for the plants under low irradiance had more total 

dry weight per unit of irradiance. 

It is of particular interest that certain cultivars do 

not tolerate long photoperiods. This is' seen in the 

stunting of cv. IKennebec1 plants grown under continuous 

light. These plants developed to be only 25 cm high and 25 

cm in diameter after 8 weeks of growth compared to a healthy 

cv. INorland1 plants of which were more than 50 cm high and 

100 cm in diameter after 8 weeks of growth. Also, 

IKennebec1 was found to be partially stunted under 20 hr 

irradiation and even slightly stunted under 16 hr 

irradiation. Another cultivar, 'Superior1 was found to be 

severely stunted under 24 hr irradiance periods but not 

affected by 20 and 16 hr irradiance. 'Norlandl and 'Russet 

Burbank1 cultivars showed no apparent stunting under 

continuous irradiance. 

Temperature has been found to-be a very significant 



variable for regulation of the proportion of dry matter 

allocated the tubers and for regulation the length 

the plant stems (~odiaendei, 1963) . Reducing the 

temperature increases the 'proportion of dry matter allocated 

to tubers and reduca; the &em length. In studies comparing 

growth at 12OC, 16OC, 20°c, 24Oc, and 28O~, maximum tuber 

production was obtained at' 16O (Table 3). Plants at 16O had 

Table 3. Development of 'Norland' potatoes grown for 8 wks 
under different temperature levels. 

Temperature Tubers Total Tubers Stem 
(OC) (4 dry wt) biomass length 

per plant (g dry wt) (cm) 
per plant 

less shoot growth than plants at higher temperatures, 

indicating that a greater Percentage of the photosynthetic 

production was allockted to the tubers. At high 

temperatures nearly all dry matter production was allocated 

to the shoots and essentially none to tuber formation. At 

12Oc, total growth was slowed but a high proportion of the 



photosynthates were allocated to tuber formation. The 

reduction in stem length with cool temperatures is 

particularly significant with regard to itiinimizing total 

plant volume in a CELSS plant growth facility. 

We are now involved in study of the interacting effects 

of carbon dioxide concentration, temperature and irradiance 

level on tuber formation. We have established a split plot 

matrix study involving the following levels and 

combinations : 

Carbon Dioxide ( ~ 1  1-l) : 400, 1000, 1600 

Temperature (OC) : 16, 20, 24 

Irradiance (vmol ~'lrn'~): 250, 400, 550 

Only one-half of the matrix treatments have been completed 

but the data obtained indicate that carbon dioxide additions 

provide significant growth advantage only at the medium and 

low irradiance levels. The data also suggest that 

irradiance levels of 400 vmol s'lmg2 are close to a 

saturating irradiance level for potatoes and little 

advantage is obtained with higher irradiance levels. This 

is particularly important in terms of overall energy 

efficiency for growing plants in a CELSS. These conclusions 

are only tentative and must await the completion of all of 

the matrix combinations. 



Our highest tuber production in terms of grams of 

edible carbohydrateFper day has been obtained from the study 

shown in Figure 3 wi-th plants grown in 38-liter containers - 

for 147 days at 16OC under continuous irradiation. An 

1000 T (3 1.87) 

WEIGHT OF TUBERS 
(g dry wt per plant) 

0 2 1 ,  42 63 84 105 126 147 

DAYS AFTER TRANSPLANTING 

Figure 3. Tuber weight of potatoes at different stages of 
development. Plants grown with 400 umol s-lmm2 irradiance 
over 24-hr photoperiod at 1 6 O ~  and 70% RH. Values in 
parentheses indicate the g m-2 day'l f o r  each harves t .  

irradiance level of 400 pmol s'lm-2 and relative humidity of 

70% were maintained in this study. Each plant was contained 

by a wire cage having a cross sectional area of 0.2 square 

meters. These caged plants were separated some in the 

growing room, thus each plant received some side lighting. 

The production efficiency at different times during this 



study is shown by the values in parentheses above each bar. 

The production efficiency increased rapidly to 105 days and 

then was essentially constant between 105 days and the final 

harvest at 147 days. The production during this period 

would provide the daily energy requirements for one person 

from a 23.6 m2 area. This is calculated with the following 

assumptions. 

One gram dry weight of potatoes = 3.73 k calories 

Daily energy requirement of one person = 2800 k calories 

The electrical power to provide lighting required for 

this production was estimated to be 7.2 XW per m2 of 

continuous electricity. This is based on the use of high 

pressure sodium lamps and reflectors as installed at the 

Phytofarm, a commercial plant growth facility in DeKalb, 

Illinois. This installation obtains 400 pmol s'lm-2 

photosynthetic irradiance with 304 W of high pressure sodium 

lamps over each m2. This calculation of irradiance 

requirement may underestimate the requirement of a 

production system when plants are grown close together in a 

closed canopy. However studies suggest that greater 

irradiation efficiency can be obtained with elevated carbon 

dioxide levels and by tailoring lighting systems to the 

particular species being grown in CELSS. 



Concurrent studies have been conducted examining the 

use of soilless culture system for growing potatoes in 

controlled environments. These have including recirculating 

solution cultures and continuous misting systems. These 

systems offer the potential of reducing growing medium 

requirements and providing more precise control of root-zone 

nutrient concentrations and pH control. In each case, 

vigorous shoot growth can be obtained, but induction of 

tuberization has proved difficult. However, lowering 

ambient temperatures and reducing solution nitrogen levels 

has been found to enhance tuber production. Additional 

studies are in progress directed toward obtaining consistant 

tuber initiation in liquid systems and comparing tuber 

production between solid media and liquid culture systems. 

In summary it is felt that potatoes do provide a useful 

plant species for life support systems and should be 

considered seriously for inclusion in long-term space 

habitats. 



References. 
. I . : .  k .  

Bodlaender, K.B.A. 1963. Influence of. temperature, 
radiation, and photoperiod on development and yield. Proc. 
10th Easter School Agric. sci. Univ. of Nott. 199-210. 

Smith, 0. 1977. Potatoes: production,, storing, processing. 
AVI Pub. Comp., Westport, CN. . . 

Tibbitts, T.W. and D.K. Alford. 1982.~ Controlled ecological 
life support systems. Use of higher plants. NASA Conf. 
Publ. 2231. NASA Sci. Tech. Inf. Branch, Moffett Field, 
CA . 
. - 

3.. 



Optimization of Controlled Environments for Hydroponic 
production of leaf Lettuce for Human Life Support in CELSS : 

C 

Cary A, Mitchell, Sharon L. Knight, and Tameria L. Ford :: 
Department of Horticulture . - 

\ . .  

Purdue Universi ty  
West Lafayette, I N  47907 . . . ! 

1 

Every scheme of mass recycling within a CELSS features some 

photosynthetic organism as a figure of central importance in the 

overall process (Fig, 1). Air revitalization ( e .  C02 

scavenging and 0 regeneration) as well as water purification, 2 

mineral recycling, and generation of edible biomass all 

ultimately are driven by the photosynthetic process. Our 

research project in the food production group of the CELSS 

program seeks to define optimum conditions for photosynthetic 

productivity of a higher plant food crop. 

Because of our interest in photosynthesis m, we have 

elected to work with a salad crop, whose major edible product is 

new photosynthetic tissue, Lrnder optimun c~nditions, such a 

system becomes increasingly productive during the growth cycle. 

Leaf lettuce is a salad crop for which commercial hydroponic 

production in controlled environments already is a reality. The 

cultivars we work with have a harvest index of at least 80% 

edible biomass, and even though the main photosynthetic product 

is cellulose, food scientists feel that advances in food 
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Figure 1 .  Schematic dep i c t i on  of a  CELSS including photoauto- 

t roph ie  and heterotrophic  components, food generat ion,  water 

pur i f  i k a t i o n ,  a i r  r e v i t a l i z a t i o n ,  and mineral waste r ecyc l ing .  



processing technology will take care of digestibility or 

palatability limitations of candidate species. Leafy vegetables 

also provide vitamins and minerals needed for a balanced vege- 

tarian diet that are not provided by protein or calorie crops, 

and food scientists further tell us that salad crops need not 

always be consumed fresh, but can be dried, flaked, processed, 

and incorporated into food bars in appropriate proportions. 

Leaf lettuce also tends to be quite tolerant of NH: in nutrient 

solutions, which may be very useful for recycling nitrogenous 

human wastes in CELSS. In fact, high nitrogen levels in 

nutrient solution, including NH:, contribute substantially to 

the enhanced growth of some lettuce cultivars in response to 

elevated output from fluorescent (FL) + incandescent (IC) lamps. 

Positive growth responses to elevated light and nitrogen 

prompted us to further test lettuce growth responses to high 

light from lamp types more energy efficient and longer-lived 

than fluorescent lamps. A walk-in growth room equipped with 

water-cooled, high pressure sodium (HPS) vapor, metal halide 

(MH), and quartz iodide (QI) lamps provided 1100 vmol s-l m-2 of 

photosynthetically-active radiation (PAR), which is roughly half 

full sunlight level. A recirculating nutrient film system with 

separate root temperature control also has been installed within 

the chamber. The use of HPS radiation to grow lettuce is 

paradoxical: lettuce seems to grow well with HPS as a sole 



TIME OF HPS(h) 

Figure  2. E f f e c t  of d i f f e r e n t  times of exposure t o  h igh  

i r r a d i a n c e  HPS r a d i a t i o n  on l e a f  dry  weight pe r  p l a n t  of 

'Black-Seeded Simpson' l e t t u c e  af te ' r  1 9  days of growth. A l l  

t r e a t m e n t s  i n d i c a t e d  by open c i r c l e s  rece ived  20 h daym1 of 

meta l  h a l i d e  + q u a r t z  i o d i d e  r a d i a t i o n  a t  300 pmol s-I m-2 of 

PAR. When a l l  3  sou rces  were energ ized ,  PPFD was 

1100 pmol s-I m-2. The c lo sed  symbol r e p r e s e n t s  p l a n t  response 

t o  20 h  day-' of FL + I C  l i g h t i n g  a t  750 vmol s- 1 m-2 



r a d i a t i o n  source  i f  i r r a d i a n c e  l e v e l  is kept  low, bu t  i t s  

response t o  high i r r a d i a n c e  HPS, p a r t i c u l a r l y  i n  combination 

wi th  o t h e r  sources ,  i s  less c l e a r .  Therefore ,  w e  a r e  i n v e s t i -  

g a t i n g  e f f e c t s  of d i f f e r e n t  dosages of HPS i n  combination wi th  a  

c o n s t a n t  dosage of MH + QI. Nineteen-day-old 'Black-Seeded 

simpson' l e t t u c e  p l a n t s  grown f o r  20 h  daym1 under HPS + MH + QI 

become abnormally yel low under t h i s  h igh r a d i a t i o n  regime. 

Doubling t h e  N l e v e l  and provid ing  N a s  a  mixture  of NH: + NO; 

i n s t e a d  of j u s t  a s  NO; i nc reased  p l a n t  s i z e  and r e s u l t e d  i n  

s l i g h t l y  less yel lowing of i nne r  l eaves .  I f  MH + QI were 

mainta ined a t  20 h day-', bu t  t h e  HPS reduced t o  1 4  h day-', t h e  

p l a n t s  become even l e s s  yellow, and a l i t t l e  l a r g e r  t han  a t  20 h  

HPS. W e  have extended t h i s  r educ t ion  i n  exposure t o  h igh  

i r r a d i a n c e  HPS t o  ze ro  whi le  keeping MH + Q I  cons t an t ,  and 

p re l imina ry  evidence s u g g e s t s  t h a t  l e a f  d ry  weight i n c r e a s e s  as  

d u r a t i o n  of HPS r a d i a t i o n  dec reases  (F ig .  2 ) .  The h i g h e s t  y i e l d  

ob ta ined  has  been with  MH + QI a l o n e  a t  on ly  300 pmol s-l m-2. 

T h i s  is s u b s t a n t i a l l y  g r e a t e r  than  t h e  l e a f  weight of p l a n t s  

grown i n  a  s i m i l a r  c u l t u r e  system udder 20 h  day-' a t  750 

pmol 5-I m-2 of FL + I C  l i g h t i n g .  The i n p u t  wat tage of I C  i n  

t h e  l a t t e r  regime was on ly  8%,  whereas t h a t  i n  combination with '  

MH was 31%. That may be a key f a c t o r  i n  t h e  g r e a t e r  y i e l d  a t '  

t h e  lower pho tosyn the t i c  photon f l u x  d e n s i t y  (PPFD) than  a t  t h e  

h ighe r  PPFD. Never theless ,  none 'of t h e s e  a r e  p a r t i c u l a r l y  high 
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Figure 3. Effect of different times of exposure to high 

irradiance HPS radiation on specific chlorophyll and specific 

carotenoid contents of outer leaves from 18-day-old 'Black- 

Seeded Simpson1 lettuce plants. 



yields for 19-day-old plants, but they do suggest that high 

irradiance HPS damages leaf lettuce. 

The leaf yellowing caused by excessive HPS radiation may be 

due either to an increase in yellow pigments or to a decrease in 

green pigments. Preliminary evidence suggests that specific 

carotenoid content actually decreases with increasing HPS 

dosage, as does specific chlorophyll content (Fig. 3 ) ,  so the 

HPS effect is a true chlorosis, preventable mainly by avoiding 

use of HPS lamps, and to a lesser extent by using 

double-strength N as NH: + NO;. We plan to test effects of low 

intensity HPS or MH as sole radiation sources on yield and 

pigment content of leaves. We also are equipping our walk-in 

chambers with a C02 control capability, and feel that defining 

the proper combinations of high C O Z ,  long photoperiod, moderate 

output from the right lamp types, and proper timing of those 

treatments' is needed to consistently obtain superior lettuce 

yield rates. 

We already have demonstrated the feasibility of this 

approach on a smaller scale, using a second-generation Minitron 

chamber system developed in our laboratory (Fig. 4 ) .  Each 

cylindrical chamber is 24 inches in diameter, has a 24-inch-high 

growth height, and transmits radiation from external lamps, A 

fan in the base of the chamber pulls air down through the center 



Figure 4. Schematic side view of a Minitron I1 plant growth 

chamber for hydroponic growth of plants in a controlled 

environment, including a flowing, defined atmosphere. 



of a donut-shaped hydroponics pot, through the fins of a heat 

exchanger, outward and upward between the outer wall and a thin, 

transparent baffle extending above the crop canopy before 

circulating downward again. Inlet atmosphere is dispersed into 

the fan stream, and some outlet air is captured in the middle of 

the donut hole on every downward pass and directed out of the 

chamber. The lid of the hydroponics pot is o-ring sealed to the 

container, and each plant holder is o-ring sealed to the lid 

(Fig. 5), so a fairly air-tight seal is achieved between root 

and shoot compartments. This is important in providing 

atmospheres of different composition to roots and shoots, and 

for measuring gas exchange in each compartment separately. 

Closed-cell Ethafoam plugs support one seedling in each of the 

36 holders available. The depth of nutrient solution in the 

container is controlled by the length of an overflow tube. 

Uniform aeration of roots is provided by a circular aquarium 

wand in the bottom of the container. The root atmosphere is 

vented separately through an outlet in the lid. 

A minimum amount of support equipment is needed for 

environmental control in the Minitron system (Fig. 6). An 

oilless, teflon-piston-driven air compressor is used to provide 

continuous air exchange for root and shoot compartments. The air 

is first dried to keep H20 out of the flow valves; it is then 

Purafil-filtered to eliminate unsaturated hydrocarbons, mixed in 



Figure  5 .  Donut-shaped hydroponics  conta iner  i n c l u d i n g  o-r ing-  

s e a l e d  l i d  and i n d i v i d u a l  p l a n t  h o l d e r s ,  over f low tube ,  and 

c i r c u l a r  aquarium wand. 



Figure 6. Environmental support equipment for the Minitron I1 

plant growth system, including temperature control system, 

flowing atmosphere composition and flow rate system, C02 

infrared gas analyzer, mass flow controller, and dedicated 

micro-computer. 



a pre-determined proportion with pure C02, the mixture 

re-humidified, and metered at a controlled rate into the shoot 

compartment of the chamber. Air to pass through the root 

compartment is humidified . without -:addit:ional C02 injection. 

Outlet gases are either vented from-the room or directed through 

an infrared C02 gas analyzer (IRGA). A recent acquisition is a 

computer-assisted mass flow control system, which adjusts a 

proportioning valve in response to signals from a computer, 

which in turn takes its cues from the IRGA. Software is being 

developed to maintain a constant ievel 6f C02 in the chamber 

even as plant demand for C02 changes. Gas exchange rates will 

be determined by the amount of C02 required to maintain C02 

homeostasis in the chamber. We have used elevated C02 in the 

chambers for some time, but not with this sophisticated degree 

of C02 control. A thermostatted water bath circulates coolant 

through the chamber heat exchanger, and is equipped with a 

photocell and two thermoregulators so that it can automatically 

switch from day to night set-point temperatures and vice versa. 

The inside of the chambers usually is covered with 

condensation during the dark period, but this soon burns off 

under a radiation load. Output from supplemental lamps is 

filtered through several inches of water to alleviate the load 

on .the heat exchange system. Because growth space within the 

chambers is limited, we do not carry all 36 of the original 



s e e d l i n g s  t o  ha rves t .  I n s t ead ,  a  f i x e d  number a r e  ha rves t ed  a t  

r e g u l a r  i n t e r v a l s  s o  gha t  t hose  remaining a r e  uniformly spaced. 

This  makes growth dynamics. a n a l y s i s  p o s s i b l e ,  which is a  

powerful t o o l  f o r  determining p r o d u c t i v i t y  r a t e s ,  pho tosyn the t i c  

e f f i c i e n c y ,  and how they  change over time. 

I n  f a c t ,  our exger imental  approach involves  measuring 

growth dynamics a t  d i f f e r e n t  s t a g e s  of t h e  growth curve.  

Le t tuce  growth f o l l o w s  a sigmoid p a t t e r n  of cumulative growth. 

Lag and p l a t e a u  phases  a r e  .not p a r t i c u l a r l y  a c t i v e  pe r iods  of 

biomass a s s i m i l a t i o n . ,  I n  our s t u d i e s ,  we gene ra l ly  h a r v e s t  

whi le  t h e  p l a n t s  a r e  s t i l l  i n  exponen t i a l  growth, bu t  t h e  l a g  

r e p r e s e n t s  a  s i g n i f i c a n t  delay.  I t  w i l l  be h e l p f u l  t o  f i n d  ways 

t o  sho r t en  it, bu t  t o . d a t e  most of our e f f o r t  ha s  been d i r e c t e d  

toward maximizing exponen t i a l  growth. 

Af t e r  a  l a g  phase of about 11 days,  'Waldmannls Green1 l e a f  

l e t t u c e  e n t e r s  a  sha l low r a t e  of exponen t i a l  growth a t  450 

umol s-l me2 of PAR and 350 p l  1-I C 0 2 ,  and t h i s  response i s  

q u i t e  uniform i n  2 s e p a r a t e  Minitron chambers (Fig .  7 ) .  

However, growth was inc reased  by r a i s i n g  C 0 2  i n  one chamber t o  

1000 ~1 1-I. I n  ano the r  experiment conducted a t  350 p 1  1-I C O Z ,  

one chamber was exposed t o  a  PPFD of 925 and another  t o  450 - 

wnol s-l mm2 f o r  20 h  daym1, and t h e  l e t t u c e  under h igher  l i g h t  , *. 

y i e l d e d  b e t t e r  (F ig .  ?) . This  semilog p l o t  i nc ludes  on ly  t h e  



TIME (DAYS) 
Figure 7 .  Growth p r o f i l e  o f  'Waldmann's Greent l e a f  lettuce a t  

450 Vmol s-I m-2 of PAR + 3 5 0  111 1-I C 0 2  i n  2 separate  Minitron 

II chambers ( t o p ) ,  and a t  1000 111 1-I C 0 2  i n  one chamber and a t  

350  i n  another,  both a t  the  same PPFD (bottom) . 



Figure 8. Semilog plot of plant dry weight over time for 

'WaldmannVs Green' leaf lettuck &ring exponential growth under 
-1 -2 either 920 or 450 urn01 s m at 350 p1 1-I C02. 



e x p o n e n t i a l  phase of growth. Th i s  t ype  of p l o t  s t r a i g h t e n s  o u t  

curved l i n e s ,  and i t s  s l o p e  r e p r e s e n t s  t h e  r e l a t i v e  growth rate 

(RGR)  of t h e  p l a n t s .  I n  f a c t ,  t h e  c o e f f i c i e n t  of t h e  X term i n  

t h e  r e g r e s s i o n  e q u a t i o n  is 'mean RGR over t h a t  time i n t e r v a l .  A 

comparison of RGR a t  h igh C02 + low l i g h t  vs.  t h a t  a t  low 

C02 + high  l i g h t  i n d i c a t e s . t h a t '  t h e  cheaper C 0 2  is s l i g h t l y  more 

e f f e c t i v e  t h a n  t h e  h igh  l i g h t  when each a r e  used a lone ,  

When l i g h t  and C02  were enhanced s imul taneous ly ,  such as 

C02 t o  1000 la 1-I and PPFD t o  905 umol s-I III -~ ,  t h e r e  was a  

s y n e r g i s t i c  i n t e r a c t i o n  l e a d i n g  t o  enhanced RGR and y i e l d  

(F ig .  9 ) .  When C 0 2  was r a i s e d  t o  1500 111 I-', exponent ia l  

growth was enhanced even f u r t h e r .  To determine whether energy 

and r e s o u r c e s  can be saved, t h e s e  op t imiz ing  t r ea tmen t s  were 

i n i t i a t e d  e i t h e r  3 days be fo re  exponen t i a l  growth normally 

beg ins ,  o r  2 days  a f t e r .  S t a r t i n g  t r ea tmen t  e a r l y  c l e a r l y  had 

no b e n e f i t ,  and s t a r t i n g  it l a t e  caused t h e  exponent ia l  r i s e  t o  

l a g .  For t r e a t m e n t  i n i t i a t e d  on day .  11, RGR dur ing  e a r l y  

e x p o n e n t i a l  growth is  extremely h igh  (Table  1); i n  f a c t ,  f o r  

h igh  l i g h t  + high  COZ, t h e  pe r iod  from about  11 t o  1 3  days  gave 

t h e  h i g h e s t  R G R s  we have measured1 Unfor tuna te ly ,  they  d e c l i n e  

r a p i d l y ,  and one wonders whether t h e r i  i s  any need t o  con t inue  

h i g h  l i g h t  t r e a t m e n t  much beyond day 13 .  W e  a r e  i n v e s t i g a t i n g  

t h i s  p o s s i b i l i t y .  



TIME FROM SEEDING( d a y s  1 

Figure 9. Effect of simultaneous enhancement of C02 (to 1000 

p1 1-I) and PPFD (to 905 umol s -1 m-21 on exponential growth 

rate of 'Waldmannvs  ree en' leaf lettuce. 



Table  1. Change i n  RGR of 'Waldmann's Green' du r ing  exponen t i a l  
growth as a  f u n c t i o n  of PPFD a t  h igh C02.  

Growth R e l a t i v e  growth r a t e  @ 1500 ~1.1-l C 0 2  

p e r i o d  Pho tosyn the t i c  photon f l u x .  d e n s i t y  ( ~ m o l  = ~ - ' . r n - ~ )  

( days )  450 90 0  

W e  a l s o  are i n t e r e s t e d  i n  t h e  s p e c t r a l  emiss ion of lamps 

used wi th  t h e  Mini t ron system. High dosages of  HPS r a d i a t i o n  

d i d  n o t  work w e l l  h e r e  e i t h e r ,  bu t  w e  have had some succes s  w i t h  

v a r i o u s  combinat ions  of  I C ,  MH, and FL lamps. For i n s t a n c e ,  

when low-PPFD MH was compared wi th  equ iva l en t  PPFD from I C  + FL, 

l e t t u c e  y i e l d e d  no b e t t e r  under one regime t h a n  t h e  o the r .  

However, i f  PPFD was inc reased  t o  800 vmol s-' mw2 f o r  both 

regimes i n  t h e  presence  of h igh C02 ,  t h e  IC/FL source  was 

s u p e r i o r  t o  t h e  #H source  (F ig .  1 0 ) .  Whether l e a f  l e t t u c e  

a c t u a l l y  p r e f e r s  wavelengths p r e s e n t  i n  t h e  emiss ions  from 

incandescen t  lamps c u r r e n t l y  is  under i n v e s t i g a t i o n .  Although 

incandescen t  lamp e f f i c i e n c y  is low, improvements a r e  

for thcoming.  We now use "Capsy l i t en  I C  lamps, which, u n l i k e  

s t a n d a r d  f l o o d  lamps, main ta in  most of t h e i r  ou tpu t  a s  t hey  age. 
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Figure 1 0 .  Growth p r o f i l e  o f  tWaldmannts Green' l e t t u c e  under 

1C (68% input wattage) + FL f a d i a t i o n  ( t r i a n g l e s )  v s .  MH 

rad ia t i on  ( c i r c l e s ) .  PPFD o f  both l i g h t i n g  regimes was 

800 pmol s-' m-2. 



A lettuce crop grown for 19 days in a Minitron has not 

quite closed its leaf canopy at harvest, However, lettuce grown 

for 23 days develops a tightly solid foliar canopy. This mutual 

crowding greatly diminishes the RGR of individual plants during 

their last few days of growth, even under optimizing conditions, 

but those plants still exhibit superior growth compared to 

widely-spaced plants grown under standard growth chamber 

conditions (Table 2) . 

Table 2. Effect of elevated C02 concentrations and 900 

pmol s-I mm2 of PAR on various growth parameters of 23- 

day-old 'Waldmann's Green' leaf lettuce. 

I Growth Co2 concentration (vl-l-') 

, parameter 1000 1500 

Leaf fresh weight 96.00 f 5.22 aZ 106.48 + 8.60 b 

Leaf dry weight 8.98 + 0.33 a 10.47 + 0.41 b 

Stem dry weight 0.59 f 0.06 a 0.79 + 0.09 b 

Root dry weight 1.47 f 0.07 a 1.75 + 0.04 b 

Plant dry weight 11.05 f 0.17 a 13.01 4 0.21 b 

'~ean separation within rows by t-test at the 5% level of 
significance. 

We have begun to test effects of plant growth regulators 

(PGRs) on lettuce growth concomitant with optimizing 

environmental conditions. For example, the 30-carbon primary 



alcohol triacontanol tends to have promotive effects on yield, 

but formulation problems still prevent consistent performance 

with this chemical. With fresh, colloidally-dispersed 

triacontanol sprayed on during lag phase, stimulatory effects 

disappear after the first few days of exponential growth. With 

or without triacontanol, per plant yield of 'Waldmann's Green' 

under optimizing conditions is excellent a£ ter 19 days 

(Table 3). When expressed on an area-occupied basis, crop 

growth rate (CGR) during exponential growth was 55 to 60 

~ D W  m-* day-', and this does not even involve complete closure 

of the canopy yet, This compares with a typical CGR of 2.6 

g m-2 day-' over an entire prod~ct~ion cycle for lettuce under 

field conditions. 

In conclusion, we plan to extend our investigations of 

optimum lamp types; evaluate effects of other PGRs; fine-tune 

the timing of application of optimizing treatments with the aim 

of conserving energy and resources; use gas exchange rates of 

small crop canopies in the Minitrons to identify short and 

long-term plant response to optimizing treatments; and attempt 

to shorten the lag phase of the growth curve. Learning how to 

effectively modulate photosynthetic activity of vegetative 

canopies on a somewhat larger scale by manipulating light level 

and duration and/or C02 level could have important implications 

for systems control in CELSS, 



Table  3.  E f f e c t s  of  t r i a c o n t a n o l  a p p l i e d  twice du r ing  l a g  phase 

on v a r i o u s  growth pa rame te r s  of 19-day-old 'waldmannls 

Green1 l e t t u c e .  P l a n t s  a l s o  were exposed t o  h igh  

C02/high l i g h t  t r e a t m e n t  beginning on day 11. 

Growth 

parameter  -TRIA g 1-I TRIA 

( g  -plant-1) 

Leaf f r e s h  weigh t  49.30 f 6.76 a Z Y  A 5 7 . 6 4 f 3 . 7 7 b B  

Leaf d r y  weigh t  4.93 f 0.64 aA 5.62 f 0.52 aB 

Stem d r y  weigh t  0.34 f 0.08 aA 0.36 f 0.05 aA 

Root d r y  weight  0.97 + 0.08 aA 1.18 + 0.08 bB 

P l a n t  d r y  weight  6.25 f 0.72 aA 6.99 f 0.65 aB 

(g*m -2 day-l)  
Crop growth r a t e  55.05 + 7.04 aA 60.48 f . 9 . 07  aA 

 i iff e r e n t  lower c a s e  l e t t e r s  w i t h i n  rows d i f f e r e n t  a cco rd ing  
t o  t - tes t  a t  t h e  5% l e v e l  of s i g n i f i c a n c e .  

Y ~ i f f  e r e n t  upper c a s e  l e t t e r s  w i t h i n  rows d i f f e r e n t  a cco rd ing  
t o  t - test  a t  t h e  10% l e v e l  of s i g n i f i c a n c e .  
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CLOSED CULTURE PLANT STUDIES: IMPLICATIONS FOR CELSS 

~akashi Hoshizaki 
Jet ~ropulsion Laboratory 
California Institute of Technology 
Pasadena, California 91109' 

Abstract : 

Arabidopsis plants were grown in closed cultures similar to 

those used in space experiments. A shift in metabolism from 

photosynthesis to respiration is indicated by the accumulation of 

C02 in the culture atmosphere. Reproductive growth is 

suppressed. Plant growth and development is apparently related 

to the atmospheric volume available to each plant. The 

implications of these findings to CELSS were as follows: 1) need 

for an open culture having ample gas exchange, 2) C02 levels be 

maintained within prescribed limits, 3) the minimum atmospheric 

volume required for each plant is thus dependent on the precision 

of the gas monitors and of the subsystems used used to maintain 

appropriate levels of various atmospheric components, and 4) 

volatiles such as ethylene and terpenes emanating from plants be 

monitored and reduced to benign concentrations. 

Introduction: 

In a controlled ecological life support system (CELSS), the 

fundamental system premise is based on the classic photosynthesis 

reactions of green plants. Plants exposed to light of proper 

wave lengths and intensities convert C02 and water into fixed 



c a r b o n  compounds w i t h  a  s i m u l t a n e o u s  r e l e a s e  of  02 i n t o  t h e  
- 

a tmosphere .  A s  a r e s u l t  of t h i s  p h o t o s y n t h e t i c  r e a c t i o n ,  t h e  

f i x e d  ca rbon  compounds form t h e  food to be e a t e n  and t h e  up take  

o f  C02 and p r o d u c t i o n  of 02 r e p l e n i s h e s  t h e  a i r  f o r  a s t r o n a u t s .  

The e q u a t i o n  is p r e s e n t e d  below i n  an  incomple te  and s i m p l i f i e d  

form: 

6  C02 + 6 H20 ---3 C6H1206 + 6  02 

T h i s  r e a c t i o n  o c c u r s  under  p l a n e t  e a r t h  c o n d i t i o n s  where t h e  C02 

a t m o s p h e r i c  c o n c e n t r a t i o n  is around 300 ppm and 02 around 20 p e r  

c e n t .  

A s  an example,  l e t  us  t a k e  a  g r e e n  l i v i n g  p l a n t  and p l a c e  it 

i n t o  a small g a s - t i g h t  g l a s s  c o n t a i n e r .  T h i s  c o n t a i n e r  when 

s e a l e d  would have t h e  g r e e n  l i v i n g  p l a n t ,  a  s u p p l y  of a i r ,  water 

and n u t r i e n t s  f o r  t h e  p l a n t .  Being a  c l o s e d  sys t em,  no m a t e r i a l s  

are t a k e n  o u t  or added.  However, e n e r g y  is s u p p l i e d  i n  t h e  form 

o f  l i g h t .  Under t h e s e  c o n d i t i o n s  ,. one would e x p e c t  - f o l l o w i n g  

t h e  above p h o t o s y n t h e s i s  e q u a t i o n  - t h e  p l a n t  t o  p h o t o s y n t h e s i z e  

t a k i n g  up t h e  C02 p r e s e n t  i n  t h e  a tmosphere  u n t i l  C02 is reduced 

t o  a l o w  c o n c e n t r a t i o n .  I n  t h e o r y ,  an a n a l y s i s  of t h e  g a s e s  a t  

t h i s  p o i n t  would be p r e d i c t e d  to  have a s l i g h t  i n c r e a s e  i n  02 

c o n c e n t r a t i o n  w i t h  a c o n c o m i t t e n t  d e c r e a s e  i n  t h e  C02 l e v e l .  I n  

p r a c t i c e ,  t h i s  is n o t  t h e  case. I n  c l o s e d  sys t ems ,  such  a s  t h a t  

d e s c r i b e d ,  C02 was found to  i n c r e a s e  ( H o s h i z a k i ,  1984,  Cowles e t  

a l . ,  1984)  and 02 d e c r e a s e  ( C o w l e s  et a l . ,  1984) .  These r e s u l t s  



a r e  comple te ly  and d i a m e t r i c a l l y  o p p o s i t e  from t h o s e  p r e d i c t e d .  

Thus,  f o r  CELSS being d i s c u s s e d  a t  t h i s  meet ing ,  I b e l i e v e  t h e s e  

r e s u l t s  have high r e l e v a n c e .  

T h i s  paper  w i l l  p r e s e n t  background i n f o r m a t i o n  and v a r i o u s  

t o p i c  m a t t e r s  t h a t  r e l a t e  to  t h i s  c l o s e d  system phenomenon. I n  

t h e s e  d i s c u s s i o n s ,  I w i l l  a t t e m p t  to  r e l a t e  and h i g h l i g h t  t h e  

v a r i o u s  b i t s  of i n f o r m a t i o n  a s  it might a p p l y  to  CELSS. 

P r e v i o u s  Research and R e s u l t s  : 

T i g h t l y  s e a l e d  t e s t  t u b e s  (Hosh izak i ,  1982, 1984)  and s m a l l  

volume growth chambers (Merkys e t  a l . ,  1981) have been used t o  

tes t  t h e  e f f e c t  of space  envi ronment ,  r e a l  or s i m u l a t e d ,  on many 

s p e c i e s  of p l a n t s .  When a t t e m p t s  were made to c a r r y  t h e s e  p l a n t s  

th rough  a  l i f e  c y c l e ,  t h e r e  was a  g e n e r a l  f a i l u r e  to  do so .  T h i s  

was e s p e c i a l l y  t r u e  i n  t h e  S o v i e t  space  e f f o r t s  wi th  t h e  p l a n t  

A r a b i d o p s i s  t h a l i a n a ,  (L .  ) Heynh (Merkys e t  a l . ,  1 9 8 i ) .  It was 

o n l y  u n t i l  a  " v e n t i l a t e d "  open growth chamber was used ,  t h a t  

Merkys e t  a l . ,  1984, were a b l e  t o  s u c c e s s f u l l y  grow a r a b i d o p s i s  

from seed t o  seed .  

Our ground based exper iments  wi th  t h e  same s p e c i e s  had 

i n d i c a t e d  e a r l i e r  t h a t  a  c u l t u r e  sys tem having ample g a s  exchange 

w i t h  t h e  ambient was r e q u i r e d  f o r  growing a r a b i d o p s i s  p l a n t s  from 

s e e d  to  seed i n  v i t r o  ( H o s h i z a k i ,  1 9 8 2 ) .  Whenever t h e  i n  v i t r o  

525 



c u l t u r e s  were t r u l y  s e a l e d  and c l o s e d ,  having  no g a s  exchange 

w i t h  a m b i e n t ,  t h e  a r a b i d o p s i s  p l a n t s  growing i n s i d e  a lways  f a i l e d  

t o  grow n o r m a l l y  and neve r  set  s e e d s .  Thus, w e  found 1) normal 

v e g e t a t i v e  growth  o c c u r r e d  o n l y  i n  c u l t u r e s  having  g a s  exchange 

w i t h  t h e  s u r r o u n d i n g  ambient  a tmosphere ,  2 )  abnormal  growth 

o c c u r r e d  i n  c l o s e d  g a s - t i g h t  c u l t u r e s ,  3 )  r e p r o d u c t i o n  and 

c o m p l e t i o n  of  the '  l i f e  c y c l e  ( p r o d u c t i o n  of v i a b l e  s e e d s )  o n l y  

o c c u r r e d  i n  c u l t u r e s  having  g a s  exchange wi th  ambient  and 4 )  

g rowth  r a t e ,  s t a g e s  of  l i f e  c y c l e  a t t a i n e d  and f i n a l  s i z e  of  

p l a n t s  i n  c l o s e d  c u l t u r e s  r e l a t e d  to  t h e  a t m o s p h e r i c  volumes 

s u r r o u n d i n g  e a c h  p l a n t .  

The i m p l i c a t i o n  of  t h e s e  r e s u l t s  is t h e  need f o r  small 

c u l t u r e s  to have ample g a s  exchange w i t h  t h e  ambient  a tmosphere  

s u r r o u n d i n g  t h e  c u l t u r e  sys tem.  

W e  i n i t i a l l y  s -pecu la t ed  t h a t  t h e  p r o b a b l e  c a u s e  of t h e  p l a n t  

r e s p o n s e s  w a s  most  l i k e l y  r e l a t e d  to  t h e  i n i t i a l  amount of  C 0 2  

a v a i l a b l e  to  t h e  p l a n t s  i n  t h e  c l o s e d  i n  v i t r o  c u l t u r e .  I n  a 

fo l low-up  e x p e r i m e n t  we measured weekly,  o v e r  an 8-week p e r i o d ,  

t h e  l e v e l  of  a t m o s p h e r i c  C 0 2  i n  c l o s e d  i n  v i t r o  c u l t u r e s  

( H o s h i z a k i ,  1 9 8 4 ) .  A r a b i d o p s i s  s e e d s  were p l a n t e d  one to  e a c h  

66iYiainer  and t h e  -growth and C 0 2  l e v e l s  were r e c o r d e d .  A s  

e x p e c t e d ,  C 0 2  l e v e l s  d e c r e a s e d  a t  t h e  end -of t h e  f i r s t  week w i t h  

t h e  lowest r e c o r d e d  v a l u e  of 147 ppm'. S u r p r i z i n g l y ,  t h e  C 0 2  



l e v e l  i n c r e a s e d  from t h i s  t i m e  on and r e a c h e d  .a l e v e l  o f  0 .  5 , 

p e r c e n t  f o r  t h e  weekly measured c u l t u r e s  and 15 p e r c e n t  f o r  t h o s e  

c u l t u r e s  sampled o n l y  a t  t h e  s t a r t  and end of  t h e  8-week 

e x p e r i m e n t  ( F i g u r e  1).  The p l a n t s  c o n t i n u e d  to grow p r o d u c i n g  

l e a v e s  and e l o n g a t i n g  t h e i r  stems d u r i n g  t h e  p e r i o d  when t h e  C02 

l e v e l s  were a round  0.5 p e r c e n t  or 5000 ppm ( c f  F ig .  1 and Fig.. 2 )  

Why d i d  t h e  C02 l e v e l  rise t o  s u c h  h i g h  l e v e l s ? ,  Did 

p h o t o s y n t h e s i s  s t o p  when C02 l e v e l s  rose above a  c r i t i c a l  l e v e l ?  
, . 

Did t h e  p l a n t s  e n t e r  ,a h e t e r o t r o p h i c  phase  as p r e v i o u s l y  r e p o r t e d  

by Brown e t  a l ,  1979? Ample l i g h t  and a p p r o p r i a t e  t e m p e r a t u r e s  I I 

were b e i n g  g i v e n  t o  t h e s e  p l a n t s .  D o  t h e s e  r e s u l t s  mean t h a t  CO2 

l e v e l s  must  be m a i n t a i n e d  w i t h i n  p r e s c r i b e d  l i m i t s  i f  p l a n t s  are 

t o  grow n o r m a l l y ?  

A t  t h e  end of  t h e  e x p e r i m e n t ,  lower v a l u e s  of C02 were 

measured  b u t  t h e s e  were c o n s i d e r e d  to  be t h e  r e s u l t  of  g a s  l e a k s  

i nduced  by t h e  m u l t i p l e  s ampl ing  t h r o u g h  t h e  r u b b e r  sep tum.  

B a c t e r i o l o g i c a l  tests made' f o r  p o s s i b l e  c u l t u r e  c o n t a m i n a t i o n  as 

a  s o u r c e  o f  t h e  C02 proved  n e g a t i v e .  

A s imi la r  i n c r e a s e  of C 0 2  l e v e l s  was found i n  t h e  s p a c e  s h u t t l e  

(STS-3) e x p e r i m e n t s  where p i n e  s e e d l i n g s  and g e r m i n a t i n g  o a t s  and 

b e a n s  were f lown (Cowles e t  a l . ,  1 9 8 2 ) .  The p i n e  p l a n t s  p l a c e d  i n  

t h e  p l a n t  g rowth  c o n t a i n e r  (PGC) as 4-day o l d  s e e d l i n g s  were t h u s  

p a s t  t h e  i n i t i a l  g e r m i n a t i o n  s t a g e  where h i g h  r e s p i r a t i o n  o c c u r s .  



F i g u r e  1. C o n c e n t r a t i o n  o f  c a r b o n  d i o x i d e  o v e r  a n  8-week p e r i o d  

i n  t h e  a t m o s p h e r e  o f  i n  v i  t r o  c u l t u r e s  c o n t a i n i n g  A r a b i d o p s i s  

t h a l i a n a  ( L . )  Henyh. p l a n t s .  S e e d s  were p l a n t e d  a t  0 week. 

C l o s e d  c u l t u r e s  ( 0 )  were s e a l e d  w i t h  v i n y l i d e n e  po lymer  f i l m  h e l d  

i n  p l a c e  by r u b b e r  bands .  Open c u l t u r e s  (0 )  were p l u g g e d  w i t h  

p o l y u r e t h a n e  foam permi t t i n c j  a i r  exchange  w i t h  a m b i e n t .  Each 

v a l u e  r e p r e s e n t s  t h e  mean + s t a n d a r d  error o f  C02 c o n c e n t r a t i o n  

d e t e c t e d  i n  40 p 1  s a m p l e s  drawn f rom t h e  head  s p a c e  of c u l t u r e s .  

Open c u l t u r e  v a l u e s  f o r  0 week and 8 weeks are f rom 4 c u l t u r e s .  

C l o s e d  c u l t u r e  v a l u e s  for 0 week are also from 4 c u l t u r e s .  A l l  

o t h e r s  are f rom 2 c u l t u r e s .  The s o l i d  l i n e  drawn f rom week 3 to  

week 8 r e p r e s e n t s  t h e  assumed c u r v e  f o r  c u l t u r e s  sampled  o n l y  a t  

t h e  b e g i n n i n g  and a t  t h e  end  o f  t h e  e x p e r i m e n t .  



WEEKS 

F i g u r e  2. Growth and r e p r o d u c t i o n  r e s p o n s e  o f  A r a b i d o p s i s  

t h a l i a n a  ( L . )  Henyh p l a n t e d  as a s e e d  and grown o v e r  an  8-week 

p e r i o d  i n  open  ( 0 )  or c l o s e d  (s) i n  v i t r o  c u l t u r e s .  A. P l a n t  

h e i g h t  i n  mm and t o t a l  number o f  f e r t i l e  s e e d  pods  ( ) c o u n t e d  on 

p l a n t s  o f  e a c h  t r e a t m e n t .  Depth o f  a g a r  medium i n  t h e  c u l t u r e  

t u b e s  w a s  a round  50 mrn t h u s  l e a v i n g  150 mrn for  stem g r o w t h .  B. 

Number o f  l e a v e s  p e r  p l a n t .  Leaves  w i t h  l e n g t h  s h o r t e r  t h a n  2 mm 

were e x c l u d e d  f rom t h e  c o u n t .  Each v a l u e  r e p r e s e n t s  t h e  mean 

d e r i v e d  f rom 4 c u l t u r e s .  * * * ~ i f f e r e n c e  be tween  c l o s e d  and open  

c u l t u r e s  a t  P <0.001.  



These  p l a n t s  were g r e e n  and under  l i g h t  i n t e n s i t i e s  p rov ided  

o a t s  and bean p l a n t s  

t h e  8-day f l i g h t  

t o  be c a p a b l e  of 

1 .41  t o  4.92 p e r c e n t  

t o  4.07 p e r c e n t  i n  

g round  c o n t r o l s  a t  t h e  end of  ' 8 days .  The C02 s o u r c e  was 

I a t t r i b u t e d  to  r e s p i r a t i o n .    he 02 l e v e l s  which were i n i t i a l l y  

I 24.1  t o  24.5 p e r c e n t  i n  t h e  ' f l i g h t  c o n t a i n e r s  d e c r e a s e d  to  9.7 to  

I 1 6 . 3  p e r c e n t .  S i m i l a r  d i f £ e k e n c e s  weri found i n  t h e  ground 

c o n t r o l s .  I f  one assumes a 1:l s t o i c h i o m e t r y  of  02 u p t a k e  to C02 

p r o d u c t i o n  i n  r e s p i r a t i o n  , a d i s c r e p a n c y  a p p e a r s  i n  t h e  amount 
, >.. 

o f  C02 found .  A t  t h i s  t i m e ,  'one can  o n l y  t o  s p e c u l a t e  a b o u t  t h e  

. I n  t h e  a r a b i d o p s i s  c l o s e d  -. i n  v i t r o  c u l t u r e s ,  a 15  p e r c e n t  

C0.2 l e v e l  was measured.  I t  was s p e c u l a t e d  ( H o s h i z a k i ,  1984)  t h a t  

an. e thylene-C02 f e e d b a c k  o c c u r r e d  r e s u l t i n g  i n  a h i g h  p r o d u c t i o n  

o f  C02 by t h e  p l a n t s .  I n  a c l o s e d  sys tem such  as CELSS, t h e  same 

volume o f  a i r  would be r e t a i n e d  . f o r  t h e  d u r a t i o n  of  t h e  m i s s i o n .  

U n l e s s  s t e p s  were t a k e n  t o  remove such compounds, it is more t h a n  

l i k e l y  t h a t  a s imilar  r e s p o n s e  might  occur .  I n  t h e  STS-3 

e x p e r i m e n t ,  e t h y l e n e  was d e t e c t e d .  i n  one of t h e  PGC (Cowles e t  

a l . ,  1 9 8 4 ) .  



Thus, t h e r e  a p p e a r s  to be a need to  c a r e f u l l y  moni to r  t h e  

l e v e l s  of v o l a t i l e s  such a s  e t h y l e n e  and t e r p e n e s  and d e v e l o p  

s y s t e m s  to  s c r u b  t h e s e  t y p e s  of  compounds from t h e  atmosphere.  

Volume R e l a t i o n s h i p  R e l a t i v e  t o  P l a n t  M a t e r i a l  : 

The r e s u l t s  of a i r  volume/closed c u l t u r e  exper iments  

performed wi th  a r a b i d o p s i s  i n d i c a t e  t h a t  a minimum volume of 

a tmosphere  t o  p l a n t  biomass may e x i s t  ( H o s h i z a k i ,  1 9 8 4 ) .  Below 

t h i s  volume, abnormal growth and m e t a b o l i c  r e s p o n s e s  may o c c u r .  

Two c l o s e d  sys tems,  t h e  STS-3 PGC and t h e  s e a l e d  t e s t  t u b e s  w i l l  

now be compared. Mung bean s e e d s  were p l a n t e d  i n  t h e  PGC (Cowles 

e t  a l . ,  1984)  and a r a b i d o p s i s  s e e d s  i n  t h e  s e a l e d  test t u b e s  

( ~ o s h i z a k i ,  1 9 8 4 ) .  Seed volumes a r e  e s t i m a t e d  from measurements 

t a k e n  of d r i e d  seeds .  These a r e  o n l y  approximate  and a r e  

p r e s e n t e d  f o r  t h e  purpose  of  d e m o n s t r a t i n g  broad g e n e r a l i t i e s .  

P r e c i s e  volumes a r e  n o t  impl ied .  Tab le  1 compares t h e  t w o  c l o s e d  

p l a n t  growth systems.  The PGC wi th  mung beans is f a r  and above 

over- loaded i n  terms of biomass a s  compared to  t h e  s e a l e d  t u b e  

w i t h  a r a b i d o p s i s .  Th i s  is expec ted  s i n c e  t h e  PGC. was d e s i g n e d  f o r  

s h o r t  d u r a t i o n  m i s s i o n s ,  whereas t h e  a r a b i d o p s i s  c u l t u r e  was 

s e l e c t e d  f o r  long term seed  p r o d u c t i o n  exper iments .  The 

a r a b i d o p s i s  system used h e r e  f o r  comparison d i d  p e r m i t  t h e  

a r a b i d o p s i s  p l a n t  to comple te  i ts  l i f e  c y c l e .  However, t h e  s e e d  

p r o d u c t i o n  was low. The e s t i m a t e d  v a l u e  of 550 l i t e r s  r e q u i r e d  

a s  a i r  volume to  grow mung beans to  seed i n  a c l o s e d  sys tem is 

p r e s e n t e d  t o  g i v e  t h e  r e a d e r  a g r a s p  of t h e  volume of a i r  



TABLE 1. 

COMPARISON OF 2  CLOSED PLANT GROWTH SYSTEMS 

(1) ( 2 )  
Plant Growth Sealed 
Container Test Tube 

Plant 

Atmospheric volume of 
container - cm3 

No. of plants in 
container 

Atmospheric volume 
per plant - cm3 

(3 
Dry seed 
volume - cm3 

Mung bean Arabidopsis 

(4) 
Atmospheric volume 
required by one plant 
for seed production - cm3 550 X 103 

(1) Cowles et al., 1984, ( 2 )  Hoshizaki, 1984, (3) Volume 

estimated from measuring the length, width and thickness of a dry 

seed, (4) Volume of air required for mung seed production in a 

closed system as estimated from values obtained from arabidopsis 

data. 



r e q u i r e d .  The use  of t h e  ve ry  s m a l l  seeded a r a b i d o p s i s  p l a n t  

t e n d s  to mis lead  i n v e s t i g a t o r s  i n  judging media and g a s  volume 

r e q u i r e m e n t s .  

Volume Requirements  R e l a t i v e  to  C02 and t h e  CELSS P l a n t  Growth 

Chamber : 

Two c l o s e d  sys tems of v a s t l y  d i f f e r e n t  s i z e s  w i l l  be used to 

d i s c u s s  volume e f f e c t s  of C02. The p l a n e t  e a r t h  and a 4-person 

CELSS u n i t  w i l l  be compared. The 97 p e r c e n t  food c l o s u r e  u n i t  of 

CELSS is s e l e c t e d  f o r  o u r  example, and such a system w i l l  have 

o n l y  3 p e r c e n t  of t h e  food p rov ided  by drawing from stores or 

o b t a i n e d  by re-supply  (Gustan and Vinopal  , 1982 ) . 

The r e s t  of t h e  food,  97 p e r c e n t ,  w i l l  be produced i n  t h e  

CELSS u n i t  by r e c y c l i n g  m a t e r i a l s  w i t h i n  t h e  space  h a b i t a t i o n  

u n i t .  The comparison is made between p l a n e t  e a r t h  and t h e  

d e f i n e d  CELSS system to a g a i n  h i g h l i g h t  t h e  magnitude of change 

imposed on p l a n t s  growing i n  a c l o s e d  system; and c o n v e r s e l y  to  

h i g h l i g h t  t h e  b i o l o g i c a l  demands p l a c e d  on such a CELSS p l a n t  

growth chamber. 

The v a l u e s  e n t e r e d  i n  Tab le  2 were d e r i v e d  from v a r i o u s  

s o u r c e s  and a r e  expressed  i n  a manner a s  to s i m p l i f y  compar isons .  
-. 

F o r  t h e  p l a n e t  e a r t h ,  t h e  C02 t u r n o v e r  p e r i o d  is e s t i m a t e d  to be 

between 5 and 1 0  y e a r s .  Only t h e  carbon exchange between t h e  



TABLE 2 

EFFECT OF PLANT C02 UPTAKE ON EARTH AND CELSS ATMOSPHERES 

; . , ->P lan t  
e a r t h  

4 p e r s o n  
CELSS 

Atmospher ic  volume - ~3 4 .3  X 1018 ( l )  1.5  X 102 ( 2 )  

C02 t u r n o v e r  t i m e  

Supp ly  l e f t  a f  t e r  
o n e  min 

5- lo* y e a r s  ( 3 )  

5-10 y r  s u p p l y  
no d e t e c t a b l e  
change  

45 min ( 4 )  

44 min s u p p l y  
-2% d e c r e a s e  

(1) E s t i m a t i o n  based  on a i r  h e i g h t  be ing  7600 m when a l l  a i r  is 

a t  one  a tmosphere  p r e s s u r e ,  ( 2 )  Gustan and Vinopa l ,  1982,  ( 3 )  

Emanuel e t  a l . ,  1984,  ( 4 )  T i b b i t t s  and Kr izek ,  1978. *Only 

c a r b o n  exchange  between e a r t h  a tmosphere  and t e r res t r ia l  p l a n t s  

are  c o n s i d e r e d  f o r  s i m p l i f i c a t i o n  and t h e  most c o n s e r v a t i v e  t i m e  

estimates were used .  I n c l u s i o n  of  c a r b o n a t e s  i n  t h e  ocean  and 

o t h e r  c a r b o n  s o u r c e s  w i l l  g r e a t l y  i n c r e a s e  t u r n o v e r  t i m e .  



b 

e a r t h ' s  a tmosphe re  and t h e  terres t r ia l  p l a n t s  were c o n s i d e r e d  to 

s i m p l i f y  t h e  d i s c u s s i o n  and t h e  most c o n s e r v a t i v e  t i m e  estimates 

were used .  The v a l u e s  used were o b t a i n e d  and t h e n  m o d i f i e d  f rom 

Emanuel e t  a l . ,  1984.  I n c l u s i o n  o f  t h e  c a r b o n a t e s  i n  t h e  ocean  

and  o t h e r  s o u r c e s  w i l l  g r e a t l y  i nc ; e i s e  t h e  t u r n o v e r  t i m e .  On 

t h e  o t h e r  hand ,  t h e  CO2 t u r n o v e r  t i m e  i n  CELSS is p r o j e c t e d  t o  be 

45 min u s i n g  v a l u e s  c a l c u l a t e d  from t h e  pu l ldown of C02 i n  a 

r e a c h - i n  growth  chamber f rom 320 t o  306 ppm i n  2  min by 

b u t t e r h e a d  l e t t u c e  ( T i b b i t t s  and K r i z e k ,  1 9 7 8 ) .  I n  one  min t h e r e  

w i l l  be a 6-7 ppm d e c r e a s e  i n  t h e  C02 s u p p l y  which must  t h e n  be 

d e t e c t e d  and r e p l e n i s h e d  by t h e  CELSS g a s  d e t e c t i o n  and 

c o n c e n t r a t i o n  m a i n t e n a n c e  u n i t .  A + 20 ppm v a r i a n c e  c a n  be  

t o l e r a t e d  by p l a n t  b u t  t h i s  w i l l  more t h a n  l i k e l y  r educed  h a r v e s t  

y i e l d .  F o r  t h e  a tmosphe re  o f  e a r t h ,  t h e r e  w i l l  be no d e t e c t a b l e  

g l o b a l  change  a f t e r  one  min s i n c e  t h e  CO2 t u r n o v e r  t i m e  is 

e s t i m a t e d  a t  5-10 y e a r s .  A l a r g e  b u f f e r  sys t em f o r  C02 t h u s  

e x i s t s  f o r  t h e  p l a n t s  of  e a r t h .  I n  a CELSS, such  a b u f f e r  is 

n o n - e x i s t e n t .  F u r t h e r m o r e ,  t h e  g r e a t e r  t h e  p l a n t  b iomass  is to  

t h e  CELSS a t m o s p h e r i c  volume, t h e  g r e a t e r  w i l l  be t h e  r e p l a c e m e n t  

ra te .  These  a r e  e n g i n e e r i n g  p rob lems ,  b u t  it d o e s  i n d i c a t e  t h e  

p o s s i b i l i t y  of r a p i d  changes  i n  C02 l e v e l s  i n  a r e l a t i v e l y  s h o r t  

t i m e  f rame.  From t h i s ,  t h e  minimum a t m o s p h e r i c  volume r e q u i r e d  

f o r  e a c h  p l a n t  i n  a  CELSS w i l l  depend i n  p a r t  on t h e  p r e c i s i o n  - o f  

t h e  C02 g a s  m o n i t o r  and t h e  s u b s y s t e m s  r e p l e n i s h i n g  t h e  C02 g a s .  



a 

PROTOTYPE PLANT GROWTH CHAMBER OF CELSS QUALITY: 

P l a n t  growth  chambers i n  u s e  today  a r e  g e n e r a l l y  ve ry  

l e a k y .  For  a  r e a c h - i n  chamber,  a l e a k a g e  r a t e  e q u a l  t o  30 

p e r c e n t  of t h e  i n t e r n a l  volume i n  5 min have been measured 

( T i b b i t t s  and K r i z e k ,  1 9 7 8 ) .  Even chambers s p e c i f i c a l l y  d e s i g n e d  

f o r  g a s  exchange s t u d i e s  w i l l  f a l l  s h o r t  of t h e  r e q u i r e m e n t s  f o r  

a CELSS t y p e  s t u d y  where t h e  i n t e g r i t y  of t h e  sys t em would have 

t o  be m a i n t a i n e d  f o r  months. S e a l i n g  a chamber hav ing  m u l t i p l e  

p o r t s  and u t i l i t y  l i n e s  to  CELSS q u a l i t y  would r e q u i r e  s p e c i a l  

knowledge and s k i l l s .  However, w i t h  r e c e n t  advances  i n  space  

t e c h n o l o g y  and m a t e r i a l s ,  such  a  CELSS chamber may now be 

f e a s i b l e .  

The p r o t o t y p e  CELSS chamber would have t o  have t h e  

c a p a c i t y  of  m a i n t a i n i n g  t h e  g a s  r a t i o s  i n  t h e  a tmosphere  a s  t h e  

p l a n t s  grow t h r o u g h  t h e i r  l i f e  c y c l e  and f i l l  t h e  chamber. O t h e r  

p l a n t  r e q u i r e m e n t s  such  as t e m p e r a t u r e ,  l i g h t ,  w a t e r  and 

n u t r i e n t s  w i l l  a l s o  have to  be a v a i l a b l e  w h i l e  m a i n t a i n i n g  t h e  

i n t e g r i t y  o f  t h e  g a s  s e a l s .  E t h y l e n e ,  t e r p e n e s ,  C02, 02 and 

o t h e r  compounds t h a t  a r e  g i v e n  o f f  by p l a n t s  w i l l  have t o  be 

m o n i t o r e d  and e x c e s s e s  abso rbed  or ma in ta ined  a t  benign  

c o n c e n t r a t i o n s .  I n  a d d i t i o n  to  having  t o  meet a l l  of t h e s e  

r e q u i r e m e n t s ,  t h e  more s t r i g e n t  r e q u i r e m e n t  w i l l  be t h a t  no 

m a t e r i a l s ,  s o l i d s ,  l i q u i d s  or g a s e s ,  can  be added or removed. 

With such  a  sys t em,  i t  may be p o s s i b l e  to f u l l y  u n d e r s t a n d  t h e  



requirements for growing several species of plants singly and 

simultaneously in a CELSS for a long period of time. Perhaps 

plant growth systems such as that built by Schwartzkopf and 

Stofan, 1981, could be used as a starting point for the design of 

an upgraded second generation system that would fulfill the CELSS 

requirement. 
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C o l l e g e  S t a t i o n ,  T X  77840 

I N T R O D U C T I O N  

H i g h e r  p l a n t s  e r e  c a p a b l e  o f  p e r f o r m i n g  i m p o r t a n t  f u n c t i o n s  

o f  e n v i r o n m e n t a l  r e g e n e r a t i o n  a n d  f o o d  p r o d u c t i o n  i n  f u t u r e  

s p a c e  o r  p l a n e t a r y  h a b i t a t s .  A l s o ,  t e n d i n g  of  some p l a n t s  

w i t h i n  a  s p a c e c r a f t  o r  h a b i t a t  may h a v e  p s y c h o l o g i c a l  a n d  

m o r a l e  b e n e f i t s  t o  s p a c e  c r e w s .  S u c c e s s  w i l l  d e p e n d  upon  t h e  

p l a n t ' s  r e s p o n s e s  t o  s p e c i a l  e n v i r o n m e n t a l  f a c t o r s  i n c l u d i n g  
0 

r e d u c e d  g r a v i t y .  F o r  e x a m p l e ,  p l a n t s  may b e  c u l t u r e d  on  a  

l a r g e  s c a l e  i n  r a d i c a l l y  a l t e r e d  g a s e o u s  e n v i r o n m e n t s  (e.g., 

v e r y  l o w  p r e s s u r e s )  w h i c h  w o u l d  o f f e r  c o n s i d e r a b l e  s a v i n g s  i n  

s t r u c t u r a l  a n d  e n e r g y  e x p e n d i t u r e s .  However ,  i f  p l a n t s  a n d  

o t h e r  l i v i n g  o r g a n i s m s  a r e  r e j e c t e d  a s  p a r t  of  f u t u r e  s p a c e  
I 

h a b i t a t s ,  i t  may r e s u l t  n o t  f r o m  a  l a c k  o f  b i o t i c  c a p a b i l i -  

t i e s ,  b u t  f r o m  a  f a i l u r e  o n  t h e  p a r t  o f  b i o l o g i s t s  t o  d e m o n -  

s t r a t e  a n d  e x p r e s s  t h e s e  c a p a b i l i t i e s  i n  - a  r i g o r o u s ,  q u a n t i -  

t a t i v e  manner  a c c e p t a b l e  t o  s p a c e - p l a n n i n g  e n g i n e e r s .  



T e c h n o l o g y  t r a n s f e r  b e t w e e n  t h e  p h y s i c a l  s c i e n c e s  a n d  

e n g i n e e r i n g  i s  a c c e l e r a t e d  by t h e  common d i s c i p l i n e s  a n d  l a n -  

g u a g e s  o f  t h e r m o d y n a m i c s ,  m a t e r i a l  p r o p e r t i e s ,  m a t h e m a t i c s ,  

a n d  c o m p u t e r  a n a l y s e s .  C o n v e r s e l y ,  t h e  i n t e r f a c e  b e t w e e n  

b a s i c  b i o l o g y  a n d  a g r i c u l t u r e  i s  h i g h l y  s u b j e c t i v e  a n d  s l o w e d  

by s p e c i a l i z e d  j a r g o n ,  e s p e c i a l l y  i n  t h e  new a r e a s  o f  b i o -  

t e c h n o l o g y .  H i s t o r i c a l l y ,  t h e  q u e s t  f o r  more d e t a i l e d  b i o -  

l o g i c a l  i n f o r m a t i o n  h a s  o b s c u r e d  t h e  n e e d  f o r  u n i f y i n g  c o n -  

c e p t s  a n d  t h e o r y .  Thus  w h i l e  " g e n e t i c  e n g i n e e r s "  a r e  r a p i d l y  

l e a r n i n g  how t o  m o d i f y  i n d i v i d u a l  g e n e s ,  t h e r e  i s  d i f f i c u l t y  

i d e n t i f y i n g  t h e  p r o c e s s e s  w h i c h  n e e d  t o  b e  a l t e r e d  a n d  quan-  

t i t a t i v e l y  p r e d i c t i n g  i m p r o v e d  p e r f o r m a n c e  u n d e r  s p e c i f i e d  

e n v i r o n m e n t a l  c o n d i t i o n s .  

D u r i n g  t h e  p a s t  1 0  y e a r s ,  p r o g r e s s  h a s  b e e n  made i n  t h e  

d e v e l o p m e n t  o f  " c r o p  m o d e l s "  d e s i g n e d  t o  p r e d i c t  t h e  p e r f o r -  

mance  o f  c e r t a i n  s p e c i e s  a n d  c u l t i v a r s  i n  E a r t h  e n v i r o n m e n t s .  

I n  t h e  e a r l y  d a y s ,  t h e s e  w e r e  p r i m a r i l y  " b l a c k  box" m o d e l s  

b a s e d  on  e a s i l y  m e a s u r e d  o v e r t  b e h a v i o r  (e.g., g r o w t h ,  f l o w -  

e r i n g ,  p h o t o s y n t h e s i s ,  e t c . )  f i t t e d  t o  e n v i r o n m e n t a l  i n p u t s  

by  r e g r e s s i o n  t o  l i n e a r  o r  p o l y n o m i a l  e q u a t i o n s .  T h e s e  mod- 

e l s  were h i g h l y  s i t e  s p e c i f i c  a n d  t h u s  n o t  e a s i l y  t r a n s f e r r e d  

f r o m  o n e  E a r t h  e n v i r o n m e n t  t o  a n o t h e r ,  much l e s s  t o  s p a c e  

h a b i t a t s .  

R e c e n t  m o d e l  l i n g  e f f o r t s ,  i n c l u d i n g  o u r s  ( i .e . ,  B i o s y s -  

terns R e s e a r c h  Group)  h a v e  b e e n  more m e c h a n i s t i c ,  i n c o r p o r a -  
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t i a g  q u a n t i t a t i v e  c o n c e p t s  o f  p h y s i c s ,  t h e r m o d y n a m i c s ,  b i o -  

c h e m i c a l  r a t e  k i n e t i c s ,  f e e d b a c k  c o n t r o l ,  p h y s i o l o g y ,  a n d  

a n a t o m y .  H o w e v e r ,  a s  m o d e l s  become  m o r e  c o m p l e x  t h e  l i k e l i -  

h o o d  o f  d i f f e r e n t  m o d e l s  p r e d i c t i n g  s i m i l a r  o v e r a l l  b e h a v i o r  

i n c r e a s e s .  T h u s  c o m p a r i s o n ,  v a l i d a t i o n ,  a n d / o r  f u r t h e r  d e -  

v e l o p m e n t  o f  s u c h  m o d e l s  r e q u i r e s  e x p e r i m e n t a l  t e c h n i q u e s  

c a p a b l e  o f  s i m u l t a n e o u s l y  m e a s u r i n g  n u m e r o u s  i n t e r a c t i v e  
1 

p r o c e s s e s  w i t h i n  t h e  m o d e l l e d  o r g a n i s m .  

Need f o r  I n n o v a t i v e  Exper imenta l  Methods. D e v e l o p i n g  

a n d  u s i n g  p l a n t  m o d e l s  t o  s e l e c t  a p p r o p r i a t e  o r g a n i s m s  f o r  

s p a c e  e n v i r o n m e n t s ,  s u g g e s t i n g  g e n e t i c  i m p r o v e m e n t s  ( b y  e i -  
4 

t h e r  c o n v e n t i o n a l  o r  m o l e c u l a r  m e t h o d s ) ,  a n d  o p t i m i z i n g  p l a n t  

g r o w t h  s y s t e m s  w i l l  r e q u i r e  c e r t a i n  e x p e r i m e n t a l  i n f o r m a t i o n  

not: f u l l y  a v a i l a b l e  a t  p r e s e n t :  (1) We m u s t  u n d e r s t a n d  how 

p l a n t s  w i l l  o p e r a t e  u n d e r  a l t e r e d  a t m o s p h e r i c  p r e s s u r e ;  ( 2 )  

We m u s t  o p t i m i z e  i n  t e r m s  o f  ( a )  s e l e c t i n g  g r o w t h  c o n d i t i o n s  

w i t h i n  t h e  c h o s e n  e n v e l o p e  o f  p o s s i b l e  c o n d i t i o n s  d i c t a t e d  by 
, 5 

s t r u c t u r a l  e n g i n e e r i n g  a n d  o p e r a t i n g  p a r a m e t e r s ;  a n d  ( b )  

s e l e c t i n g  o r  b r e e d i n g  p l a n t  s p e c i e s  a n d  v a r i e t i e s  m o s t  s u i t -  

a b l e  f o r  u s e  u n d e r  t h e  c h o s e n  c o n d i t i o n s  t o  m e e t  human 

n u t r i t i o n a l  r e q u i r e m e n t s .  

The  t r a d i t i o n a l  a p p r o a c h  t o  a n s w e r i n g  s u c h  q u e s t i o n s  i s  

t o  c o n d u c t  f i e l d  o r  g r o w t h  c h a m b e r  t e s t s  i n  w h i c h  p o t e n t i a l l y  

u s e f u l  v a r i e t i e s  a r e  s c r e e n e d  a g a i n s t  t h e  r a n g e  o f  p o s s i b l e  

c o n d i t i o n s -  a n d  p e r f o r m a n c e  i s  j u d g e d ,  a t  some e n d - p o i n t ,  i n  



terms o f  h e a l t h ,  t o t a l  g r o w t h ,  f r u i t  y i e l d ,  e t c .  S u c h  a n  

a p p r o a c h  i s  t i m e - ,  l a b o r - ,  a n d  s p a c e - c o n s u m i n g  b u t  f o r  s t a n -  

d a r d  t e r r e s t r i a l  c o n d i t i o n s  i s  n o n e t h e l e s s  r e l a t i v e l y  man- 

a g e a b l e .  H o w e v e r ,  i f  w e  c o n s i d e r  t h e  n e c e s s i t y  o f  c o n d u c -  

t i n g  s u c h  t e s t s  u n d e r  a l t e r e d  a t m o s p h e r e  a n d  p r e s s u r e  a n d  

u l t i m a t e l y  p e r h a p s  u n d e r  a l t e r e d  g r a v i t y  e n v i r o n m e n t ,  . t h e  

l o g i s t i c a l  p r o b l e m s  a n d  a s s o c i a t e d  c o s t s  become  i n t o l e r a b l e ,  

i f  n o t  i n s u r m o u n t a b l e .  A means  o f  g r e a t l y  s i m p l i f y i n g  a n d  

r e d u c i n g  c o s t s  o f  s e l e c t i v e  r e s e a r c h  i s  n e e d e d  i f  we a r e  t o  

a c c o m p l i s h  t h e  t e s t i n g  n e c e s s a r y  t o  d e f i n e  t h s  p l a n t  s p e c i e s  

a n d  v a r i e t i e s  a n d  t h e  c o n d i t i o n s  u n d e r  w h i c h  t h e s e  p l a n t s  

w i l l  b e  g rown .  

A s e c o n d  m a j o r  p r o b l e m  i n  e v a l u a t i n g  p l a n t  r e s p o n s e s  t o  

e n v i r o n m e n t a l  f a c t o r s  (e.g., t e m p e r a t u r e ,  g a s  c o m p o s i t i o n ,  

n u t r i e n t  s u p p l y ,  e t c . )  i s  i n  s e p a r a t i n g  t h e  p r i m a r y  e f f e c t s  

f r o m  s e c o n d a r y  f e e d b a c k  a n d / o r  a d a p t i v e  r e s p o n s e s .  T h i s  i s  

c r i t i c a l  i n  t h e  d e v e l o p m e n t  o f  p r e d i c t i v e ,  m e c h a n i s t i c  mo- 

d e l s .  F o r  e x a m p l e ,  t h e  c o n c e n t r a t i o n  of  C02 d i r e c t l y  a n d  

i m m e d i a t e l y  a f f e c t s  p h o t o s y n t h e s i s ,  p l a n t  r e s p o n s e s  t o  e t h y -  

l e n e ,  a n d  p e r h a p s  a  f e w  o t h e r  m e t a b o l i c  p r o c e s s e s .  A f t e r  

p r o l o n g e d  e x p o s u r e ,  h o w e v e r ,  o t h e r  r e s p o n s e s  a p p e a r  s u c h  a s  

a l t e r e d  c a r b o h y d r a t e  a l l o c a t i o n ,  p r e m a t u r e  s e n e s c e n c e  o f  some 

l e a v e s ,  a n d  e a r l y  f l o w e r i n g  i n  some s p e c i e s .  The  p r o b l e m  

t h e n  i s  t o  d e t e r m i n e  w h i c h  o f  t h e s e  p r o c e s s e s  w e r e  a f f e c t e d  

d i r e c t l y  by  C02 ,  a n d  w h i c h  w e r e  i n d u c e d  i n d i r e c t l y  by  t h e  

p r i m a r y  m e c h a n i s m s .  



,-. 
The b e s t  means  o f  d i s c e r n i n g  p r i m a r y  and  s e c o n d a r y  me- 

c h a n i s m s  i s  c o n t i n u o u s ,  s i m u l t a n e o u s  m e a s u r e m e n t  o f  k e y  

p r o c e s s e s  i n  i n d i v i d u a l  l i v e  p l a n t s  r e s p o n d i n g  t o  s t e p  c h a n -  

g e s  i n  g i v e n  e n v i r o n m e n t a l  f a c t o r s .  U n f o r t u n a t e l y ,  c o n v e n -  

t i o n a l  m e t h o d s  f o r  m e a s u r i n g  many i n t e r n a l  p r o c e s s e s  r e q u i r e  

d e s t r u c t i v e  s a m p l i n g  o f  p l a n t  p o p u l a t i o n s  a t  v a r i o u s  i n t e r -  

v a l s  d u r i n g  a n  e x p e r i m e n t .  S u c h  e x p e r i m e n t s  a r e  t i m e  c o n -  

s u m i n g  a n d  e x p e n s i v e ,  a n d  p r o v i d e  l i t t l e  a s s u r a n c e  t h a t  t h e  

i m p o r t a n t  d y n a m i c  t r a n s i e n t s  a n d  i n t e r a c t i o n s  w i l l  b e  ob-  

s e r v e d *  

I n  t h i s  p a p e r ,  we w i l l  d e s c r i b e  a  c o s t - e f f e c t i v e  me tho-  

d o l o g y  w h i a h  a p p r o a c h e s  t h e  r i g o r o u s  demands  o f  t h e o r y  by 

s i m u l t a n e o u s l y  m o n i t o r i n g  numerous  d y n a m i c  a s p e c t s  o f  c a r b o n  

a s s i m i l a t i o n  a n d  a 1  l o c a t i o n  k i n e t i c s  i n  l i v e ,  i n t a c t  p l a n t s .  

A n a l o g o u s  m e t h o d s  c a n  a p p l y  t o  n i t r o g e n  u p t a k e  a n d  a l l o c a -  

t i o n .  

T h i s  m e t h o d o l o g y  c a p i t a l i z e s  o n  t h e  s p e c i a l  p r o p e r t i e s  

o f  t h e  s h o r t - l i v e d ,  p o s i t r o n - g a m m a  e m i t t i n g  i s o t o p e  "c, 

e s p e c i a l l y  when a p p l i e d  a s  " ~ 0 ~  i n  a  s p e c i a l  " e x t e n d e d  

s q u a r e  wave"  (ESW) p a t t e r n .  A s  i n d i c a t e d  p r e v i o u s l y  ( F a r e s  

e t  a l . ,  1 9 7 8 ;  Magnuson et &., 1 9 8 2 ;  G o e s c h l  e t  a l ,  1 9 8 4 ) ,  -- -- 
t h e  20.4 m i n u t e  h a l f - l i f e  a l l o w s  f o r  r e p e a t e d  o r  c o n t i n u o u s  

e x p e r i m e n t s  on t h e  same p l a n t  o v e r  p e r i o d s  o f  m i n u t e s ,  h o u r s ,  

d a y s ,  o r  weeks .  The s t e a d y - s t a t e  i s o t o p e  e q u i l i b r i u m  a p -  

p r o a c h e d  d u r i n g  t h e  ESW e x p e r i m e n t s ,  a n d  t h e  p a r a m e t e r s  w h i c h  
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c a n  b e  a n a l y z e d  by t h i s  t e c h n i q u e  a r e  a l s o  d i r e c t  r e s u l t s  o f  

t h a t  s h o r t  h a l f - l i f e .  A d d i t i o n a l l y ,  t h e  p a i r e d  .511  MeV 

gamma r a y s  p e n e t r a t e  a n y  a m o u n t  o f  t i s s u e  a n d  t h e i r  180' 

o p p o s i t e  o r i e n t a t i o n  p r o v i d e s  g o o d  c o l l i m a t i o n  a n d  a l l o w s  

c o i n c i d e n c e  c o u n t i n g  w h i c h  n e a r l y  e l i m i n a t e s  b a c k g r o u n d .  

TECHNIQUES 

The 'Ic System. ~ e h e m a t i c a l l y ,  t h e  p r e s e n t  l l c  l a b e l -  

: l i n g  s y s t e m  o p e r a t e s  a s  d e p i c t e d  i n  F i g u r e  I .  I t  h a s  t h r e e  

# b a s i c  c o m p o n e n t s :  
1 

1. An a c c e l e r a t o r  s u c h  a s  a c y c l o t r o n  o r  a  Van d e G r a a f  

a c c e l e r a t o r  i n  c l o s e  p r o x i m i t y  t o ,  a n d  c a p a b l e  o f  

p r o v i d i n g  a  c o n t i n u o u s  s t r e a m  o f  r a d i o a c t i v e  C02 t o :  

2. A p r e c i s e l y  c o n t r o l l e d  p l a h t  g r o w t h  c h a m b e r ;  a n d  

3 . .  A s e t  o f  r a d i a t i o n  d e t e c t o r s  a n d  o t h e r  m e a s u r i n g  

d e v i c e s  c o n n e c t e d  t o  a  s y s t e m  o f  c o u n t e r s  a n d  o t h e r  

o u t p u t  d e v i c e s  w h i c h  a r e  o n - l i n e  t o  a  c o m p u t e r .  

C 0 2  i s  c o n t i n u o u s l y  f e d  i n t o  t h e  a c c e l e r a t o r  t a r g e t  c h a m b e r  

w h e r e  i t  i s  a c t i v a t e d  t o  a m i x t u r e  o f  g a s e s  i n c l u d i n g  "CO. 

T h e  r a d i o a c t i v e  m i x t u r e  i s  p i p e d  t h r o u g h  a  c h e m i c a l  c o n v e r -  

s i o n  s y s t e m  t o  r e m o v e  u n w a n t e d  g a s e s  a n d  t o  c o n v e r t  t h e  "CO 

t o  1 1 c 0 2 .  . T h e  l a b e l l e d  C 0 2  i s  t h e n  m i x e d  i n  t h e  p r o p e r  

p r o p o r t i o n s  w i t h  a  s t a n d a r d  a t m o s p h e r e  a n d  p i p e d  i n t o  a  

c l e a r ,  p l a s t i c  p h o t o s y n t h e s i s  c h a m b e r  a t t a c h e d  t o  t h e  t e s t  

p l a n t  l e a f  w h e r e  b o t h  1 2 . ~ , 0 2 : a n d  . 1 1 c 0 2  a r e  t a k e n  u p  b y  t h e  

p l a n t  a n d  c o n v e r t e d  by p h o t o s y n t h e s i s  i n t o  c a r b o h y d r a t e s .  

M o v e m e n t  o f  t h e  l l c - l a b e l l e d  p h o t o s y n t h a t e s  t h r o u g h  t h e  t e s t  

p l a n t  i s  m o n i t o r e d  by a  s e r i e s  o f  d e t e c t o r s  a t t a c h e d  a t  
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c h o s e n  p o i n t s  o n  t h e  p l a n t .  V a r i o u s  c h e m i c a l  a n d  p h y s i c a l  

s e n s o r s  m e a s u r e  s y s t e m  c o n d i t i o n s ,  g a s  e x c h a n g e ,  and  o t h e r  

p l a n t  r e s p o n s e s .  T h a t  d a t a  i s  c o l l e c t e d ,  s t o r e d ,  a n d  d i s -  

p l a y e d  i n  a  c o m p u t e r  s y s t e m  t o  p r o v i d e  r e a l - t i m e  e x p e r i m e n t  

m o n i t o r i n g .  

F i g u r e  1. Schemat ic  of t h e  e x i s t i n g  l l c  System. Loser r i g h t  

- beam l i n e  and t a r g e t  chamber; Lower l e f t  - c h e m i e a l  p roces -  

S i n g  sys tem;  Upper l e f t  - g a s  mixing and measurement; Upper 

r i g h t  - p l a n t s  w i t h  l e a f  chambers and d e t e c t o r s .  ( E l e c t r o -  

n i c s  and coraputer a r e  n o t  shown); C e n t e r  - o u t p u t  g a s  mea- 

su rement  and c a l i b r a t i o n  system, The components b l o c k e d  

w i t h  h e a v y  ( d o u b l e )  l i n e s  a r e  t h e  p o i n t s  a t  which low p r e s -  

s u r e  moddf i c a t i o n  would be  made, 
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T h e  E x t e n d e d  Square Wave- F i g u r e  2 p r e s e n t s  t y p i c a l  

r e s u l t s  o f  a  l l c  s t u d y  o f  c a r b o n  a s s i m i l a t i o n  a n d  a l l o c a t i o n  

i n  a  p l a n t .  T h e s e  d a t a  a r e  a n a l y z e d  b y  c o m p u t e r  a l o n g  w i t h  

t h e  g a s  e x c h a n g e  d a t a .  B a s e d  o n  t h e s e  c a l c u l a t i o n s ,  t h e  

f o l l o w i n g  p a r a m e t e r s  c a n  b e  e s t i m a t e d :  

1. T r a n s p i r a t i o n  

2 .  L e a f  T e m p e r a t u r e  
s t o m a t e  c o n d u c t a n c e  

3. N e t  P h o t o s y n t h e s i s -  R a t e  (CER) 

4. R a t e  o f  p h o t o s y n t h a t e  s t o r a g e  i n  t h e  l e a f  

5. R a t e  o f  p h o t o s y n t h a t e  e x p o r t  

6. E x p o r t  p o o l  " s i z e t r  o r  c o n c e n t r a t i o n  

7 .  E x p o r t  p o o l  t u r n o v e r  t i m e  

8. S p e e d  o f  t r a n s l o c a t i o n  

9.  C o n c e n t r a t i o n  o f  t r a n s l o c a t e s  

10 .  U n l o a d i n g  r a t e s  a t  v a r i o u s  s i n k s  

EXAMPLES OF RESULTS 

E v a l u a t i o n  of  Genotypes .  A p p l i c a t i o n  o f  t h e  t e c h n i q u e  

t o  t h e  p r o b l e m  o f  c o m p a r i c g  g e n o t y p e  p r o d u c t i v i t y  p o t e n t i a l s  

r e s u l t s  i n  a  g e n z t i c  p e r f o r m a n c e  h i s t o g r a m  l i k e  F i g u r e  3. 

The h i s t o g r a m  p i n p o i n t s  t h e  g e n e t i c a l l y  c o n t r o l  l e d  l i m i t i n g  

p r o p e r t y  i n  a  p a r t i c u l a r  g e n o t y p e .  I n  t h e  e x a m p l e  shown,  

e a c h  b a r  r e p r e s e n t s  t h e  r a t i o  o f  a n  a c t i v i t y  o r  p r o p e r t y  o f  a 

M i s s i s s i p p i  g e n o t y p e  o f  t h e  C 4  g r a s s  E c h i n o c h l o a  c r u s - g a l l i  

d i v i d e d  b y  t h e  same a c t i v i t y  o r  p r o p e r t y  o f  a  Q u e b e c  geno-  

t y p e .  The Quebec  b i o t y p e  i s  a d a p t e d  t o  s h o r t  g r o w i n g  s e a -  

s o n s ,  a n d  t h u s  h a s  a  v e r y  r a p i d  r a t e  o f  d r y  w e i g h t a c c u m u l a -  

t i o n  f o r  t h e  f i r s t  f o u r  weeks  o f  g r o w t h  c o m p a r e d  t o  t h e  
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Figure 2. Raw data taken i n  r e a l - t i n e  of a  t y p i c a l  "C ae ta -  

bo l i sm experiment. These t raaes  are  s tored  d i g i t a l l y  and 

r e a a l l e d  f o r  a n a l y s i s  a s  needed. Eaah t race  represents  the  

c a l c u l a t e d  ?'c oonaentrat ion a t  a  d i f f e r e n t  p o s i t i o n  on the  

p l a n t  shown sahemat iaa l l y  t o  the r i g h t  o f  the traee .  

-- 
A. 

M i s s i s s i p p i  b i o t y p e  ( P o t v i n  -- e t  a l . ,  1 9 8 4 ) .  The u p p e r  f i v e  

o p e n  b a r s  r e l a t e  g r o w t h  a n d  n e t  p r o d u c t i v i t y  o f  t h e  g e n o -  

t y p e s .  The r e m a i n i n g  o p e n  b a r s  r e p r e s e n t  p r o c e s s e s  i n v o l v e d  

i n  t h e  r a t e  o f  d r y  w e i g h t  g a i n .  The s o l i d  b a r s  r e p r e s e n t  

some o f  t h e  p l a n t ' s  g e n e t i c a l l y  c o n t r o l l e d  p r o p e r t i e s  w h i c h  

c o n t r o l  t h o s e  p r o c e s s e s .  

f 
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F i g u r e  3, G e n e t i c  Performance  Histogram ( G P H )  of c o o l  c l i -  

m a t e  and w a r m  c l imate  b i o t y p e s  of  ba rnyard  g r a s s  E e h i n s c h l o a  

c r u s - g a l l i .  A - Comparison of performance  of  t h e  two bio-  

t y p e s ;  B - Morning v e r s u s . a f t e r n o o n  performance  of  t h e  b io-  

types .  Each b a r  r e p r e s e n t s  a n  a c t i v i t y  o r  p r o p e r t y  o f  t h e  

M i s s i s s i p p i  b i o t y p e  d i v i d e d  by the same a a t i v i t y  o r  p r o p e r t y  

of  Quebea. 

To f i n d  t h e  g e n e t i c a l l y  c o n t r o l l e d  p a r a m e t e r s  r e s p o n s i -  

b l e  f o r  t h e  l o w e r  p r o d u c t i v i t y  o f  t h e  M i s s i s s i p p i  g e n o t y p e ,  

b e g i n  a t  t h e  b o t t o m  o f  t h e  h i s t o g r a m  a n d  m o v e  u p w a r d  t o  t h e  

f i r s t  s o l i d  b a r  t o  t h e  r i g h t  o f  t h e  a x i s .  I n  t h i s  c a s e ,  t h a t  

b a r  r e p r e s e n t s  t h e  c o n c e n t r a t i o n  o f  e x p o r t a b l e  p r o d u c t s  i n  

t h e  l e a f .  T h i s  s u g g e s t s  t h a t  l o a d i n g  o f  t h e s e  p r o d u c t s  i n t o  

t h e  p h l o e m  t r a n s p o r t  s y s t e m  i s  a  m a j o r  l i m i t a t i o n ,  a s  f u r t h e r  
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r e f l e c t e d  i n  t h e  s l o w  t u r n o v e r  t i m e  o f  t h e s e  p r o d u c t s  a n d  t h e  

i n c r e a s e d  r a t e  o f  s t o r a g e .  I f  p h o t o s y n t h e s i s  per se w e r e  l i m i -  

t i n g  i n  t h e  M i s s i s s i p p i  g e n o t y p e ,  o n e  w o u l d  e x p e c t  s t o r a g e  a n d  

e x p o r t  p o o l s  t o  b e  l o w e r ,  i.e., t h e s e  s o l i d  b a r s  w o u l d  b e  t o  t h e  

l e f t  o f  t h e  a x i s .  

Sources of  variability. D i f f e r e n c e s  i n  t h e  r a t e s  o f  

v a r i o u s  p r o c e s s e s  a n d  t h e  p r o p e r t i e s  w h i c h  c o n t r o l  t h o s e  p r o -  

c e s s e s  a r e  o f t e n  a s  g r e a t  b e t w e e n  m o r n i n g  a n d  a f t e r n o o n  a s  

t h e y  a r e  b e t w e e n  g e n o t y p e s .  I n  F i g u r e  3-b,  d a t a  a r e  b a s e d  o n  

t h e  a f t e r n o o n / m o r n i n g  ( P M I A M )  b e h a v i o r  ( i n  c o n t r o l l e d  e n v i -  

r o n m e n t  c o n d i t i o n s )  o f  t h e  same p l a n t s  shown  i n  t h e  Missis- * 

s i p p i / Q u e b e c  c o m p a r i s o n  ( F i g u r e  3-a) .  N o t e ,  p a r t i c u l a r l y ,  

t h a t  i f  o n l y  t h e  n o r m a l  p a r a m e t e r s  o f  n e t  p h o t o s y n t h e s i s  

(CER), t r a n s p i r a t i o n ,  a n d  l e a f  t e m p e r a t u r e  w e r e  m e a s u r e d ,  

l i t t l e  d i f f e r e n c e  w o u l d  b e  o b s e r v e d .  

O t h e r  s i m i l a r  s o u r c e s  o f  v a r i a t i o n  i n c l u d e s  r e c o v e r y  o f  

p l a n t s ,  f r o m  e x p e r i m e n t a l  " s e t - u p "  p r o c e d u r e s ,  e f f e c t s  o f  d a y /  

n i g h t  t e m p e r a t u r e s ,  o r  p o t  s i z e .  The i m p o r t a n t  p o i n t  i s  t h a t  

many o f  t h e  p h y s i o l o g i c a l  r e s p o n s e s  w o u l d  n o t  b e  d e t e c t e d  

w e r e  i t  n o t  f o r  t h e  r e a l - t i m e ,  n o n  d e s t r u c t i v e  n a t u r e  o f  t h e  

s h o r t - l i v e d  i s o t o p e  m e t h o d s .  

CONCLUSIONS 

T h e s e  t e c h n i q u e s  h a v e  b e e n  u s e d  t o  o b s e r v e  o t h e r  p h e -  

nomena ,  some o f  w h i c h  h a d  n o t  b e e n  p r e v i o u s l y  o b s e r v e d ,  b u t  

were p r e d i c t e d  f r o m  b i o p h y s i c a l - t h e r m o d y n a m i c  t h e o r y  o f  
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c a r b o n  t r a n s p o r t  i n  p l a n t s  ( D e M i c h e l e  et G., 1 9 7 8 ;  G o e s c h l  

e t  a 1  1 9 7 6 ;  Magnuson et s., 1979) .  One o f  t h e s e  phenome- - - 3  

n a ,  t h e  s p o n t a n e o u s  b l o c k i n g  a n d  u n b l o c k i n g  of  p h l o e m  t r a n s -  

p o r t  ( G o e s c h l  -- e t  a l . ,  1 9 8 4 ) ,  was p a r t i c u l a r l y  s t r i k i n g  when 

o b s e r v e d  w i t h  o u r  u n i q u e  ''c s t e a d y - s t a t e  l a b e l l i n g  s y s t e m .  

A l s o ,  w e  h a v e  r e c e n t l y  r e p o r t e d  e x p e r i m e n t a l  e v i d e n c e  s u p -  

p o r t i n g  a n  h y p o t h e s i z e d  r o l e  o f  t h e  p h l o e m  t r a n s p o r t  s y s t e m  

i n  t h e  r e s p o n s e  o f  p l a n t s  t o  d r o u g h t  s t r e s s  ( G o e s c h l  et &., 

1 9 8 4 ;  F a r e s  e t  a l . ,  1 9 8 4 ) .  

The a b o v e  o b s e r v a t i o n s  i l l u s t r a t e  t h e  p o t e n t i a l  c a p a b i -  

l i t i e s  o f  t h e  s h o r t - l i v e d  i s o t o p e  l a b e l l i n g  t e c h n i q u e s  a s  

means  t o  ( 1 )  e v a l u a t e  t h e  p e r f o r m a n c e  o f  p l a n t s  i n  s p e c i a -  

l i z e d  e n v i r o n m e n t s ;  ( 2 )  d i s t i n g u i s h  a n d  q u a n t i f y  p r i m a r y  

e n v i r o n m e n t a l  e f f e c t s  a n d  s e c o n d a r y  p h y s i o l o g i c a l  a d a p t a -  

t i o n s ;  a n d  (3 )  p r o v i d e  v a l i d a t i o n  s n d  f u r t h e r  d e v e l o p m e n t  o f  

p r e d i c t i v e ,  m e c h a n i s t i c  p l a n t  n o d e l s  f o r  u s e  i n  t h e  e n g i -  

n e e r i n g  d e s i g n  a n d  management  o f  s p a c e  h a b i t a b i l i t y  s y s t e m s .  
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POTATO LEAF EXPLANTS AS A SPACEFLIGHT PLANT TEST SYSTEM 

Raymond M. Wheeler, Department of Horticulture, University 
of wisconsin-Madison, Madison, WI 53706 

 he advent of regular flights of the Space Shuttle has 

provided an excellent opportunity for scientists to examine 

the effects of near weightlessness on plant growth and 

development. However testing during shuttle flights is 

faced with significant constraints. Among the more obvious 
- ,  

of these constraints are: 1) the relatively short duration 

shuttle flights, the limited time microgravity , 
2) limitations on the size of the test package, and 3) 

difficulties in maintaining a high degree of environmental 

control. The first constraint is relatively fixed, while 

the latter two have some degree of flexibility but are 

limited from a practical standpoint of cost and electrical 

power requirements to run experiment growth chambers; in 

particular, the power constraint could severely limit levels 

of cooling control and irradiation for photosynthesis. 

These impasses can be circumvented if plant materials and 

experiments are chosen accordingly, e.g. the seedling 

experiments of Cowles et al. (1984) and Brown and Chapman 

(1984). Unfortunately, from a perspective of developing a 

higher-plant "CELSSV for long duration spaceflight, it may 

be difficult to extrapolate results from seedling studies to 

mature, whole-plant phenomena such as flowering, fruiting, 

tuber, and tuberous root development (Wheeler and Tibbitts, 



1984). Yet to evaluate and justify further ground-based 

testing of potential crops for spaceflight, it would be 

beneficial to gather information on the progression of 

advanced plant development under microgravity as soon as 

possible. 

Clearly it will be impossible to grow candidate food 

crops through a full life cycle during Shuttle flights. 

However use of excised tissue or organs from Earth-grown 

plants may provide an alternate approach to study advanced 

stages of plant growth and development. For such an 

approach, it is important to bear in mind that initial 

development of tissue occurs under a 1-g environment, and 

these effects would have to be taken into account with 

appropriate controls. Whether the plant tissues sustain a 

llmemory'f of 1-g environment that affects later development 

is a not known and solving this likely will come only when 

full-term growth studies can be conducted. 

The potato, Solanum tuberosum L., is one of several 

food crops selected for early investigation for CELSS 

studies (Tibbitts and Alford, 1982), and it has been known 

for many years that axillary buds of potato leaves have the 

ability to develop into a variety of stem forms (~ochting, 

1887). By excising a potato leaf and its subtended axillary 

bud and maintaining it in a humid environment, the bud can 



be forced to develop rapidly (Gregory, 1956;   wing, 1978). 

The growth form expressed by the bud appears to be directly 

controlled by inductive state of the mother plants (Ewing, 

1978); namely, leaf cuttings from induced plants ( i . e . ,  

plants that were grown in an environment promotive of tuber 

formation) will produce tubers at the axillary bud; in 

contrast, cuttings from non-induced plants tend to produce 

leafy upright shoots, while intermediate states of induction 

result in intermediate responses such as stolons 

(horizontal, leafless stems) or elongation tubers (~ig. 1). 

Figure 1. Drawings of axillary bud development of potato 
leaves 10-14 days after excision. (A) round sessile tuber 
on cutting taken from a plant induced to tuberize; (B) 
elongated tuber and (C) stolon from partially induced 
plants; (D) upright leafy shoot from non-induced plant. 

studies using excised potato leaves commonly involve 

placing the cuttings in mist beds or humidity chambers with 



the basal cut end buried in a moist growing medium (Kahn et 

al., 1983). The buried buds develop into discernible growth 

forms within 4-5 days of excision, although 10 to 14-day 

growth cycles are frequently used to obtain full 

development. Nearly all leaves are capable of producing 

axillary bud growth after excision, but young, fully 

expanded are most effective (Kahn et al., 1983). 

By knowing that the bud growth of leaf cuttings is 

controlled by the degree of tuber induction in the mother 

plant, one can control the leaf cutting response by 

controlling the growth of the mother plant. For example, 

tuberization of potato is known to be promoted by short 

photoperiods, cool temperatures, and high irradiance levels 

(Gregory, 1956; Ewing, 1978), thus growing - plants under 

these conditions will lead to leaf cuttings which 

consistently yield tubers. Extending the photoperiod, 

particularly with dim light, shifts the cutting response 

toward leafy shoots. ,Similarly, increasing the temperatures 

(e.g. > 20°c) shifts the response toward leafy shoots, 

particularly in combination with long photoperiods. Hence 

the potential exists for using potato leaf cuttings to test 

a variety of stem growth phenomena. 

cuttings that form sessile tubers in the leaf axils 

tend to produce th.e most biomass during 10 to 14-day growth 



cycles (Kahn et al., 1983). Starch deposition and cell 

division increase rapidly in the buds following excision, 

while proteins specific to tubers can be detected within 48 

h (Duncan and Ewing,-1984; Paiva et al., 1983). Thus the 

enlarging tubers at che leaf axils appear to be 

physiologically and anatomically similar to tubers formed on 

stolons of intact plants (Duncan and Ewing, 1984'; Paiva et 

al. 1983). 

Leaf cuttincrs in  the:^^^ to study tuber crrowth. The size of . 

potato leaves should pose little or no problem with regard 

to fitting small growth chambers such as the 1-liter PGC's , 

of NASA's plant growth unit (PGU). Young, near-fully to 

fully expanded leaves can range from 10 to 20 cn length, 

depending on the cultivar and growing conditions. As with 

tuber induction, the size of potato leaves also can be 

controlled by environmental factors; therefore, it should be" 

possible to selectively grow and choose leaves which 

maximize the available volume of the growth chambers. This 

may be an important consideration for maximizing total 

growth of the leaf cutting bud which appears to vary 

directly with leaf aPea (Kahn et al., 1983). 

Typically, tuber formation is not visible until 3 to 4 

days after excision but enlargement then proceeds rapidly 

(Fig. 2). To date, shuttle flights have averaged 7 days 2 2 :  



days (Halstead and Dutcher, 1984) indicating approximately 

0.5 g of tuber fresh mass could be obtained during an 

average shuttle flight (Fig. 2). The yields could be 

substantially increased (to 1.0 to 2.0 g) by excising leaves 

4 to 5 days prior to launch thereby shifting the final 

harvest to 11 or 12-days-age. In this case, the rapid 

growth stage of bud development could be studied during 

microgravity. 

Figure 2. Growth of tubers in axils of potato leaf 
cuttings. 

Leaf cuttings grown in humid environments for 14 days 

can show up to 50% increases in total fresh mass, most of 

which can be accounted for strictly by bud growth. This 

indicates that bud growth is driven by photosynthesis rather 

than a reallocation of existing leaf carbohydrate. Thus 



irradiance levels may be a limiting factor for bud growth. 

To test this, cuttinqs from induced plants were grown under 

different irradiance levels obtained with varying amounts of 

neutral white shading. After 14 days, cuttings grown under 

225 pmol s'lm-2, a level similar to that used in our past 

studies, produced tubers averaging 2.3 g fresh mass; in 

comparison, cuttings grown under 7 5  p mol s'lm-2, a level 

similar to that produced by the fluorescent lamps in the 

PGU, averaged nearly 2.0 g fresh mass. It appears then that 

bud weight gains can be enhanced by increasing the 

irradiance level, but good tuber growth can be obtained 

under 75 pmol ~'lrn-~. Therefore, the light levels available 

in a growth module such as the PGU should not be limiting 

for potato leaf cutting growth. 

1.5 cv. Norchip 

Figure 3. Comparison of tuber growth on 14-day-old potato 
leaf cuttings grown in peat-vermiculite (50:50 v/v), sand, 
and 0.6% agar. Standard deviations are shown. 



Solid media such as sand'or a peat-vermiculite mixture 

(50:50 v/v) sustain good leaf* cutting growth, while a 0.6% 

agar medium does not (Fig. 3). The 'peat-litel medium is 

light weight and has a high water holding capacity; also, 

this medium has been used effectively for spaceflight tests 

with sunflower seedlings (Brown and Chapman, 1984). 

Fu'rther testins with leaf cuttinss. Conceivably potato leaf 

buds could be grown in sterile-culture vessels on a sugar- 

supplemented medium thereby'eliminating the need for the 

attached leaf and greatly reducing the overall size 

(Gregory, 1956; Ewing and Senesac, 1981). This approach 

would require complete surface sterilization of the test 

materials but the reduced size would permit increased sample 

numbers and easier accommodation to further experimental 

manipulation, such as spaceflight centrifugation. 

The utility of potato leaf cuttings as a plant test 

system need not be confined strictly to the study of potato 

tuber (or other stem form) growth and development. The 

vitality and persistence of these explants makes them 

excellent candidates for potential photosynthesis, 

respiration, or other gas exchange studies as well as 

simplified source-sink models for carbohydrate translocation 

and metabolism experiments. 



Summarv. The use of explant tissues or organs may 

circumvent limitations facing whole-plant experimentation 

during spaceflight. In the case of potato, a crop currently 

being studied for application .to bioregenerative life 

support systems, excised leaves and their subtended axillary 

buds can be used to test a variety of stem growth and 

development phases ranging from tubers through stolons 

(horizontal stems) to upright leafy shoots. The leaves can 

be fit well into small-volume test packages and sustained 

under relatively low irradiance levels using light-weight 

growing media. Tubers formed on potato leaf cuttings can 

yield up from 0.5 to 1.0 g fresh mass 10 days after excision 

and up to 2.0 g or more, 14 days from excision. 
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ABSTRACT 

All llfe on earth has developed under the 24 hr light dark 

cycle dictated by the earth's daily rotation. There is little 

information on the degree to which plant qrowth is obliqated 

to this 24 hr cycle nor the effect of short cycle length on , . .  

growth. In a series of experiments using suqar beets, we 

investigated the effects of varying cycles lengths on qrowth 

(0.37 hr to 48 hr). Each cycle was equally dlvided lnto a 

light and dark period so that each treatment regardiess of 

cycle length received the same amount of light over t h e  17 

weeks of the experiment. We used two growth parameters to 

evaluate the effects of cycle length, total fresh weiuht and 

sucrose content of the storaqe root. Both parameters showed 

very similar responses in that under long cycles (12 nr or 

greater) growth was "normal", whereas plants growing under 

shorter cycle periods were proqressively inhibited. Mlnimum 

growth occurred at a cycle period of 0.75 hr. The yield at the 

0.75 hr cycle, where was at a minimum, for total fresh weluht 

wae only 51 percent compered to the 24 hr cycle. 'fne yield of 

sucrose waa even more reduced at 41 percent of the 24 hr 

cycle. 



INTRODUCTION 

In recent years . much effort has been nut $orth t o  iearn 
how t o  grow plants in a controlled ecological life support 

system (CELSS) type environment (Wheeler and Tibbitts, 19841. 

These efforts are reflected in the Total a iarge number of 

NASA-sponsored workehops and symposia (Tibbitts end Alfora, 

1980: Moore et a1.,1982; Fabricant, 1983) that have been and 

are planned t o  be held, and in the lncreasinq number of papers 

published on thls subject. Generally, the research has been 

directed toward the selection of candidate species, cultural 

methods and strategies t o  maximize food production In the 

minimum of time and space. Attention is now turninq t o  

concepts of how-to maximize production per unit of enerqy 

used.Thue lighting becomes of concern due to ~ t s  high energy 

demands. The energy requirement of liqht for photosynthesis 

can be managed through the manipulation of intenaity, duration 

and integration time wise with other enerqy requirinq 

functions. 

The proposed space station in low earth orbit will be in 

sunlight for approx~mately one hour and darkness 30 min. of 

each orbit, i.e. and orbital photoperiod. Thus the available 

power from solar panels or direct sunlight will cycle on and 

off every 90 mln. This means that any horticultural system 

growing plants on a 24 hr cycle will require engineerinq 

support. The question which arises from this is whether from a 

horticultural point of view there are significant benefits 



from growing on a 24 hr cycle or is it posalble to achleve 

adequate plant production independent of cycle lenqth. because 

of the orbital photoperiod which the proposed space station 

will occupy it is desirable to known if suqar beet, a plant 
i 

selected for CELSS (Tibbitts and Alford 1980) is affected by 
. - 3  

cycle length. 

. . * I .  

METHODS A N D  MATERIALS 

Ten seedballs of sugarbeet (Beta vulgaris L.), equally 

apaced, were placed in 8 circle 12 cm In diameter, and planted 

to a depth of 2.0 cm in No. 2 vermiculite contained In 
1 1  I .  

20-liter pots lined with 1.5-ml polyethylene liners. The 

seedlings as they grew were gradually thinned to two plants . - . , * * , -  

per pot. The plants were watered daily with one-half strength 

Hoeglands nutrient solution (Hoagland and Arnon 1950) modified 

to include 0.5 m M  NaCl (Ulrich et al. 1958). Plants from the 

time of planting to harvest were grown in controlled 
I 

environment chambers (127 X 249 X 137 cm.). The temperature 

was a constant 20 degrees C and illumination was 650 

uE/cm2/sec of photoeyntheticolly active radiation supplied 

80% by cool-white VHO fluorescent lamps and 20% by 

incandescent 1amps.The relative humidity was not controlled 

but was approximately 70% ambient C02 was used wlth about 

20% make up air. A sinqle growth chamber was used for each 

treatment. At the start of the experiment each chamber 

contained thirty-two LO-liter pots placed in a 4-row b y  8- 

column pattern. Each harvest consisted of eight plants with 



t w o  plants taken from each column. At the flnal harvest eacn 

chamber had a single row of eight pots along the center of the 

chamber. Plants were harvested at 5, 9, 13 and 17 weeks after 

planting. Fresh weights of tops and storage roots were taken 

on a pot basis and dried in a 70 degree oven for dry weiqhts. 

Samples of pulp from the etorage root were analyzed for 

sucrose. 

RESULTS AND DISCUSSION 

Figure 1 shows total yield fresh weight as a function o* 

cycle length ( cycle length in this paper is expressed as the 

sum (hr) of a consecutive light and dark period). 

FIGURE 1 The total fresh weight per pot including the 
storage root (average of 8 pots/2 plants each in grams). <1P = 
9 weeks; + = 13 weeks; X = 17 weeks) 



The three curves show the total fresh weight for harvests 

at 9, 13 and 17 weeks ae a function of cycle t~me. The curve 

depicting the 9 week harvest for total fresh weight clearly 

shows that at a cycle time of 0.75 hr there occurs a minimum 

in yield. Yield increasee at both longer end shorter cyclee 

times. However the largest yields are always associsted wlth 

the longer cycle times. The 17 week yield curve also shows a 

minimum at 0.75 hr cycle time. However in this curve the 

difference in yield between the longer and shorter cycle times 

is much more pronounced. This seems to indicate that as the 

plant agea, that the longer cycle tlmes become more important 

in relation to yield. The importance of the yield minimum at 

0.75 hr may only be in its relationship to the mechanism of 

action of this cycle phenomena. The response of the 13 week 

harvest as would be expected is somewhat intermediate between 

the other two harvests. 

The curves in figure lare a composite of two ex~erlments 

run at different times in a single set of qrowth chambers one 

experiment covered cycle txmes from 0.87 to 1.5 hr and the 

other from 1.5 to 48 hr.. Although the environmental 

parameters and cultural prscticee were designed to be 

identical for both experiments. The experiment with the longer 

cycle treatments did show differences in yield in the 

overlapping treatment at 1.5 hr cycle time. Thls is most 

clearly shown in the 17 week harvest by an offset in the sraph 

at the 1.5 hr cycle time where the two experiments have an 

569 



overlapping treatment( figure 2). 

C.'f !:I-E LEf  !'3 T+! H F  
FIGURE 2 Total fresh weight without normalization of the 

data from the experiments with the longer cycle length~~l.5 to 
48 hr. 

( B P  = 9 weeks; + = 13 weeks: X = 17 weeks) 
This difference between experiments, run at different 

times but in the same set of growth chambers, in the 

nonnormalized curves does provide additional evidence that 

common cultural practices, although they do affect yield, do 

not seem to affect the observed responses related to cycle 

time. 

The yield differences shown in figure 1 are not small in 

that even a conservative estimate indicates a yield of 50 to 

30 percent for weeks 9 and 17. Thus if the growth differences 

are calculated for the 9 week harvests for the lonqer cycles 

(12 to 48 hr) and compared with the 0.75 hr cycle plants (45 

min) there rs a difference of 66 percent. Wnen calculated for 

the 17 week harvest the yield difference 1s decreased but 18 

still 50 percent. Slmilar cycle treatments to buckwheat and 

cosmos by Garner and Allard (1931) showed an even greater 



yield difference, in some cases as much as 88 fold difference. 

The yield curves for the three different harvest dates all 

show the same general shape curve in that there is a minimum 

at the 0.75 hr cycle time with higher yields at both shorter 

an longer cycle times. However the size of the mlnimum at 0.75 

hr is leas at the later harvests. The high degree of 

parallelism between the curves for these three harvests is 

strong evidence that this phenomena is related to the variable 

of this experiment, cycle time rather tnan some specific 

aspect of a certain phase of growth and development. These 

sugar beets at the time of the 17 week harvest were larqe 

plants, thus these plants have passed through all the urowth 

stages up to flowering. 

Sugar beets are rather unique in that, in adaitlon to 

total biomass being a good index of yield, the percent sucrose 

in the storage root is an excellent index of the amount of 

photoeynthate available to the plant in excess of its needs 

for immediate growth. Thus if the concentration 02 sucrose is 

graphed as a function of cycle time it ehou1.d provide a 

independent evaluation of the effects of cycle time on 

photosynthesis versus other aspects of plant growth and 

development. Figure 3 shows this graph where there is also a 

minimum in eucrose concentration at the 0.75 hr cycle tlme 

which continues up to the 13 week harvest. 



ORIGWAE PAGE i% 
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FIGURE 3 Sucrose vercentage In the storase root. Each 
harvest curve is the average of 8 pots/ 2 plants eacn. (9 = 9 
weeks: + = 13 weeks; X = 17 weeks) 

Thls minimum in sucrose concentratlon occurs in 

conjunction with a minimum in blomaes. If the photosynthetic 

capacity of the plant had remalned the same. t h e n  rn the 

presence of reduced qrowth as occurrea unaer t.he 0.75 hr cycie 

it would be expectea that the sucrose concentration woula nave 

risen. However as eeen in figure 3 there is aiso a minlmum In 

sucrose concentration. This reduction in sucrose concentraclon 

has to be related to a qreater effect of the cycle treatment 

on the photosynthetic mechanism than the rest of the plants 

growth and development. 

However at the 17 week harvest there does not appear to be 

a minimum but rather a constant decline in sucrose 



concentration with decreasing cycle time. This seems to imply 

that at the 0.75 hr cycle time there 1s a minimum in tne 

amount of photosynthate available for srowth. All ~ l a n t s  ln 

these experiments received the same amount of total Ilqht the 

only difference being cycle lenqth. Thus the observed 

difference can not be related to differences in tne amount of 

light received but only to dxfferences in the piants ablllty 

to utilize this liqht. The work of Bonde (1955) showea a 

minimum in chlorophyll content in the leaves of cocklebur 

under cycle times less than an nour. He also ~naicaced that 

the chloraphyll decrease was equally noticeable at three liaht 

intensities 500. 1000. and 1500 FC. However he reached the 

conclusion that yield reductlon was not due to etfects on the 

photosynthetic mechanism because sucrose sprays had no 

offsetting effects on yield reductlon cBonde 1956). 

Unfortunately he dld not determine if in fact the sucrose was 

absorbed by the plant. The change in the characteristlcs oi 

the curve at the 17 week harvest in (flqure 3 )  to lust a yield 

decrease at shorter cycles times rather than the ciear uisplay 

of a minimum at 0.75 hr seems to suggest that there ls a 

degree of adaptation with ase to at least one aspect of the 

reduction in photosynthate. Tne consrstent decrease oz sucrose 

percentaqe with decreasing cycle lenqth compared with the 

break in slope (at the 12 nr cycle length oi m e  total fresh 

welght in the 17 week harvest (figure 1) would suqqest that 

with increasing aqe longer cycle lengths may be more 



favorable. 

FIGURE 4 Total sucrose per pot. Each harvest curve 1s the 
average of 8 pots/ 2 plants each. <4B = Y weeKs: + = 13 weeKs;  
X = 17 weeks) 

The amount of sucrose accumulated in the root as a 

functlon of cycle lenqth and harvest date is shown In flqure 

4. Thls aspect of y ~ e l d  also shows the same qeneral trend In 

that increased yield is definitely associated wlth lonqer 

cycle lengths, 12 hr or longer. The hlgher yiela at the 

shorter cycles compared to the 0.75 hr cycle could be a very 

important factor in determlnxng the mechanism of action but 

there is still a 30 percent decrease in comparison to the 

longer cycles. This seems to indicate that the longer cycle 

times will be necessary for the nlqher growth rates. These 

observed responses to cycle lenqth is not predictable from 

standard text book plant pnysioloqlcal principles.The 

experiments reported here show that the plants response to 



differences in the llqht dark cycle lenqth even thouqh the 

total light recieved during the duratlon of the experiment was 

identical. 
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INTRODUCTION 

The o v e r a l l  o b j e c t i v e  o f  t h e  research e f f o r t  a t  Nor th  Carol ina Sta te  

U n i v e r s i t y  i s  t o  cont inue development o f  a dynamic p l a n t  growth model t h a t  

i s  capable o f  s imula t ing  d r y  ma t te r  p r o d u c t i v i t y  and d i s t r i b u t i o n  i n  response 

t o  environmental cond i t ions .  We have repor ted  progress i n  model development 

i n  a previous paper i n  t h i s  volume. Inherent  i n  mechanist ic models t h a t  

descr ibe the  dynamics o f  p l a n t  growth should be t h e  i n t e r r e l a t i o n s h i p  between 

r o o t  f u n c t i o n  o f  supplying n i t rogen  and the  shoot f u n c t i o n  of supply ing 

photosynthate. We have proposed a conceptual model (F igure 1) which des- 

c r i b e s  n i t rogen  uptake i n  p l a n t s  as a func t ion  o f  t h e  balance between r o o t  

and shoot a c t i v i t i e s  (Raper -- e t  al. ,  1976, 1977, 1978). According t o  t h i s  

model, n i t rogen  uptake i s  regu la ted by the  balance between the  demand f o r  

carbon and n i t rogen  products w i t h i n  the  var ious p l a n t  par ts ,  and thus the  

subsequent balancing of n i t rogen  f l u x  i n t o  t h e  shoot and carbohydrate f l u x  

i n t o  t h e  root .  Since absorp t ion  o f  n i t rogen  by r o o t s  i s  an a c t i v e  process 

t h a t  requ i res  metabol ic a c t i v i t y ,  n i t rogen  uptake i s  responsive t o  l e v e l  of 

so lub le  carbohydrate i n  the  r o o t  (Raper -- e t  a l . ,  1938). Uninterrupted uptake 

o f  n i t rogen  by roots ,  which a r e  i n h e r e n t l y  low i n  so lub le  carbohydrate 

(Raper e t  al . ,  1976, 1978), thus i s  dependent upon concurrent  t r a n s l o c a t i o n  

o f  so lub le  carbohydrate from the  shoot. 
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F igure 1. Scheme f o r  balancing the n i  trogen-supplying funct ion of roo ts  w i t h  
the carbon-suppJying func t ion  o f  shoots. N. and No i nd i ca te  inorganic 
dons (NO; o r  NH4) and organic. products o f  n j  t rogen ass imi la t ion.  

An assumption i n  the model i s  t h a t  when photosynthate i n  the shoot (leaves 

and stems) i s  l im i t ed ,  i t  i s  pa r t i t i oned  w i t h i n  the p l an t  according t o  the scheme 

o f  Thornley (1976). The carbohydrate,pool i n  the shoot i s  suppl ied by photo- 

synthesis and i s  u t i l i z e d  as the source f o r  both growth and resp i r a t i on  w i t h i n  

the shoot and as-  the source f o r  the r o o t  pool (Figure 1 ) .  Subsequent t rans- 

l o c a t i o n  of carbohydrate i s  responsive t o  the concentrat ion of carbohydrate 



i n  shoot pools and s ize and metabolic a c t i v i t y  o f  s ink  pools (Wann and Raper, 

1979, 1984). As ni t rogen absorbed by roo ts  i s  translocated t o  shoots, i t  stim- 

u la tes  i n i t i a t i o n  and expansion of new leaves (Raper and Peedin, 1978; Ruf ty  

e t  a1 . , 1984). N i  trogen-stimulated metabol i c  demand o f  new leaves reduces -- 

a v a i l a b i l i t y  of carbohydrate i n  the shoot pool f o r  t rans locat ion t o  roots.  

Since n i t rogen uptake i s  dependent on t rans locat ion o f  carbohydrate from shoot 

t o  roots, t h i s  mode1 would p red i c t  t h a t  decreased t rans locat ion t o  roo ts  would 

reduce n i t rogen uptake and, u l t ima te ly ,  amount o f  n i t rogen t ranslocated t o  

shoots. A subsequent reduct ion i n  i n i t i a t i o n  and expansion o f  new leaf  t i s sue  

i n  response t o  decreased t rans locat ion o f  n i t rogen (Raper and Peedin, 1978; 

Rufty -- e t  al . ,  1984) would reduce shoot demand f o r  carbohydrate before reducing 

canopy photosynthetic r a t e  (Raper and Peedin, 1978) and, thus, increase a v a i l  - 
a b i l i t y  o f  carbohydrate f o r  t ranspor t  t o  roots.  Thus, uptake o f  n i t rogen and 

p a r t i t i o n i n g  o f  carbon and n i t rogen w i t h i n  the p l an t  are  regulated t o  maintain 

a funct iona l  balance between r o o t  and shoot growth. 

Four inferences about n i t rogen uptake can be drawn from th is ,  model f o r  

whole p l a n t  regu la t ion of n i t rogen uptake. F i r s t ,  when grown under n e a r ,  

optimum condi t ions,  a f l uc tua t i on  should occur i n  the r a t e  o f  n i t rogen uptake 

which would be a fun,ction o f  the f l u c t u a t i o n  i n  demand o f  carbon and n i t rogen  

i n  the shoot and a v a i l a b i l i t y  o f  carbohydrate w i th in  the roo ts  t o  support the 

uptake process. Second, i f  r o o t  f unc t i on  i s  disturbed, an a l t e r a t i o n  should 

occur i n  r a t e  of n i t rogen uptake which might a lso be associated w i t h  a change 

i n  pa t t e rn  o f  uptake as the p l an t  establ-iashes a new balance between r o o t  and 

shoot funct ion.  Third, i f  external n i t rogen supply f o r  the roo ts  i s  d i s -  

continued, i n i t i a l  s h i f t s  i n  d ry  matter and n i t rogen p a r t i t i o n i n g  w i t h i n  the 



plant  should include a rapid decl ine  i n  nitrogen content of shoots, w i t h  l i t t l e  

immediate reduction in photosynthetic r a t e ,  and an increase i n  root  dry weight. 

As the  nitrogen s t r e s s  continues and the  nitrogen content of leaves f a l l  below 

c r i t i c a l  l eve l s ,  photosynthetic r a t e  should drop abruptly and dry weights of 

roots  should decl ine  r e l a t i v e  to nonstressed plants .$  Fourth, i f  the  balance 

between carbon and nitrogen supplies remains t i g h t l y  coupled during vegetative 

growth, the re  should be l i t t l e  d i s t inc t ion  i n  the  u t i l i z a t i o n  of ammonium and 

n i t r a t e  a s  sources of nitrogen i f  pH of the  nu t r ien t  solution is  controlled.  

We have designed experiments t o  t e s t  the  va l i d i t y  of each of these inferences 

a s  a challenge t o  the  concept of regulation of nitrogen uptake a t  the  whole 
. J  

plant  level  by the  interdependence of root  and shoot funct ional i ty .  

EXPERIMENTAL SYSTEM 

In our experiments we use a wal k-'in growth room of the Phytotron a t  

North Carolina S t a t e  University (Downs and Thomas, 1983) which has a growing 

2 area of 8.92 m and a height of 2.13 m between f l oo r  and l i g h t  bar r ie r .  

Aerial temperature i s  monitored and control led w i t h i n  the  growth room t o  

w i t h i n  0.3 C over an operational range of 7 t o  40 C.  A combination of cool 

white f luorescen t  and incandescent lamps, a t  an input wattage r a t i o  of 10:3, 

provide a photosynthetic photon f l ux  densi ty  (PPFD) of up t o  750 pmol s-I 

m-2 between wavelengths o f  400 and 700 nm and photomorphogenic radia t ion (PR) 

of 10 w m-2 between wavelengths of 700 and 850 nm. Ambient Cop i s  monitored 

and maintained w i t h  in jec t ion  of commercial grade gas. 



A continuous-flow, hydroponic cu l  t u r e  system has been constructed t o  

operate w i t h i n  the growth room. The system includes f o u r  independent u n i t s  

w i t h  continuous moni tor ing and con t ro l  o f  pH (20.05 pH u n i t )  and temperature 

(20.2 C )  of the so lu t ion.  Each of the f ou r  u n i t s  consists o f  an upper com- 

partment where the p l an t  r oo t  systems a re  suspended i n  100 L o f  n u t r i e n t  

so lu t ion  and a lower reservo i r  compartment contain ing 100 L o f  so lu t ion.  

Temperature and pH moni tor ing and con t ro l  occurs i n  the reservo i r  compartment, 

and the n u t r i e n t  so lu t ion  i s  continuously c i r cu l a ted  between the upper and 

lower compartments a t  0.38 L s-'. The upper compartment i s  d iv ided i n t o  

12 8.3-L chambers w i t h  ind iv idua l  supply and re tu rn  1 ines w i t h  the common 

reservo i r .  Each of the 12 r o o t  chambers per u n i t  can contain one t o  f ou r  

p lants .  

A Dianex Ion  Chromatograph system 2110 w i t h  dual ca t ion and anion columns 

i s  located adjacent t o  the growth room. From a s ing le  i n j ec t i on ,  anions plus 

monovalent ca t ions i n  a sample o f  n u t r i e n t  so l u t i on  can be determined i n  less  

than 8 minutes. (With subs t i t u t i on  o f  a new ca t i on  column being developed f o r  

Dionex, both monovalent and d i va l en t  ca t ions can be separated i n  one column 

simultaneously. ) Sampling and i n j e c t i o n  c u r r e n t l y  i s  done manually, bu t  i n  

the f u t u r e  the  chromatograph w i l l  be connected on- l i ne  w i t h  the hydroponics 

system f o r  automated sampling. Nu t r ien t  uptake ra tes  and t o t a l  n u t r i e n t  ace-lmu- 

l a t i o n  by p lan ts  can be determined by dep le t ion from the n u t r i e n t  so lu t ion.  

Nu t r ien t  concentrat ions i n  so lu t ions are  rep1 enished t o  treatment 1 eve1 s by 

add i t ions of s a l t s  i n  response t o  dep le t ion dur ing a sampling i n t e r v a l  o f  one 
1 ' .  

day o r  less.  



F igu re  2. E f f e c t  of n i t r o g e n  s t ress  and r e s t o r a t i o n  o f  n i t r o g e n  a v a i l a b i l  i t y  

on ( A )  number o f  mainstem and branch ( i n s e t )  leaves and ( B )  canopy 

l e a f  area o f  soybean. 
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ONSET AND RECOVERY OF NITROGEN STRESS 

Nonnodul ated soybean (Glycine max ( L .  ) Merrill 'Ransom' ) plants were 

grown hydroponically f o r  14 days w i t h  1.0 mM NO; i n  a complete nu t r ien t  

solution.  Plants then were t ransferred to  complete nu t r ien t  solution w i t h  

1.0 mM NO; f o r  25 days, t o  a m i n u s - n i  troben solution (0.0 m?l NO;) f o r  25 

days, o r  t o  the  0.0 mM NO; solution f o r :  1'6 days followed by t rans fe r  t o  the  

1.0 mM NO; solution f o r  15 days. Throughout the  experiment, day/night a e r i a l  

temperature was 24 C.  PPFD during the 9-$ day was 700 pmol s-I  rn-', and a . . 

3-h in terrupt ion of the  dark period by incandescent lamps was used t o  repress 

f l o r a l  i n i t i a t i o n .  Ambient C02 concentratio; was 400 pL L". The pH of the  

nu t r ien t  solution was maintained a t  6.0. 

When NO; was removed from solut ion,  NO; s torage pool s in the  plant  were 

reduced rapidly (data not shown). As nitrogen , I became l imiting f o r  sustained 
? 

growth and meristematic a c t i v i t y ,  i n i t i a t i o n  of both mainstem and branch 

leaves ceased w i t h i n  7 days, along with,expansion of canopy leaf  area (Figure 2 ) .  

In contras t ,  root  growth of the  nitrogen-s&essed plants during th is  f i r s t  

week was increased r e l a t i ve  t o  t ha t  of nonstressed plants  (Figure 3 ) ,  and 

thereaf te r  was reduced a s  the nitrogen s t r e s s  continued. Thus, under long- 

term nitrogen s t r e s s ,  there was an a l t e r a t i on  i n  carbon and nitrogen par- 

t i  tioning predicted by the  model (Figure 1 ) .  While nitrogen s t r e s s  re&uced 

the  photosynthetic r a t e  of leaves (Figure 4 ) ,  i t  resul ted i n  a greater  

reduction in the i n i t i a t i o n  and expansion of leaves (Figure 2 ) .  As a 

consequence, the  a c t i v i t y  of leaves a s  a s i n k  f o r  photosynthate was reduced 

more than t h e i r  a c t i v i t y  a s  a source. Until the  t o t a l  photosynthetic area 



Figure 3.  Effect of nitrogen s t r e s s  and restoration of nitrogen availabil i ty  

on dry matter accumulation in (A) whole plants, (B) leaves, ( C )  stems, 

and ( D )  roots of soybean plants. Insets show dry weights of ( A )  shoot, 

(B) leaves, (C) stems, and (D) roots of nitrogen-stressed plants as  

percentages of dry weights of nonstressed plants. 
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FLUCTUATIONS IN NITROGEN UPTAKE RATE 

B 
Youngest expanded leaf 

Another in fe rence from t h e  model (F igure  1) i s  t h a t  uptake r a t e s  o f  

n i t rogen,  r a t h e r  than remaining cons tant  du r ing  growth, should o s c i l l a t e  

w i t h  a p e r i o d i c i t y  r e l a t e d  t o  the  i n t e r v a l  of, l e a f  emergence and t h e  associ -  

a ted  changes i n  s i n k  a c t i v i t y  of l ea f  growth. To con f i rm  t h i s  inference of t he  

model, soybean p l a n t s  were grown i n  the  hydroponic system f o r  31  days w i t h  



a complete nutr ient  soluction containing 1.0 mM NO;. The depletion of NO; 

from solution was monitored daily by ion chromatography, recorded, and NO; 

was added to the solution as  Ca(N03)2 to  return the concGntration i n  solution 

to  1.0 mM NO;. Solutions were completely changed every 2 days to  avoid de- 

pletion of any nutr ient  below 8 0 %  of the i n i t i a l  con,centration. Uptake r a t e .  

of NO; per plant during each 24-h period was calculated as  mM NO; removed 

from the solution i n  each hydroponic system divided by number of plants in 

the system during tha t  day. 

As predicted by the model (Figure l ) ,  uptake r a t e  of NO; oscillated 

between maxima and minima w i t h  a periodicity of 3 t o  5 days (Figure 5A). 

The interval between emergence of successive mainstem soybean leaves i s  

0 3 10 17 24 31 0 3 10 17 24 31 

DAYS AT TEMPERATURE 

Figure 5. Uptake r a t e  of NO; per plant (A)  and per g root dry weight ( B )  of 
soybean plants grown a t  two root-zone temperatures. Uptake rates  were 
determined by depletion of NO; from a replenished nutrient solution. 
(Adapted from To1 l ey and Raper, 1985. ) 



about 4 days a t  the  26/22 C day/night a e r i a l  temperature used in t h i s  study 

(Hesketh -- e t  a l . ,  1973; Thomas and Raper, 1976). The periodicity of the  

o sc i l l a t i ons  i n  NO; was not affected by the  root-zone temperatures of 14 o r  

22 C ,  although uptake ra tes  per plant  were lower a t  14 then 22 C.  The study 

was repeated w i t h  concentrations of nitrogen in  solution a t  10.0 and 

1.0 mM NO;. A1 though the minima and maxima of the  o s i c l l a t i ons  were g rea te r  

a t  10.0 than 1.0 mM NO;, t he  per iodic i ty  of o sc i l l a t i ons  renained between 

3 and 5 days (data  not shown). These r e s u l t s  indicate  t h a t ,  while t he  maximum 

r a t e  of uptake may be regulated a t  the  root  l eve l ,  the control of the  actual 

uptake does not res ide  in the roots  themselves, b u t  is a function of the  

interdependence of roots and shoots. 

DISTURBANCE OF ROOT FUNCTION 

When root function i s  disturbed,  the  mode1 indicates  tha t  an a l t e r a t i o n  

should occur i n  r a t e  of nitrogen uptake a s  the  plant  es tabl ishes  a new balance 

between root and shoot function. The previous experiment serves to  t e s t  t h i s  

hypothesis s ince  plants were grown a t  root  temperatures of 14 and 22 C while 

ae r ia l  conditions remained the same. Total plant  and root dry weights were 

reduced s l i g h t l y  a t  the  14 C ,  r e l a t i v e  t o  the  22 C ,  root  temperature (Figure 6 ) .  

Nitrogen accumulation i n  the plants a t  14 C was reduced proportionally w i t h  

the dry weight (data not shown). 

During the  i n i t i a l  5 t o  10 days following t rans fe r  of the plants t o  the  

14 C root  temperature, the uptake r a t e  of NO; per g root  dry weight was lower 

a t  14 than 22 C '(Figure 5B). After t h i s  i n i t i a l  period, there was l i t t l e  



DAYS AT TEMPERATURE 

Figure 6. Effect  of root-zone temperature on dry matter accumulation i n  
(A) whole plants ,  and (B) roots  of soybean. Shoot ( A )  and root ( B )  
dry weights a t  14 C a r e  shown i n  i n se t s  a s  percentages dry weights 
a t  22C. (Adapted from Tolley and Raper, 1985.-) 

d i f fe rence  in  uptake r a t e  per g root .  The i n i t i a l  reduction in r a t e  of NO; 

uptake per g root  presumably was a d i r e c t  response of root  metabolism o r  

membrane permeabil i t y  t o  the  lower temperature (Osmond -- e t  a1 . , 1982). As 

roo t  growth continued, however, uptake r a t e  per g root  a t  14 C became 

indis t inguishable  from t h a t  a t  22 C. Thus, the i n i t i a l  reduction i n  uptake 

r a t e  of NO; per plant  (Figure 5A), a s  well a s  the i n i t i a l  decrease i n  t o t a l  

nitrogen accumulation by plants (data not shown), a t  14 C can be a t t r i bu t ed  

t o  an e f f e c t  of temperature on t he  absorption processes of  NO^ by roots .  



The cont inued reduc t i on  i n  uptake r a t e  of NO; per  p l a n t  a t  14 C a f t e r  t h e  

i n i t i a l  pe r i od  o f  exposure i s  a consequence o f  t he  reduct ion  i n  r o o t  growth 

(F igure  6B). 

UTILIZATION OF AMMONIUM AND NITRATE SOURCES 

P lan ts  suppl i e d  w i t h  moderate concent ra t ions  o f  N H ~  i n  s o l u t i o n  general 1 y 

grow poor l y  compared w i t h  p l a n t s  suppl i e d  w i t h  NO;. Experiments were conducted 

i n  t he  f l ow ing  hydroponics system t o  determine whether growth r e s t r i c t i o n s  

4- 
could be avoided over  an extended per iod  i n  t he  presence o f  NH4 i f  root-zone 

pH were c o n t r o l l e d  and i f  p l a n t s  were exposed t o  N H ~  dur ing  exponential  growth 

when carbohydrate f l u x e s  t o  the r o o t  a re  coordinated w i t h  the r a t e  of n i t r o g e n  

a c q u i s i t i o n .  

I n  an i n i t i a l  experiment, vegeta t ive  soybean p l a n t s  a t  the beginning o f  

t he  exponential  growth stage were t r a n s f e r r e d  t o  complete n u t r i e n t  s o l u t i o n s  

conta in ing  n i t rogen  as e i t h e r  1.0 mM NO; o r  1.0 mM N H ~ .  A c i d i t y  o f  t he  

s o l u t i o n s  was cons tan t l y  monitored and maintained a t  pH 5.8. Experiments 

were conducted under th ree  sets o f  a e r i a l  environments: (1 )  standard con- 

d i t i o n s  w i t h  PPFD o f  7 0 0  vmol s-lm-' and C o p  a t  400 pL L - l ,  (2) low PPFD 

cond i t i ons  w i t h  PPFD o f  350 p o l  ~ " r n - ~  and C02 a t  400 uL L - l ,  and 

( 3 )  h igh  C02 codd i t i ons  w i t h  PPFD o f  700 umol s-lm-' and C02 a t  1000 UL L-l. 

The source o f  n i t rogen  d i d  n o t  a l t e r  growth o r  n i t r o g e n  accumulation o f  p l a n t s  

over  a 4-week growth i n t e r v a l  (F igure  7 )  under any of t he  th ree  environmental 

cond i t ions .  I n  a r e l a t e d  experiment w i t h  tomato (Lycopersicon esculentum L. 

M i l  1. 'Vendor' ) , growth and n i t rogen  accumulation by p l a n t s  dur ing  exponential  



+ Figure  7. Effect o f  NOjand NH4 sources  on d r y  m a t t e r  and n i t rogen  accumulation 

i n  soybean p l a n t s  grown under s tandard  (PPFD = 700 vmol s-1m-2 and Cop = 

-1 -2 400 rL I--')¶ low PPFD (PPFD = 325 urn01 s rn and C02 = 400 L - I ) ,  

and h i g h  C02 (PPFD = 700 urn01 s -1,-2 and Cop = 1000 vL L - ~ )  cond i t i ons .  

(Adapted from Rufty -- e t  a l . ,  1983.) 

TIME AFTER START OF TREATMENTS , days 



growth were n o t  a l t e r e d  by source of n i t rogen  when a c i d i t y  o f  t h e  s o l u t i o n  was 

c o n t r o l l e d  a t  pH 6.0 (data n o t  shown). 

+ 
I n  a  subsequent experiment, soybean p l a n t s  were grown w i t h  1.0 mM NH4 as 

the  s o l e  n i t r o g e n  source w i t h  a c i d i t y  o f  the  s o l u t i o n  maintained a t  pH 6.1, 5.1, 
+ 

and 4.1. While p l a n t s  exposed t o  NH4 a t  pH 6.1 accumulated d r y  mat te r  (F igure  8 )  

and n i t r o g e n  (data n o t  shown) a t  r a t e s  comparable t o  p l a n t s  exposed t o  NO; as 

the  so le  n i t rogen  source ( c f .  F igure  7) ,  growth was reduced a t  pH 5.1 and 

+ 
ceased w i t h i n  days o f  i n i t i a l  exposure t o  NH4 a t  pH 4.1. The decreased growth 

+ 
a t  l ow  pH under NH4 n u t r i t i o n  was n o t  a  s ingu la r  response t o  a c i d i t y  o f  t he  

n u t r i e n t  s o l u t i o n .  I n  another experiment (Ru f t y  -- e t  a1 . , 1982) soybean p lan ts  

r e c e i v i n g  1.0 mM NO; as the n i t r o g e n  source i n i t i a l l y  responded t o  decreased 

s o l u t i o n  a c i d i t y  from pH 6.1 t o  pH 4.1 w i t h  a reduc t i on  i n  growth ra te ,  b u t  

t he  p l a n t s  rece i v ing  NO; acc l imated t o  t h e  low pH and a f t e r  3 weeks had 

a t t a i n e d  growth r a t e s  comparable t o  p l a n t s  growing a t  pH 6.1. Apparent ly,  

t h e r e  i s  an i n t e r a c t i o n  between ex terna l  pH o f  the  n u t r i e n t  s o l u t i o n  and the  
t 

a b i l i t y  o f  t h e  p l a n t s  t o  a s s i m i l a t e  NH4 as i t  enters  t h e  roo ts .  Experiments 

a r e  planned t o  f u r t h e r  exp lore  the  r e l a t i o n s h i p  between ex terna l  a c i d i t y  and 
+ 

NH4 t o x i c i t y .  
\ 

CONCLUSION 

The r e s u l t s  o f  our  experiments support the  proposed conceptual model 

(F igure  1 )  t h a t  r e l a t e s  n i t r o g e n  uptake a c t i v i t y  by p l a n t s  as a balanced 

interdependence between t h e  carbon-supplying f u n c t i o n  o? t h e  shoot and the  

n i  t rogen-supplying func t ion  o f  t h e  roo ts .  The data a r e  being used t o  modify 



Figure 8. Effect  of pH of the ny t r ien t  solution on dry matter accumulation by 
soybean p lan t s  receiving NH4 a s  the  so le  nitrogen source. 

a dynamic simulation model of plant  growth, which presently describes carbon 

flows through the  plant  (Wann and Raper, 1979, 1984), t o  describe nitrogen 

uptake and ass imila t ion w i t h i n  the  plant  system. A1 though several models have 

been proposed t o  predic t  nitrogen uptake and partitioning , they emphasize 

root  cha rac t e r i s t i c s  affect ing nu t r ien t  uptake and r e ly  on empirical methods 



t o  descr ibe t h e  r e l a t i o n s h i p  between n i t r o g e n  and carbon f lows w i t h i n  the  

p lan t .  We propose, on the  o the r  hand, t o  cont inue t o  attempt a mechanist ic  

s o l u t i o n  i n  which the  e f f e c t s  of environment on n i t rogen  (as w e l l  as carbon) 

. a s s i m i l a t i o n  a r e  incorporated through t h e i r  d i r e c t  e f f e c t s  on photosynthesis,  

r e s p i r a t i o n ,  and aging processes. 
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THE ROLE OF PLANT DISEASE I N  THE DEVELOPMENT OF 

CONTROLLED ECOLOGICAL L I F E  SUPPORT SYSTEMS. 

B e r l  i n  N e l  s o n  

D e p a r t m e n t  o f  P l a n t  P a t h o l o g y ,  N o r t h  D a k o t a  S t a t e  

U n i v e r s i t y ,  F a r g o ,  N. D. 5 8 1 0 5  

v .- 
. I  - 

INTRODUCTION . 

C o n t r o l  l e d  E c o l o g i c a l  L i f e  S u p p o r t  S y s t e m s  (CELSS) f o r  human 

h a b i t a t i o n  a r e  p r o p o s e d  f o r  l o n g  d u r a t i o n  e x p l o r a t i o n  o f  

e x t r a t e r r e s t r i a l  h a b i t a t s .  The p r i m e  c a n d i d a t e s  f o r  t h e  p h o -  

t o a u t o t r o p i c  c o m p o n e n t s  o f  CELSS a r e  e d i b l e  h i g h e r  p l a n t s .  

T h e s e  p l a n t s  w o u l d  p r o v i d e  f o o d  a n d  o x y g e n  and  p e r f o r m  o t h e r  

f u n c t i o n s  n e e d e d  f o r  human l i f e .  A  p r i m a r y  c o n c e r n  i n  t h e  

d e s i g n  a n d  o p e r a t i o n  o f  a  CELSS b a s e d  on  h i g h e r  p l a n t s  i s  

m a i n t a i n i n g  p l a n t  h e a l t h .  W i t h o u t  c o n t i n u o u s  g r o w t h  o f  

h e a l t h y  p l a n t s  a CELSS w o u l d  n o t  f u n c t i o n  p r o p e r l y .  A l t h o u g h  

many  a s p e c t s  o f  p l a n t  g r o w t h  h a v e  b e e n  a d d r e s s e d  b y  s c i e n t i s t s  

i n  t h e  CELSS p r o g r a m ,  a s u b j e c t  t h a t  h a s  r e c e i v e d  m i n o r  c o n -  

s i d e r a t i o n  i s  p l a n t  d i s e a s e .  P l a n t  d i s e a s e  c a n  be  d e f i n e d  as  

a n y  d i s t u r b a n c e  g f  a p l a n t  t h a t  i n t e r f e r e s - w i t h  i t s  n o r m a l  

s t r u c t u r e ,  f u n c t i o n  o r  e c o n o m i c  v a l u e  ( 2 ) .  

IMPORTANCE OF PLANT DISEASE 

H i g h e r  p l a n t s  a r e  t h e  m o s t  i m p o r t a n t  s o u r c e s  o f  human f o o d ,  

b u t  t h e i r  p r o d u c t i o n  r e q u i r e s  a c o n s t a n t  a n d  i n t e n s i v e  e f f o r t  

t o  c o n t r o l  d i s e a s e s ,  b o t h  i n  t h e  f i e l d  a n d  i n  s e m i - c o n t r o l l e d  



e n v i r o n m e n t s  s u c h  as  i n  g r e e n h o u s e s  ( 2 ) .  C r o p  l o s s  due  t o  

d i s e a s e  i s  s u b s t a n t i a l  ( 5 ) .  The  U .  S. D . A .  e s t i m a t e d  t h a t  

$ 3 . 7  b i l l i o n  w e r e  l o s t  t o  c r o p  d i s e a s e s  i n  t h e  U n i t e d  S t a t e s  

i n  1 9 6 5  (1). H o w e v e r ,  t h e  a n n u a l  o v e r a l l  i m p a c t  o f  d i s e a s e  

i s  much g r e a t e r  s i n c e  an i n c a 9 c u 9 a b l e  c o s t  i s  i n v o l v e d  i n  

c o n t r o l l i n g  d i s e a s e  t o  p r e v e n t  p r e h a r v e s t  a n d  p o s t h a r v e s t  c r o p  

l o s s .  J u s t  o n e  p l a n t  d i s e a s e  can'  h a v e  a  m a j o r  i m p a c t  on  c r o p  

p r o d u c t i o n .  The  1 9 7 0 - 7 1  e p i d e m i c  o f  s o u t h e r n  c o r n  l e a f  b l i g h t  

i n  t h e  U n i t e d  S t a t e s  c a u s e d  an  e s t i m a t e d  $ 1  b i l l i o n  l o s s  ( 2 2 ) .  

The  r o l e  o f  p l a n t  d i s e a s e  i n  t h e  p r o d u c t i o n  o f  h e a l t h y  p l a n t s  

c a n  n o t  b e  o v e r e m p h a s i z e d .  

T h e r e  a r e  o v e r  a  t h o u s a n d  m i c r o o r g a n i s m s  t h a t  c a u s e  p l a n t  
+ .  

d i s e a s e s  ( 2 ) .  T h e y  r e p r e s e n t  d i v e r s e  b i o l o g i c a l  g r o u p s  s u c h  

as  v i r o i d s ,  v i r u s e s ,  m y c o p l a s m a s ,  s p i r o p l a s m a s ,  b a c t e r i a ,  

f u n g i  a n d  n e m a t o d e s .  B e c a u s e  o f  t h i s  d i v e r s i t y ,  t h e r e  a r e  a  

w i d e  v a r i e t y  o f  ways  i n  w h i c h  p a t h o g e n s  s u r v i v e ,  r e p r o d u c e ,  

d i s s e m i n a t e ,  a n d  i n f e c t  p l a n t s  a n d  c a u s e  d i s e a s e .  Many p a t h o -  

g e n s  a l s o  a r e  h i g h l y  v a r i a b l e  g e n e t i c a l l y .  T h e s e  f a c t o r s  a r e  

some o f  t h e  r e a s o n s  why p l a n t  d i s e a s e s  a r e  common, d e s t r u c t i v e  

a n d  d i f f i c u l t  t o  c o n t r o l  ( 2 ) .  F u r t h e r m o r e  t h e  g e n e t i c  u n i f o r -  

m i t y  i n  o u r  i m p o r t a n t  f o o d  a n d  f i b e r  c r o p s  h a s  c o n t r i b u t e d  

g r e a t l y  t o  p l a n t  d i s e a s e  e p i d e m i c s  ( 1 4 ) .  



WILL PLANT DISEASE OCCUR I N  CELSS. 

The  i m p o r t a n t  q u e s t i o n  c o n c e r n i n g  p l a n t  h e a l t h  i n  CELSS i s :  

w i l l  p l a n t  d i s e a s e s  b e  a  p r o b l e m ?  T h e r e  i s  g o o d  e v i d e n c e  t o  

s u g g e s t  t h a t  t h e y  w i l l  i n d e e d  o c c u r .  A t  t h e  p r e s e n t  t i m e  i t  

a p p e a r s  t h a t  q u a r a n t i n e  i s  c o n s i d e r e d  t h e  p r i n c i p a l  means o f  

p r e v e n t i n g  t h e  i n t r o d u c t i o n  o f  p l a n t  p a t h o g e n s  i n t o  CELSS. 

Q u a r a n t i n e  p r o g r a m s ,  h o w e v e r ,  a r e  n o t  a l w a y s  c o m p l e t e l y  s u c -  

c e s s f u l  ( 1 8 ) .  The i n t r o d u c t i o n  o f  c o f f e e  r u s t  i n t o  C e n t r a l  

A m e r i c a  a n d  downey  m i l d e w  o f  mai.ze ,and s o r g h u m  i n t o  t h e  U n i t e d  

S t a t e s  a r e  j u s t  t w o  e x a m p l e s  o f  i m p o r t a n t  d i s e a s e s  n o t  

c o n t r o l l e d  t h r o u g h  q u a r a n t i n e .  

B e c a u s e  o f  t h e  d i v e r s i t y  o f  p l a n t  p a t h o g e n i c  m i c r o o r g a n i s m s ,  

f o r  e x a m p l e ,  i n  s i z e ,  a n d  t h e  n u m e r o u s  means  o f  d i s s e m i n a -  
r . .  

t i o n ,  c o n t r o l l i n g  t h e i r  movement  i s  n o t o r i o u s l y  d i f f i c u l t .  

C o n s i d e r  t h e  n u m e r o u s  o r g a n i s m s  t h a t  a r e  s e e d  b o r n e  e i t h e r  

w i t h i n  o r  on  s e e d  ( t r u e  s e e d  o r  v e g e t a t i v e  c u t t i n g s )  ( 1 5 ) .  

T h e s e  o r g a n i s m s  c a n  b e  d i f f i c u l t  t o  d e t e c t  a n d  a r e  o f t e n  t h e  

p r i m a r y  i n o c u l u m  f o r  d i s e a s e  ( 2 ) .  P o t a t o  p r o d u c t i o n ,  f o r  

e x a m p l e ,  r e q u i r e s  a  c o n s t a n t  i n d e x i n g  o f  s e e d  t u b e r s  f o r  p r e -  

s e n c e  o f  v i r u s e s  ( 8 ) .  P l a n t  p a t h o g e n s  a l s o  h a v e  a  w i d e  

v a r i e t y  o f  s u r v i v a l  m e c h a n i s m s  ( 2 ) .  Many c a n  t o l e r a t e  e x t r e -  

mes o f  t e m p e r a t u r e  and  m o i s t u r e '  and  s u r v i v e  f o r  many y e a r s  i n  

t h e  a b s e n c e  o f  a  h o s t .  Some a r e  l a t e n t  i n  t h e i r  h o s t  a n d  

c a u s e  d i s e a s e  o n l y  u n d e r  s p e c i f i c  c o n d i t i o n s .  Many f u n g i  p r o -  



d u c e  a i r b o r n e  p r o p a g u l e s ,  o f t e n  i n  a b u n d a n c e ,  w h i c h  a r e  

r e a d i l y  d i s s e m i n a t e d  a n d  c a n  e a s i l y  c o n t a m i n a t e  e q u i p m e n t  a n d  

humans .  T h e r e  a r e  a l s o  n u m e r o u s  p a t h o g e n s  t h a t  a r e  d i s s e m i -  

n a t e d  a n d  i n t r o d u c e d  i n t o  p l a n t s  b y  i n s e c t  v e c t o r s  s u c h  as 

a p h i d s  a n d  m i t e s .  

A  v a r i e t y  o f  f u n g i  a n d  b a c t e r i a  have. b e e n  d e t e c t e d  a b o a r d  s p a -  

c e c r a f t ,  e i t h e r  on  t h e  h a r d w a r e  o r  t h e  human p a s s e n g e r s .  I n  

t h e  A p o l l o  1 6  a n d  S k y l a b  s p a c e c r a f t s ,  1 6  f u n g a l  g e n e r a  t h a t  

c o n t a i n  p l a n t  p a t h o g e n s  w e r e  d e t e c t e d  ( 4 , 7 ) .  Some o f  t h e s e  

g e n e r a  s u c h  as  F u s a r i u m ,  -- H e l m i n t h o s p o r i u m ,  A l t e r n a r i a ,  - --- Phoma 

a n d  C e p h a l o s p o r i u m  - - c o n t a i n  v e r y  d e s t r u c t i v e  p l a n t  p a t h o g e n s  

( 2 ) .  The p o t e n t i a l  f o r  i n t r o d u c i n g  s p e c i f i c  p l a n t  p a t h o g e n s  

i n t o  CELSS was d e m o n s t r a t e d  i n  a  S k y l a b  s i m u l a t i o n  t e s t  w h e r e  

8 s p e c i e s  o f  p l a n t  p a t h o g e n i c  f u n g i  w e r e  d e t e c t e d  on  t h e  human 

p a r t i c i p a n t s  ( 6 ) .  Human c a r r i e d  b a c t e r i a  w h i c h  c a u s e  d i s e a s e  
e 

o n  b o t h  p l a n t s  a n d  a n i m a l s  a l s o  may b e  i n t r o d u c e d  i n t o  CELSS 

( 1 3 ) .  

F u n g i ,  b a c t e r i a  a n d  v i r u s e s  s u r v i v e  d i r e c t  e x p o s u r e  t o  t h e  

s p a c e  e n v i r o n m e n t  e v e n  f o r  m o n t h s  if s h i e l d e d  f r o m  d i r e c t  

s o l a r  r a d i a t i o n  ( 9 , 1 1 , 2 0 , 2 1 , 2 3 ) .  T o b a c c o  m o s a i c  v i r u s  a n d  

B a c i l l u s  - s u b t i l u s  a r e  e x a m p l e s  o f  t w o  p l a n t  p a t h o g e n s  w h i c h  

r e m a i n e d  v i a b l e  a f t e r  e x p o s u r e  t o  t h e  s p a c e  e n v i r o n m e n t  

( 9 , 2 1 ) .  I n d e e d ,  t h e  s p a c e  e n v i r o n m e n t  o f  deep  c o l d  a n d  vacuum 



a r e  u s e d  b y  p l a n t  p a t h o l o g i s t s  i n - t h e  l y o p h i l i z a t i o n  p r o c e s s  

t o  p r e s e r v e  p l a n t  p a t h o g e n s .  T h i s  i n d i c a t e s  t h a t  c o n -  

t a m i n a t i o n  o f  s p a c e c r a f t  a n d  c a r g o  , o u t s i d e  o f  t h e  1  i f e  s u p p o r t  

s y s t e m  c o u l d  i n t r o d u c e  p l a n t  p a t h o g e n s  i n t o  a  s p a c e  s t a t i o n  

u t i l i z i n g  a  CELSS. I n  v i e w  o f  t h e  p r e c e d i n g  e v i d e n c e ,  t h e  c o n -  

c e p t  t h a t  q u a r a n t i n e  p r o c e d u r e s  c o u l d  c o m p l e t e l y  e x c l u d e  p l a n t  

p a t h o g e n s  f r o m  CELSS i s  u n r e a l i s t i c .  
, I .  

A n o t h e r  i m p o r t a n t  p o i n t  t o  c o n s i d e ' r  i s  t h e  v u l n e r a b i l i t y  o f  
. - .  < .  

CELSS t o  p l a n t  d i s e a s e .  If' p l a n t  g r o ' w t h  symp toms  s u c h  as  

a e r o p o n i c s ,  m i s t i n g ,  t h i n  f i l m s ,  e t c . ,  l a c k  a  n a t u r a l  m i c r o -  

b i o l o g i c a l  c o m m u n i t y ,  t h e r e  w i l ' l  ' b e ' n d  n a t u r a l  c o m p e t i t i o n  t o  

p r e v e n t  e s t a b l i s h m e n t  a n d  s p r e a d  o f  p i t h o g e n s .  T h i s  c a n  

r e s u l t  i n  r a p i d  and  d e s t r u c t i v e  ' d i s e a s e  d e v e l o p m e n t .  T h i s  
. , 

phenomenon  i s  w e l l  k n o w n  i n  p l a n t  p a t h o l o g y  ( 3 , l O ) .  The r e c o -  

l o n i z a t i o n  o f  s t e a m  s t e r i l i z e d  g r . eenhouse  b e d s  b y  ---- F u s a r i u m  

o x y s p o r u m  a n d  t h e  d e v e l o p m e n t  o f  t o m a t o  w i l t  i s  a  g o o d  e x a m p l e  

o f  s e r i o u s  d i s e a s e  r e s u l t i n g  f r o m  t h e  l a c k  o f  a  b i o l o g i c a l  

b u f f e r  ( 1 6 ) .  

The  p l a n t  g r o w t h  s y s t e m s  p r o p o s e d  f o r  CELSS ( 1 2 )  a l s o  may b e  

v u l n e r a b l e  t o  d i s e a s e  i n d u c e d  b y  n o n - i n f e c t i o u s  m i c r o o r g a n i s m s  

( e x o p a t h o g e n s ) .  T h e s e  m i c r o o r g a n i s m s  c o u l d  a d v e r s e l y  a f f e c t  

p l a n t  g r o w t h  t h r o u g h  c o m p e t i t i o n  f o r  r o o t i n g  s u b s t r a t e  a n d / o r  

l i b e r a t i o n  o f  t o x i n s  t h a t  i n h i b i t  n i r m a l  p l a n t  g r o w t h  ( 2 6 ) .  



T h e s e  d i s e a s e s  c o u l d  b e  s e v e r e  i n  a  s y s t e m  l a c k i n g  a  n o r m a l  

r h i  z o s p h e r e  f l o r a .  

E i g h t  h i g h e r  p l a n t  s p e c i e s  h a v e  b e e n  recommended f o r  p r i m e  

c o n s i d e r a t i o n  i n  CELSS: w h e a t ,  r i c e ,  p o t a t o ,  s w e e t  p o t a t o ,  

s o y b e a n ,  p e a n u t ,  l e t t u c e ,  a n d  s u g a r b e e t  ( 2 5 ) .  O f  t h o s e ,  

w h e a t ,  p o t a t o  a n d  s o y b e a n  w e r e  recommended  f o r  i n t e n s i v e  

r e s e a r c h  t o  o b t a i n  b a s e l i n e  i n f o r m a t i o n  f o r  e v a l u a t i n g  t h e  u s e  

o f  p l a n t s  i n  CELSS ( 2 5 ) .  A l l  o f  t h e s e  c r o p s  h o w e v e r  a r e  

s u s c e p t i b l e  t o  a  w i d e  v a r i e t y  o f  p l a n t  p a t h o g e n i c  m i c r o o r g a -  

n i s m s  ( 8 , 1 7 , 2 4 ) .  F o r  e x a m p l e ,  a t  l e a s t  2 0 0  d i s e a s e s  h a v e  b e e n  

d e s c r i b e d  o n  w h e a t  b u t  a b o u t  5 0  a r e  r o u t i n e l y  i m p o r t a n t  e c o n o -  

m i c a l l y  ( 2 4 ) .  

EFFECTS OF PLANT DISEASES 

T h e r e  a r e  f o u r  i m p o r t a n t  e f f e c t s  t h a t  p l a n t  d i s e a s e  c o u l d  h a v e  

i n  CELSS. T h e s e  a r e :  ( a )  c o m p l e t e  d e s t r u c t i o n  o f  p l a n t s ,  ( b )  

r e d u c t i o n  i n  e f f i c i e n c y  o f  p l a n t  g r o w t h ,  ( c )  d e s t r u c t i o n  o f  

t h e  u s e f u l  p a r t s  o f  p l a n t s  a n d  ( d )  c r e a t i n g  s a n i t a t i o n  a n d  

e n v i r o n m e n t a l  c o n t a m i  n a t i o n  p r o b l e m s .  

Damp ing  o f f  a n d  r o o t  d i s e a s e s  ( i . e .  s o i l  b o r n e  d i s e a s e s )  a r e  

t h o s e  m o s t  l i k e l y  t o  r e s u l t  i n  c o m p l e t e  d e s t r u c t i o n  o f  p l a n t s .  

The  p l a n t  g r o w t h  s y s t e m s  p r o p o s e d  f o r  CELSS w o u l d  b e  h i g h l y  

v u l n e r a b l e  t o  t h o s e  d i s e a s e s  s i n c e  many r o o t  p a t h o g e n s  r e q u i r e  



h i g h  w a t e r  p o t e n t i a l  f o r  a c t i v i t y  ( 2 )  a n d  n o r m a l  r h i z o s p h e r e  

f l o r a  w o u l d  b e  a b s e n t .  A l s o ,  w a t e r  d e l i v e r y  s y s t e m s  t o  r o o t s  

c o u l d  become c o n t a m i n a t e d  a n d  a c t  as  a  means f o r  r a p i d  d i s s e -  

m i  n a t i o n  o f  p a t h o g e n s .  

The  e f f i c i e n c y  o f  p l a n t  g r o w t h  c o u l d  b e  a f f e c t e d  b y  n u m e r o u s  

p a t h o g e n s  w h i c h  a t t a c k  o n l y  c e r t a i n  t i s s u e s  s u c h  as  f e e d e r  

r o o t s ,  l e a v e s  o r  s t e m s .  P o w d e r y  m i l d e w  i s  an e x a m p l e  o f  a  

d i s e a s e  w h e r e  t h e  p a t h o g e n  u s u a l l y  d o e s  n o t  k i l l  t h e  p l a n t ,  

b u t  c a n  s e v e r e l y  r e d u c e  g r o w t h  ( 1 9 ) .  P o w d e r y  m i l d e w s  a r e  

o f t e n  a s e r i o u s  p r o b l e m  i n  s e m i - c o n t r o l l e d  e n v i r o n m e n t s  s u c h  

as  g r e e n h o u s e s .  

I n f e c t i o n  o f  e d i b l e  or u s a b l e  p a r t s  o f  h i g h e r  p l a n t s  b y  p a t h o -  

g e n s  c a n  d e s t r o y ,  r e d u c e  t h e  q u a l i t y  o r  a d v e r s e l y  a f f e c t  p r o -  

c e s s i n g  o r  s t o r a g e  o f  t h e  p l a n t  p r o d u c t .  The c e r e a l  s m u t s ,  

f o r  e x a m p l e ,  c o m p l e t e l y  r e p l a c e  t h e  g r a i n  w i t h  smut  s p o r e s .  

The  p r o d u c t i o n  o f  m y c o t o x i n s  i n  f r u i t s ,  v e g e t a b l e s  a n d  s e e d s  

i s  an e x a m p l e  o f  a  r e d u c t i o n  i n  q u a l i t y  and  a  h e a l t h  h a z a r d .  

A s p e r g i l l u s  f l a v u s  o n e  o f  t h e  f u n g i  f o u n d  a b o a r d  s p a c e c r a f t ,  

( 4 )  i s  a  p r i n c i p a l  p r o d u c e r  o f  a  m y c o t o x i n  f o u n d  i n  i n f e c t e d  

c e r e a l s  a n d  l e g u m e  s e e d s  ( 2 ) .  

P l a n t  d i s e a s e s  w o u l d  a l s o  n e c e s s i t a t e  t h e  i m p l e m e n t a t i o n  o f  

s a n i t a t i o n  p r o c e d u r e s ,  r e q u i r i n g  t i m e  and  e n e r g y ,  t o  d e s t r o y  
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d i s e a s e  i n o c u l u m  ( 2 ) .  The g r e a t e r  t h e  c o m p l e x i t y  o f  a  g r o w t h  

s y s t e m  t h e  m o r e  d i f f i c u l t  t h e  p r o c e d u r e  t o  s u c c e s s f u l l y  e l i m i -  

n a t e  i n o c u l u m .  P l a n t  d e b r i s ,  t h e  p h y s i c a l  p a r t s  o f  t h e  

r o o t i n g  a r e a ,  t h e  r o o t i n g  med ium and  t h e  w a t e r  d e l i v e r y  s y s t e m  

w o u l d  a l l  n e e d  s t e r i l i z a t i o n .  

- .  9 

T h e r e  i s  a  p o t e n t i  a1  p r o b l e m  o f  e n v i r o n m e n t a l  ' c o n k a m i n a t  i o n  

a s s o c i a t e d  w i t h  some d i s e a s e s .  P l a n t  p a t h ~ g e n i c ~ f u n g i  c a n  

p r o d u c e  l a r g e  q u a n t i t i e s  o f  s p o r e s  o n  p l a n t s  ' a n d f  t h e s e  s p o r e s  

a r e  l i b e r a t e d  i n t o  t h e  a i r  a n d  m i g h t  be  a  h e a l t h  h a z a r d  i n  a  

c l o s e d  s y s t e m .  A l s o ,  t h e  c o n t r o l  o f  c e r t a i n  d i s e a s e s  c a n  b e  

a c h i e v e d  w i t h  c h e m i c a l s .  H o w e v e r ,  a i r  and  w a t e r  c o n t a m i n a t i o n  

c o u l d  o c c u r  as a  c o n s e q u e n c e  o f  c h e m i c a l  a p p l i c a t i o n s .  I n  

CELSS, c h e m i c a l  c o n t r o l  may b e  u n d e s i r a b l e .  

PLANT DISEASE CONTROL I N  CELSS 

P l a n t  d i s e a s e s  i n  CELSS c a n  b e  p r e v e n t e d  o r  t h e i r  damage m i n i -  

m i z e d  w i t h  an  i n t e g r a t e d  d i s e a s e  c o n t r o l  p r o g r a m .  The i m p o r t -  

a n t  c o m p o n e n t s  ( d n d  t h e i r  i n t e r a c t i o n s )  o f  s u c h  a p r o g r a m  a r e  

d i a g r a m m e d  i n  F i g u r e  1. T h e y  a r e  as f o l l o w s :  

1 .  Q u a r a n t i n e .  An i m p o r t a n t  s t e p  t o  p r e v e n t  i n t r o d u c t i o n  o f  

p a t h o g e n s .  NASA s h o u l d  e s t a b l i s h  a  p o l i c y  t h a t  o n l y  

p a t h o g e n  f r e e  p l a n t s  ( s e e d  and  v e g e t a t i v e  s t o c k )  a r e  i n t r o -  

d u c e d  i n t o  CELSS. The p o l i c y  s h o u l d  b e  i m p l e m e n t e d  p r i o r  

t o  t h e  d e v e l o p m e n t  o f  an o p e r a t i o n a l  CELSS f o r  a  p e r m a n e n t  



- - -  

~ - -  - 

s p a c e  s t a t i o n .  

2 .  I d e n t i f i c a t i o n  o f  d i s e a s e s  m o s t  l i k e l y  t o  o c c u r  i n  CELSS. 

Such  i n f o r m a t i o n  c a n  b e  g a i n e d  f r o m  c u r r e n t  k n o w l e d g e  on 

p l a n t  d i s e a s e ,  m i c r o b i  a1 c o n t a m i n a t i o n  o f  s p a c e c r a f t  a n d  

a s t r o n a u t s ,  a n d  f r o m  l a n d  b a s e d  CELSS e x p e r i m e n t s .  T h i s  

i n f o r m a t i o n  i s  f u n d a m e n t a l  t o  a l l  a s p e c t s  o f  i n t e g r a t e d  
1 

d i s e a s e  c o n t r o l .  

3 .  P l a n t  r e s i s t a n c e .  H o s t  r e s i s t a n c e  s h o u l d  b e  u t i l i z e d  f o r  

t h o s e  d i s e a s e s  w h i c h  a r e  p o t e n t i a l l y  m o s t  d e s t r u c t i v e  i n  

t h e  CELSS e n v i r o n m e n t .  

4 .  C r o p  d i v e r s i t y .  When f e a s i b l e ,  d i v e r s e  c r o p s  s h o u l d  b e  

u t i l i z e d  t o  m i n i m i z e  t h e  i m p a c t  o f  damage f r o m  p l a n t  

d i s e a s e .  

5 .  C o n s t r u c t e d  m i c r o b i a l  c o m m u n i t i e s .  The u t i l i z a t i o n  o f  

c o n s t r u c t e d  b e n e f i c i a l  r h i z o s p h e r e  a n d  p h y l l o p l a n e  m i c r o -  

b i a l  c o m m u n i t i e s  w o u l d  a c t  a s  a  b u f f e r  a g a i n s t  i n c r e a s e s  

i n  p a t h o g e n  p o p u l a t i o n s  and  r e d u c e  i n f e c t i o n s .  T h i s  w o u l d  

b e  t r u e  b i o l o g i c a l  c o n t r o l .  Such m i c r o b i a l  c o m m u n i t i e s  

m i g h t  a l s o  p r e v e n t  p r o b l e m s  w i t h  e x o p a t h o g e n s  and  c o u l d  

d i r e c t l y  b e n e f i t  p l a n t  g r o w t h  ( f o r  e x a m p l e ,  t h r o u g h  

m y c o r r h i z a ) .  M a g u i r e  ( 1 3 )  h a s  a d d r e s s e d  t h i s  c o n c e p t  i n  a 

NASA c o n t r a c t e d  r e p o r t .  

6 .  E n v i r o n m e n t a l  c o n t r o l .  C o n t r o l  1 i ng e n v i r o n m e n t a l  f a c t o r s  

s u c h  a s  t e m p e r a t u r e  a n d  h u m i d i t y  a r e  i m p o r t a n t  m e t h o d s  o f  

p r e v e n t i n g  o r  m i n i m i z i n g  d i s e a s e  d e v e l o p m e n t .  ' 



7 .  C o m p a r t m 2 n t a l i z a t i o n .  D i s s e m i n a t i o n  o f  p a t h o g e n s  a n d  

l o s s  f r o m  d i s e a s e  c a n  b e  m i n i m i  z e d  b y  c o m p a r t m e n t a l  i z a t i o n  

o f  p l a n t  g r o w t h  s y s t e m s .  T h i s  s h o u l d  i n c l u d e  w a t e r  d e l i -  

v e r y  s y s t e m s ,  p l a n t  h a n d l i n g  e q u i p m e n t  a n d  p r o c e s s i n g  

a r e a s .  T h i s  w o u l d  g r e a t l y  f a c i l i t a t e  s a n i t a t i o n  p r o c e d u r e s .  

8 .  S a n i t a t i o n .  The d e s t r u c t i o n  o r  r e m o v a l  o f  i n o c u l u m  i s  

o f t e n  e s s e n t i a l  t o  p r e v e n t  f u r t h e r  d i s e a s e  o c c u r a n c e .  

S i n c e  p l a n t  g r o w t h  s y s t e m s  w i l l  m o s t  l i k e l y  b e  i n  

c o n s t a n t  u s e ,  s a n i t a t i o n  w i l l  b e  an e x t r e m e l y  i m p o r t a n t  

d i s e a s e  c o n t r o l  p r o c e d u r e .  P l a n t  g r o w t h  s y s t e m s  s h o u l d  

b e  d e s i g n e d  f o r  f a s t  a n d  e f f i c i e n t  s a n i t a t i o n  ( i . e .  

s t e r i l i z a t i o n  o r  p a s t e u r i z a t i o n ) .  I n  s e m i - c o n t r o l l e d  

e n v i r o n m e n t s  s u c h  as  g r e e n h o u s e s ,  s a n i t a t i o n  i s  w i d e l y  

p r a c t i c e d  f o r  d i s e a s e  c o n t r o l .  

9 .  M o n i t o r i n g .  D i s e a s e  m o n i t o r i n g  i s  n e c e s s a r y  t o  i m p l e m e n t  

s p e c i f i c  d i s e a s e ' c o n t r o l s ,  p r e v e n t  s p r e a d  o f  p a t h o g e n s  

a n d  p r o v i d e  i n f o r m a t i o n  u p o n  w h i c h  f u t u r e  d i s e a s e  c o n t r o l  

d e c i s i o n s  a r e  b a s e d .  Due t o  t h e  g r e a t e r  v a l u e  o f  p l a n t s  

i n  CELSS, d i s e a s e  m o n i t o r i n g  w i l l  b e  m o r e  i m p o r t a n t  t h a n  

i n  e a r t h  a g r i c u l t u r e .  S o p h i s t i c a t e d  d i s e a s e  m o n i t o r i n g  

s y s t e m s  s u c h  a s  m e a s u r i n g  r e f l e c t e d  r a d i a t i o n  i n  s p e c i f i c  

i n f r a r e d  w a v e l e n g t h s  c o u l d  b e  u t i l i z e d  i n  CELSS. 

1 0 .  C o n t i n g e n c y  p l a n s  t o  c o n t r o l  e p i d e m i c s .  C o n t r o l  p r o c e -  

d u r e s  s h o u l d  b e  f o r m u l a t e d  f o r  p l a n t  d i s e a s e  e p i d e m i c s  



t h a t  m i g h t  o c c u r  i n  t h e  CELSS e n v i r o n - m e n t .  F o r  e x a m p l e ,  

p o w d e r y  m i l d e w  may b e  a  p o t e n t i a l  t h r e a t  i n  c o n t r o l l e d  

e n v i r o n m e n t s .  A l t h o u g h  p o w d e r y  m i l d e w  c a n  b e  c o n t r o l l e d  

w i t h  s u l f u r  d u s t ,  s u c h  a  c o n t r o l  may n o t  b e  p r a c t i c a l  i n  

CELSS. What s p e c i f i c a l l y  w o u l d  b e  t h e  c o n t r o l  t o  p r e v e n t  

a  p o w d e r y  m i l d e w  e p i d e m i c ?  

CONCLUSION 

P l a n t  d i s e a s e s  c o y l d  b e  i m p o r t a n t  f a c t o r s  a f f e c t i n g  g r o w t h  o f  

h i g h e r  p l a n t s  i n  CELSS. D i s e a s e  c o n t r o l ,  t h e r e f o r e ,  w i l l  b e  

n e e d e d  t o  m a i n t a i n  h e a l t h y  p l a n t s .  The m o s t  i m p o r t a n t  

c o n t r o l s  s h o u l d  b e  a i m e d  a t  a )  p r e v e n t i n g . t h e  i n t r o d u c t i o n ,  

r e p r o d u c t i o n  a n d  s p r , e a d  o f  p a t h o g e n s  and  b )  p r e v e n t i n g  p l a n t  

i n f e c t i o n .  An i n t e g r a t e d  d i s e a s e  c o n t r o l  p r o g r a m  w i l l  m a x i -  

m i z e  t h a t  a p p r o a c h .  I n  t h e  d e s i g n  a n d  o p e r a t i o n  o f  CELSS, 

p l a n t  d i s e a s e  s h o u l d  b e  c o n s i d e r e d  an i m p o r t a n t  a s p e c t  o f  

p l a n t  g r o w t h .  
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EPILOGUE 



Development of Space Technology for Ecological Habitats 
Norman V. Martello 
Palo Alto. California 

Introduction 

NASA's announcement that it will develop a Space Station over the next decade initiates 
a new phase of human evolution into space. When the Space Station becomes operational, it 
will permit continuous human presence in the space environment well into the next century. 
Scientific experiments that require long periods of time in the space environment will then 
become possible. Among the many aerospace technologies that make the long term presence 
of humans in space possible is the technology of life support. 

Because of current life support technology, astronauts can work in shirt sleeves inside of 
pressurized spacecraft, and survive in sealed suits surrounded by the vacuum of space. Life 
support on spaceflights conducted by the U.S. and the U.S.S.R. over the past 25 years was 
possible because enough air, water and food was carried from Earth to maintain life. Longer 
missions have involved replacing supplies of oxygen and food from Earth, in the case of the 
Soviet cosmonauts on the Salyut orbital station, or electrolyzing water to  produce oxygen. 
in the case of the U.S. Skylab mission. For the most part, however, the regeneration of life 
support supplies has had limited use. 

As flight duration and crew size increase. resupply of life support materials from Earth 
becomes noticeably expensive. Recycling of spent life support supplies reduces payload weight 
and the cost of resupply from Earth. On Salyut for example, water vapor from human res- 
piration and perspiration was condensed from the cabin atmosphere on cooling coils. This 
condensate, along with used wash water was passed through ion exchange columns and acti- 
vated charcoal filters, sterilized by heat, and stored. 

Both the U.S. and the U.S.S.R. have expressed interest in, and actively support research 
in a variety of techniques t o  regenerate life support materials in space. The American program 
has explored two approaches to  the problem. One is based on physical-chemical techniques 
that show promise in regenerating oxygen and clean water; the other makes use of those 
mechanical technologies with aspects of biotechnology to  integrate photosynthetic organisms 
into the system. The American program is called Controlled Ecological Life Support System 
(CELSS) research. There is considerable evidence from the open literature that the U.S.S.R. 
space program is following similar lines of research. Material cycling in a CELSS (Figure 1) 
could sustain life in space for an indefinite period, while reducing the cost of human space 
operations. 

The technology of CELSS includes physical-chemical-mechanical systems that use heat, 
pressure and chemical reactants to process food, oxidize wastes, separate and store gases, 
as well as biological systems that use either micro-algae or angiosperms (higher plants) to  
produce food. potable water and oxygen, and to  remove carbon dioxide. CELSS may be an 
enabling technology for long-term missions on the Moon and t o  Mars and the outer planets. 
A sample scenario is first to  develop CELSS technology for use on later Space Stations, then 
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Figure 1. Pathways of material cycling within a CELSS 



using CELSS technology on the lunar surface, or to establish a habitat on the Martian moon 
Phobos. The experience gained with habitats on these moons would be essential for the 
establishment of a habitat on the Martian surface, which has its own unique environmental 
conditions and design problems for habitation. Space Station experience would also be invalu- 
able in developing scenarios using CELSS technology for transit to Mars or elsewhere in the 
solar system. \ 

Biological Space Research Relevant to CELSS 

Two approaches to developing a CELSS have .been suggested. A holistic method involves 
enclosing an ecosystem, altering the species 'content;: and manipulating environmental condi- 
tions until long-term stability and productivity is achieved. Another approach is a reductionist 
method that divides the system into several subsystems, develops separate controls for the 
complete system as well as for each subsystem, and links the subsystems and their controls 
together. Generally speaking. researchers in the U.S.S.R. have chosen the holistic strategy. 
while those in the U.S. have chosen the latter. Although in some respects their approaches 
are different, both the Soviet and American space programs have made considerable advances 
in bioregenerative life support research. 

One of the central research tools of bioregenerative research is the tightly-sealed plant 
growth chamber. This kind of device, several of which have been built in France (see papers 
by M. Andr6, these proceedings). and in the U.S. (see paper by Schwartzkopf, these proceed- 
ings), provide an opportunity to examine the rrietabolism of plants while they are growing 
and to experimentally manipulate environmental conditions to increase (or decrease) growth 
rates, oxygen production, etc. Typically, a chamber contains separate compartments for the 
roots and shoots. The stem compartment allows-the leaves to grow in higher than normal 
levels carbon dioxide, lower oxygen tensions. oc b-0th to  promote photosynthesis and plant 
growth, to stimulate flowering. and to produce higher crop yields. A separate compartment 
for roots growing hydroponically or aeroponically (misting the roots) allows manipulation of 
the rhizosphere (root zone), as well as studies of nutrient uptake. The Schwartzkopf chamber 
is diagrammed in Figure 2. "?  ',' 
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Only recently with the advent of computer control systems has it been possible to achieve 
in enclosed chambers the necessary manipulation of air movement, water, humidity, and tem- 
perature and the removal of contaminants to maintain long-term plant growth. Although 
these chambers are a specialized requirement for research and development of a CELSS, they 
can also have terrestrial applications. This new technology expands the resources available 
for research by the botanist and agronomist. In addition they can be used for the study of 
ecosystem effects on new organisms produced by recombinant DNA techniques, or on chemical 
products (pesticides, herbicides, etc.) before releasing them into the environment. 

The missions of the Soviet Salyut space station provided for the first time an opportu- 
nity for many long-term experiments using plants in space. Starting in the 19701s, Soviet 
researchers experimented with both partially and totally controlled environments for plants in 
space using a series of chambers, which were gradually upgraded to  suit the unique environ- 
mental conditions of microgravity. Problems of water and nutrient delivery, and aeration of 
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roots in weightlessness were apparently solved. On Salyut the growth of onion, radish. dill, 
cucumber, and carrot was achieved, but the plants died at the flowering stage. In 1982 flow- 
ering and seed formation in space was achieved through the efforts of Lithuanian botanists. 
Intense illumination and filtering impurities from the plants' air supply finally resulted in growth 
through an entire life cycle (fertilization, embryogenesis, maturation, and new seed formation) 
of the test-tube size angiosperm Arabidopsis thaliana (L.) Heynh. Light intensity and pho- 
toperiod apparently must be adjusted for reliable plant productivity in space, as on Earth. 
Some of this data is already available 'in the literature for input into computer data bases 
and models. This information is of consequence because different plant species have different 
lighting requirements to ensure their growth and flowering. In space, plants also developed 
at a slower rate and it is unknown if this effect is due to lack of convection for heat and gas 
exchange, or to altered plant physiology in microgravity. 

Soviet researchers have conducted botanical studies on Earth continuously for 20 years in 
their Bios program. Using the 'Bios' series of chambers, researchers started with 12 cubic 
meters, which has evolved into 315 cubic meters. In recent years a team of about 20 Soviet 
scientists used this chamber to supply two engineers with fresh air and water, and four-fifths 
of their foodstuffs for five months, the length of a round trip to Mars. 

Soviet experiments with food crops in space show every sign of continuing at an aggressive 
pace to provide cosmonauts fresh food, psychological enjoyment, and increased life support 
capabilities. As recently as late 1985, cosmonauts on Salyut were investigating the growth of 
pepper. onion, and lettuce in different nutrients in at least two different plant growth chambers. 
A 'Biogravistat' also provided various spin rates to affect the growth rate of seeds in space. 

Stability in Controlled Ecosystems 

The stability of any ecosystem demands the orderly flow of nutrients between the living 
and non-living components of the system. Non-living components in the Earth's biosphere 
include the gigantic reservoirs of clay and humus in the soil, and the water and the atmosphere 
that are set in motion by the light and heat of the sun, producing the planet's weather and 
the cycling of elements. In a CELSS the non-living components will be mechanical units to 
process crops into foodstuffs and to breakdown the excess waste and extract the nutrients, and 
chemical units to purify the air (Figure 3). On Earth as well as in space, the living members 
of the system are the same: plants, animals (including humans) and microorganisms. On 
Earth microbes perform most of the recycling of elements in the biosphere. 

With the addition of plants for food and for air and water regeneration, a life support 
system begins to resemble a terrestrial ecosystem, although the large size of the terrestrial 
system permits life processes to continue even with some perturbations in the system. On the 
other hand, a small interruption, i f  not considered during the design of controls for the system, 
could be a weak link in CELSS stability and, depending on the cause of the perturbation. could 
cause the system to become unstable and "crash". Maintaining system stability, especially 
when a single factor may affect the operation of the whole system, is an issue. For this reason 
it is important to understand ecosystem behavior and to integrate ecological concepts into 
the design of a CELSS. 
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Ecological design, that is, design that incorporates principals of the natural world to sustain 
human settlement for a long period of time, is used successfully on Earth to maintain stability 
in the natural environment. One ecological design principal is the use of a variety of organisms 
to aid stability. For example, farms in Java have produced continuously for centuries by 
constant use and regeneration of water and nutrients, managed by a balanced mix of trees. 
livestock, grains, grasses, vegetables, and fish. No single crop type dominates the system, so 
if a single crop performs less than optimally, the proper flow of nutrients, and hence the whole 
system, will not collapse. The economy of size in a CELSS requires a limited number of specific 
species. carefully chosen to ensure stability and productivity. More than on crop species may 
even be grown in a chamber simultaneously, once studies are conducted to determine optimal 
species mix. 

An aquaculture system has been suggested as part of a detailed design study by Japanese 
aerospace scientists to establish a CELSS module in space in evolutionary steps (Figure 4). 
To increase the complexity, and perhaps the stability, of the ecosystem 'loop' in a CELSS, 
bacteria could be added to transform toxic ammonia and nitrogenous waste from the fish into 
nitrates, which would act as a fertilizer for algae. which in turn would be a major source of food 
for fish. The first source of animal protein for human consumption in a bioregenerative life 
support system is likely to be an aquatic creature. Traditional livestock would be inappropriate 
in a CELSS because of their very low food conversion efficiencies. However, small animals. 
such as fowl and rabbits have higher efficiencies of conversion and may be of interest. 

Techniques of ecological design and controlled-environment agriculture can be useful in 
land reclamation on Earth. as well as making permanent habitats easier to achieve in space. 
Recently, the University of Arizona, the New York Botanical Garden, the Smithsonian Institu- 
tion and other groups proposed a seven-year venture to create an isolated, enclosed biosphere 
(86.000 square feet) outside of Tucson. Arizona. Such technology could be used to restore 
damaged ecosystems and as a research tool for studying complex ecological interactions. 

Designing a CELSS for Spaceflight 

Of paramount importance in a Space Station environment is the conservation of volume 
inside of the pressurized modules. The first CELSS for use in space must be economical. 
taking up as little volume as possible on the spacecraft, and recycling as much material as 
possible over its lifetime to minimize the launch weight of resupply from Earth. To conserve 
volume, the size of 'holding tanks', which act as buffers or reservoirs between the CELSS 
subsystems must be reduced as much as possible, and therefore material processing through 
the system must be rapid. Crops should produce predetermined yields in a short time. Waste 
materials (primarily from crop plants. but also from humans) should be quickly processed 
into reusable nutrients. The human control of system size and the rate of nutrient flows 
throughout is a major distinguishing feature of CELSS compared to the gigantic terrestrial 
ecosystems, their nutrient flows, reservoirs and buffers, which may require hundreds of years 
to completely recycle and remix elements. 

I f  lack of normal gravity actually afFects plant physiology, perhaps centrifuged chambers 
will be required to provide artificial gravity. If plant physiology is not the real problem in 



ORIGlNAL PAGE IS 
OF POOR QUALITY 

COMBINED SOLAR AND 
FLUORESCENT 
(SOLAR COLLECTOR) 

NEWLY SEEDED TRAY 

MATURE PLANT TRAYS 

NOTE: ARRANGEMENT SHOWN 
IS 20% OVERSIZED FOR 2 MEN 

Figure 5. A combined solar and artificial lighting system delivers light to plant growth units 
(PGU's) via fiber optic cables. 



weightlessness, more efficiently designed plant chambers will be required. In microgravity the 
absence of normal convection. to aid in circulation of heat and metabolic gases for the leaves. 
and altered behavior of fluids in the root area, may be the critical factor. The nutrient solution 
for the roots. easy to aerate with oxygen and'drain on Earth. will be heavily influenced by 
the behavior of gas-liquid interfaces and the strong influence of liquids' surface tension under 
microgravity. On the other hand lack of response to density differences in microgravity may 
actually aid in the mixing of oxygen and mineral nutrients in solution. Pumps will be required 
just to maintain air exchange to the leaves, and waterlnutrient exchange to the roots. 

A particular problem in spaceflight will be the spectral quality and periodicity of light as the 
Space Station orbits the Earth. or the Lunar Base moves from sunlight into shadow and back. 
During its lifecycle a plant requires certain changes in wavelength. intensity and photoperiod 
to maintain normal productivity. Light must be provided in the wavelengths most usable by 
plants: the visible wavelengths with emphasis on red and blue, the absorption peaks of the 
two major chlorophyll components of plants. Existing data on the effects of light on various 
plant crops should be studied in this regard. New experiments should examine the unique 
limitations of lighting in the man-made space environment. Although maximum control can 
be achieved by the exclusive use of artificial lighting, this method consumes the most energy 
and generates the most waste heat. A mix of natural and artificial light sources may prove 
optimal. 

To achieve energy efficiency in these space systems, natural sunlight could be collected on 
the outside of a CELSS module. A solar collector would remove both harmful ultraviolet light 
and ineffective wavelengths, such as the infrared. An extensive discussion of this approach. 
first proposed by a Japanese company (Himawari) has been published as a NASA report by 
Boeing Aerospace. A schematic design of the device is presented in Figure 5. 

To ensure adequate nutrition for space crews, a minimum variety of crop species suggested 
for a CELSS includes soybean, peanut, wheat, rice, potato, carrot, spinach, cabbage, and 
lettuce. This list could be expanded to include root crops like sweet potatoes, red beets 
and sugar beets: vegetables like broccoli, cauliflower chard and other greens: and additional 
grain crops. Tomato, green bean and sugar pea may also be included. Cantaloupe and the 
everbea;ing (perennial) strawberry are suitable fruit species. To prepare the harvest for storage 
and consumption, automated methods must be chosen and adapted from those already in use 
in the food processing industries. Threshing, hulling and milling of grains and seeds: pressing. 
centrifugation and filtration of oils and juices; evaporation of sugars: pickling and fermentation 
to preserve certain foods; and dehydration of some products to minimize storage space and 
maximize 'shelf life' will al l  be required. 

In a CELSS module it may be necessary to process the largest variety of foodstuffs from 
a few major crops that are good producers in microgravity. Some of these so-called fabricated 
foods are quite acceptable in the diet; some may be less so. Such foods include imitation 
cheeses and the traditional Oriental meat analogues of tofu, tempeh and seitan (gluten). 
Seasonings and flavorings for foods may best be provided from Earth by essential oils or their 
analogues, which are so concentrated that their payload weight may be negligible. By not 
growing herbs and spices in space, valuable space and energy would be conserved in a CELSS 
module for food crops that are essential. This strategy would also avoid a whole new class 
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of aromatic trace contaminants from the growing of some flavoring herbs. 

A major consideration in the design of a CELSS module is waste processing, particularly 
of the large amount of inedible plant biomass. A non-microbiological process may be most 
efficient. A promising unit for the waste processing subsystem is a Super Critical Water 
Oxidation (SCWO) reactor. Water is heated up to 700oC, pressurized with air or oxygen to 
3000 psi and injected into small batches of ground waste slurry, which is then oxidized within 
seconds into carbon dioxide, nitrogen, water, and mineral salts. Plant nutrients may then be 
reclaimed and recycled. 

When subsystem units for food production, waste regeneration. computer control and 
automation are finally linked to outfit an operational CELSS module, it may look somewhat 
like the artist's conception in Figure 6. This accomplishment may be only a decade away with 
appropriate, continuous research support, and the pooling of information among biologists 
and bioengineers working in related projects. 

The U.S. announcement to establish a Space Station provides an opportunity for cooper- 
ation with other national space agencies, laboratories and industries. Such opportunities are 
especially promising for CELSS research because of the expertise that exists around the world 
in related ventures. The most efficient development of CELSS would probably result from care- 
ful pooling of international resources. If stable and productive materially-closed ecosystems 
can be made to function on Earth, they could probably be made to work in space. Increased 
international cooperation will enhance the progressive, logical development of bioregenerative 
life support systems for use in future space missions. 



References 

1. P. J. Boston. Critical Life Science Issues for a Mars Base. In: The Case for Mars II. 
C. P. McKay. ed. San Diego: American Astronautical Society (1984). 

2. W. V. Cruess. Commercial Fruit and Vegetable Products, 4th ed. New York: McGraw- 
Hill (1958). 

3. N. Davis. Controlled-Environment Agriculture: Past, present, and future. Food 
Technology 39(10): 124-126 (Dec. 1985). 

4. B. lvanov and 0. Zubareva. To Mars and Back on Board Bios. Soviet Life 4(343): 
22-25 (Apr. 1985). 

5. M. Karel. Evaluation of Engineering Foods for Controlled Ecological Life Support 
Systems. NASA CR-166359 (1982). 

6. N. E. Leggett and J. A. Fielder. Space Greenhouse Design. Journal of the British 
Interplanetary Society 37: 495-498 (1984). 

7. R. D. MacElroy. D. T. Smernoff and H. P. Klein, eds. Controlled Ecological Life 
Support Systems: Life support systems in space travel. Topical session of the 25th COSPAR 
meeting in Graz. Austria. NASA CP-2378 (1985). 

I 
8. A. I. Merkis and R. S. Laurinavichyus. Complete Cycle of Individual Development of 

Arabidopsis thaliana Plants on Board the Salyut-7 Orbital Station. (English trans.) NASA 
TM-77576 (1984). 

9. M. Oleson. T. Wakley. R. Boutrous and W. Woodson. CELSS Conceptual Design 
Option Study: Draft final report. Seattle: Boeing Aerospace (1985). 

10. S. H. Schwartzkopf. A Non-Destructive Method for Monitoring Plant Growth. 
HortScience 20(3): 432-434 (1985). 

11. Soviet Space Programs 1976-80: Manned space programs and space life sciences. 
Washington. DC: U. S. Government Printing Office (Oct. 1984). 

12. N. J. Todd and J. Todd. Bioshelters. Ocean Arks. City Farming: Ecology as the 
basis of design. San Francisco: Sierra Club (1984). 



CELSS '85 LIST OF PARTICIPANTS 

OFFICIAL REPRESENTATIVES 
OF NATIONAL ORGANIZATONS 

Professor David Cove 
Science and Engineering Research Council 
Polaris House, North Star Avenue 
Swindon, SN2 IET, ENGLAND 

M. Alain Esterle 
Centre National dlEtudes Spatiales 
CNES DPIAD 
2 Place Maurice Quentin 
75039 Paris Cedex 01 
FRANCE 

Dr. Helmut Hinghofer-Szalkay 
Physiologisches lnstitut der Universitat 
Harrachagasse 2 1, 8-80 1 0 
Graz, AUSTRIA 
or 
MS 239A-1 
NASA-Ames Research Center 
Moffett Field, CA 94035 

Mr. R F. Rissone 
Head, Biological Sciences Group 
Science and Engineering Research Council 
Polaris House, North Star Avenue 
Swindon, SN2 IEV, ENGLAND 

Dr. Dror Sadeh, Coordinator 
Israel Space Agency 
Ministry of Science and Development 
P.O. Box 171 85 
Tel Aviv 6 1 171, ISRAEL 

Dr. Alain Sarasin 
Centre National Recherche Scientif uque 
CNRSlIRSC 
BP8 Villejuif 
FRANCE 

Dr. Chiharu Sekiguchi 
Space Experiment Group 
National Space Development Agency of Japan 
2-4- 1 Hamamatsu-cho, Minato-ku 
Tokyo, 105, JAPAN 

INTERNATIONAL ATTENDEES 

JAPAN 

Dr. Akira Ashida 
Space Systems Division 
Hitachi Ltd. 
6-4, Kandasurugadai, Chiyokaku, 
Tokyo 101, JAPAN 

Dr. Shuji Kanda 
Division o f  Submarine Design 
Kawasaki Heavy Industries 
Higashikawasaki, Chyuoku, 
Kobe 650-9 1, JAPAN 

Dr. M. Matsuda, MD 
6-1 5-20 Shu'ujiku 
Shu'ujiku-ku Tokyo 160 
JAPAN 

Dr. Keiji Nitta 
Space Technology ~esearch Group 
National Aerospace Laboratory 
Chof u, Tokyo 1 82 
JAPAN 

Dr. Haruhiko Ohya 
Department o f  Chemical Engineering 
Yokahama National University 
Hodogaya, Yokohama 240 
JAPAN 

Dr. M. Oshima, MD 
Higashi-Nogawa, 4- 1 8- 1 1 
Komae-shi, Tokyo 
JAPAN 

Dr. Tairo Oshima 
Laboratory of  Chemistry 

for Natural Products 
Tokyo Institute of Technology 
Nagatsuta, Midori-ku, 
Yokahama 227 
JAPAN 

Dr. I. Saito, MD 
1-1 5-2, Sekimachi-kita 
Nerimaku, Tokyo 
JAPAN 

PRECEDING PAGE BlAMK NOT 627 



Dr. Yukio Takahashi 
Department of Civil Engineering 
Niigata University 
Igarashi-2-nomachi, Niigata 950-2 1 
JAPAN 

CANADA 

Mr. Richard Boudreault 
Canadian Astronautics Ltd. 
1050 Morrison Drive 
Ottawa, Ontario 
CANADA K2H 8K7 

Mr. John Fowler 
242- 10 1 27- 1 2 1 Street 
Edmonton, Alberta 
T5N 3x1, CANADA 

Brad Thompson PkD 
Alberta Research Council 
1 13 15 - 87 Avenue 
Edmonton, Alberta 
CANADA T6G 2C2 

ISRAEL 

Dr. Shimshon Belkin 
Dept Physiology and Anatomy 
University of California, Berkeley 
Berkeley, CA 94720 

Dr. Elisha S. Tel-Or 
Dept Physiology and Anatomy 
University of California, Berkeley 
Berkeley, CA 94720 

BRITAIN 

Dr. Ian V. Fry 
Dept Physiology and Anatomy 
University of California, Berkeley 
Berkeley, CA 94720 

Dr. Eric Dunlop 
Director, Solar Fuels Research 
Solar Energy Research Institute 
SERI, 161 7 Cole Blvd. 
Golden, Colorado 8040 1 

FRANCE 

Dr. Marcel A. Andre 
Service de Radio-agronomie 
Centre d'Etudes Nucleares de Cadarache 
B.P. No. 1 - 131 15 Saint Paul lez Durance 
FRANCE 

Dr. Chantal DeWeirdt 
Dept of Biological Sciences 
Stanford University 
Stanford, CA 94305 

Dr. Nathalie Lambert 
Promospace 
660 Avenue de la Republique 
59800 Lille 
FRANCE 

INDIA 

Dr. P.K. Seshan 
Jet Propulsion Lab 
MS 169-514 
4800 Oak Grove Dr. 
Pasadena, CA 9 1 103 

IRAN 

Dr. Reza Kamarei 
Department of Nutrition and Food Science 
Massachusetts Institute of Technology 
Cambridge, MA 021 39 

SWEDEN 

Dr. A. lngemar Skoog 
Dornier Systems Gmbh 
Postfach 1360 
D-7990 Friederichshoffen - 
West Germany 

WEST GERMANY 

Mr. Hafkemeyer 
Dept RB 524 
MBB ERN0 Raumfahrt, 
Postfach 10595, 2800 Bremen 
WEST GERMANY 



UNITED STATES ATTENDEES 

Dr. William F. Ballhaus Jr. 
Director, 
NASA-AmeS Research Center 
MS 200-1 
Moffett Field, CA 94035 

Mr. Don Beem 
Special Science Programs 
American Institute of 

Biological Sciences, AlBS 
730 Eleventh Street, NW 
Washington, D.C. 20001 

Dr. Wade Berry 
Environmental Biology Division 
Nuclear Medicine and 

Radiation Biology Laboratory 
UCLA, 900 Veteran Ave. 
Los Angeles, CA 90024 

Dr. James H. Bredt 
Biological Systems Research 
Code EBM 
NASA HQ 
Washington, D.C. 20546 

Dr. Ken Brown 
Department of Chemistry 
S t  Marys College 
Moraga, CA 94575 

Dr. Paul Buchanan 
Biomedical Off ice 
Code MD 
Kennedy Spacecraft Center, FL 32899 

Dr. Bruce Bugbee 
Department Plant Science 
Utah State University 
Logan, Utah 84322 

Mr. Paul Bui 
840 Coleman Ave #16 
Menlo Park, CA 94025 

Mr. Robert H. Burris 
Department of Biochemistry 
University of Wisconsin 
Madison, WI 53706 

Dr. Diane Dudzinski 
College of Santa Fe 
Science Dept 
Santa Fe, NM 87501 

Mrs. Patricia k Dufour 
Science Communication Studies 
George Washington University 
Washington, DC 20036 

Mr. Philip Flint 
University of San Francisco 
Environmental Management Program 
Room 402 Harney Science Center 
San Francisco, CA 941 17 

Dr. John S. Garavelli 
The Agouron Institute 
505 Coast Boulevard South 
La Jolla, CA 92037 

Dr. J. D. Goeschl 
Texas A&M University 
College Station, TX 77843 

Dr. Amitava Gupta 
Jet Propulsion Laboratory 
4800 Oak Grove Ave 
MS 67-201 
Pasadena, CA 9 1 109 

Dr. D. L. Henninger 
Advanced Research Projects Off ice 
Mail Code SN 12 
Houston, TX 77058 

Dr. James V. Hill 
Athens Environmental 

Research Laboratory 
College Station Road 
Athens, GA 30605 

Dr. Lawrence Hochstein 
Life Science Division 
MS 239-1 O 
NASA-Ames Research Center 
Moffett Field, CA 94035 

Dr. Tak Hoshizaki 
Jet Propulsion Lab 
MS 169-514 
4800 Oak Grove Dr. 
Pasadena, CA 9 1 103 

Dr. Ray Huffaker 
Plant Growth Lab. 
University of California, Davis 
Davis. CA 95616 



Mr. George W. Koch 
Department of Biological Science 
Stanford University 
Stanford, CA 94305 

Mrs. Caye Johnson 
Advanced Programs Office, Life Science 
MS 239-4 
NASA-Ames Research Center 
Moffett Field, CA 94035 

Dr. Marcus Karel 
Massachusetts Institute of Technology 
Deptartrnent of Food Technology 
Cambridge, Massachusetts 02 139 

Ms. Jenny S. Kishiyama 
Advanced Programs Office, Life Science 
MS 236-5 
NASA-Ames Research Center 
Moffett Field, CA 94035 

Dr. Harold P. Klein 
1022 N California Ave. 
Palo Alto, CA 94303 

Dr. Albert Koller 
Biomedical Off ice 
Code MD-EW 
Kennedy Spacecraft Center, FL 32899 

Dr. William Knott 
Biomedical Off ice 
Code MD-EM/ 
Kennedy Spacecraft Center, FL 32899 

Dr. Robert W. Krauss 
Federation of American Societies 
for Experimenbl Biology, FASEB 
9650 Rockville Pike 
Bethesda, MD 20814 

Dr. C. W. Lagle 
Mail Code C23 
LEMSCO 
NASA/JSC 
Houston, TX 77058 

Dr. Robert W. Langhans 
Cornell University 
Dept of Floriculture 
20 Plant Science Bldg. 
Ithaca, NY. 14853 

Dr. Robert D. MacElroy 
Life Science Division 
MS 239-4 
NASA-Ames Research Center 
Moffett Field. CA 94035 

Dr. Michael J. Malachowski 
Cellulose Conversion Enterprises 
PO Box 9315 
Berkeley, CA 94709 

Mr. Norman V. Martello 
Technical communications - life science 
461 West Meadow Drive 
Palo Alto, CA 94306 
(NASA-Ames, MS 239- 1 7) 

Dr. Wendell Mendell 
Code SN3 

' Lyndon B. Johnson Space Center 
Houston, TX 77058 

Mrs. Santoria Mendoza 
Smithsonian Institute 
Marine Systems Laboratory 
W-3 10 
Washington, DC 20560 

Mr. Laurance A. Milov 
MS 236-5 
NASA-Ames Research Center 
Moffett Field, CA 94035 

Dr. Cary Mitchell 
Dept Horticulture 
Purdub University 
West Lafayette, IN 47907 

Dr. Michael Modell 
23 Fresh Pond Place 
Cambridge, MA 021 38 

Mr. Mark Myrhum 
c/o Dept of Engineering Mechanics 
1415 Johnson Drive 
University of Wisconsin 
Madison, WI 53706 

Dr. Gary P. Noyes 
United Technologies 
Hamilton Standard 
Windsor Locks, CT 06096 



Dr. Mel Oleson 
Large Space Systems 
Boeing Aerospace Co. 
P 0 Box 3999, MS 8R-30 
Seattle, WA 981 24 

Dr. Richard Olson 
Large Space Systems 
Boeing Aerospace Co. 
P 0 Box 3999, MS 8C-57 
Seattle, WA 981 24 

Dr. Lester Packer 
Dept Physiology and Anatomy 
University of  California, Berkeley 
Berkeley, CA 94720 

Dr. Gene Peterson 
Jet Propulsion Lab 
MS 125-112 
4800 Oak Grove Dr. 
Pasadena, CA 9 1 109 

Dr. Ralph Prince 
Agricultural Engineering Department 
University of  Connecticut 
Storrs, Connecticut 06268 

Dr. Richard Radmer 
Martin Marietta Laboratories 
1450 South Rolling Road 
Baltimore, MD 21227 

Mrs. Patricia L. Russell 
Special Science Programs 

, American Institute of 
Biological Sciences, AIBS 

730 Eleventh Street, NW 
Washington, D.C. 2000 1 

Mr. John Sakss 
International Affairs Divsion 
Code LID 
NASA Headquarters 
Washington, DC 20546 

Dr. Frank Salisbury 
Dept Plant Science 
Utah State University 
Logan, Utah 84322-4820 

Dr. Richard L. Sauer 
SD3 Medical Research Branch 
L. B. Johnson Space Center 
Houston, TX 77058 

Dr. H. W. Scheld 
PhytoResource Research Inc. 
College Station, TX 77840 

Ms. Mary Schwartx 
Life Science Division 
MS 239-1 0 
NASA-Ames Research Center 
Moffett Field, CA 94035 

Dr. David Raper Dr. Steven Schwartzkopf 
Dept Soil Science , NASA-Ames Research Center 
North Carolina State University MS 239-1 0 
Box 5907 Moffett Field, CA 94035 
Raleigh, North Carolina 27650 

Mr. Daryl Rasmussen 
Advanced Programs Office, Life Science 
MS 236-5 
NASA-Ames Research Center 
Moffett Field, CA 94035 

Dr. John D. Rummel 
Ames Research Center 
MS 239-4 
Moffett Field, CA 94035 

Dr. Joseph C. Sharp 
Space Research Directorate 
MS 200-7 
NASA-Ames Research Center 
Moffett Field, CA 94035 

Mr. David T. Smernoff 
MS 239-4 
NASA-Ames Research Center 

, Moffett Field, CA 94035 

Dr. Joseph A. Stern 
Bionetics Corporation 
20 Research Road 
Harnpton, VA 23666 



Mr. George Stickford 
Battelle Columbus Laboratories 
505 King Ave. 
Columbus, OH 43201 

Dr. Boyd R Strain 
Department of Botany 
Phytotron Group 
Duke University 
Durham, NC 22706 

Dr. Frieda Taub 
College of Fisheries (WH-10) 
University of Washington 
Seattle, Washington 98 195 

Dr. Theodore W. Tibbitts 
Department of Horticulture 
University of Wisconsin 
Madison, Wisconsin 53706 

Mr. Kristofer Vogelsong 
MS 239-10 
NASA -Ames Research Center 
Moffett Field, CA 94035 

Dr. Tyler Volk 
Department of Applied Science 
25 Stuyvesant S t  
New York University 
New York, NY 10003 

Mrs. Barbara Walton 
Informatics General 
MS 239-4 
NASA-Ames Research Center 
Moffett Field, CA 94035 

Dr. Calvin Ward 
Dept of Environmental Science & Engin. 
Rice University 
P.O. Box 1892 
Houston, Texas 7700 1 

Mr. M. R Ward 
Plant Growth Lab. 
University of California, Davis 
Davis, CA 95616 

Dr. Robert A. Wharton Jr. 
MS 239-4 
NASA-Ames Research Center 
Moffett Field, CA 94035 

Dr. Raymond Wheeler 
Dept of Horticulture 
University of Wisconsin 
Madison, Wisconsin 53706 

Dr. David C. White 
Dept Biological Science 
Florida State University 
310 Nuclear Science Bldg. 
Tallahassee, FL 32306 

Dr. Theodore Wydeven, Jr. 
Life Science Division 
MS 239-4 
NASA-Ames Research Center 
Moffett Field, CA 94035 

Mrs. Joan Yatko 
Athens Environmental 

Research Laboratory 
College Station Road 
Athens, GA 30605 

Dr. Richard S. Young 
MATSCO 
600 MD Ave, SW 
Suite 209 West Wing 
Washington, DC 20024 

Dr. Ellen Weaver 
MS 239-4 
NASA-Ames Research Center 
Moffett Field, CA 94035 



ORGANIZATIONS ENGAGED IN RELATED RESEARCH 

American Society for Horticulture Science 
701 North Saint Asaph Street 
Alexandria. VA 22314 

American Society of Agricultural Engineeers 
2950 Niles Road 
St. Joseph. MI 49085 

Environmental Research Laboratory 
University of Arizona 
Tuscon. AZ 86706-6985 

Glasshouse Crops Research lnstitute 
Littlehampton. Sussex, England 

The Hydroponic Society of America 
P.O. Box 6067 
Concord. CA 94524 

lnstitute of Food Technologists 
221 North LaSalle St. 
Chicago. IL 60601 

International Working Group on Soilless Culture 
P.O. Box 52 
6700 Wageningen, The Netherlands 

The Land 
EPCOT Center 
P.O. Box 40 
Lake Buena Vista. FL 32830 

New Alchemy lnstitute 
Box 432 
Woods Hole. MA 02543 

PhytoFarms of America, Inc. 
155 Harvestore Dr. 
DeKalb. IL 60115 



ORIGINAL PAGE BS 
OF POOR QUALITY 

Controlled Ecological Life Support Systems (CELSS): 
A Bibliography of CELSS Documents Published as NASA Reports 

1. Johnson. Emmett J.: Genetic Engineering Possibilities for CELSS: A Bibliography and 
Summary of Techniques. NASA CR-166306, March 1982. 

2. Hornberger. G.M. and Rastetter, E.B.: Sensitivity Analysis as an Aid in Modelling and 
Control of (Poorly-Defined) Ecological Systems. NASA CR-166308. March 1982. 

3. Tibbitts, T.W. and Alford, D.K.: Controlled Ecological Life Support System: Use of 
Higher Plants. NASA CP-2231. May 1982. 

4. Mason. R.M. and Carden. J.L.: Controlled Ecological Life Support System: Research 
and Development Guidelines. NASA CP-2232. May 1982. 

5. Moore. B. and MacElroy. R.D.: Controlled Ecological Life Support System: Biological 
Problems. NASA CP-2233. May 1982. 

6. Aroeste, H.: Application of Guided Inquiry System Technique (GIST) to Controlled 
Ecological Life Support Systems (CELSS). NASA CR-166312, January 1982. 

7. Mason. R.M.: CELSS Scenario Analysis: Breakeven Calculation. NASA CR-166319. April 
1980. 

8. Hoff. J.E.. Howe. J.M. and Mitchell. C.A.: Nutritional and Cultural Aspects of Plant 
Species Selection for a Controlled Ecological Life Support System. NASA CR-166324. March 
1982. 

9. Averner. M.: An Approach to the Mathematical Modelling of a Controlled Ecological 
Life Support System. NASA CR-166331. August 1981. 

10. Maguire. B.: Literature Review of Human Carried Microbes' Interaction with Plants. 
NASA CR-166330, August 1980. 

11. Howe. J.M. and Hoff. J.E.: Plant Diversity to Support Humans in a CELSS Ground- 
Based Demonstrator. NASA CR-166357. June 1982. 

12. Young. G.: A Design Methodology for Nonlinear Systems Containing Parameter Un- 
certainty: Application to Nonlinear Controller Design. NASA CR-166358, May 1982. 

13. Karel. M.: Evaluation of Engineering Foods for Controlled Ecological Life Support 
Systems (CELSS) . NASA CR-166359, June 1982. 

14. Stahr. J.D.. Auslander. D.M.. Spear. R.C. and Young. G.E.: An Approach to the Pre- 
liminary Evaluation of Closed-Ecological Life Support System (CELSS) Scenarios and Control 
Strategies. NASA CR-166368. July 1982. 

15. Radmer, R.. Ollinger. 0.. Venables. A. and Fernandez. E.: Algal Culture Studies Related 
to a Closed Ecological Life Support System (CELSS). NASA CR-166375, July 1982. 

16. Auslander. D.M.. Spear. R;C. and Young. G.E.: Application of Control Theory to 
Dynamic Systems Simulation. NASA CR-166383, August 1982. 



17. Fong, F. and Funkhouser. E.A.: Air Pollutant Production by Algal Cell Cultures. NASA 
CR-166384. August 1982. .. I - > 

18. Ballou, E. V.: Mineral Separation and Recycle in a Controlled Ecological Life Support , 

System (CELSS). NASA CR-166388. March 1982. 

19. Moore. B.. Ill. Wharton. R. A.. Jr.. and MacElroy. R.D.: Controlled Ecological Life- 
Support System: First Principal Investigators Meeting. NASA CP-2247. December 1982. 

20. Carden, J. L. and Browner, R.: Preparation and Analysis of Standardized Waste Sam- 
ples for Controlled Ecological Life Support Systems (CELSS). NASA CR-166392, August 
1982. 

21. Huffaker. R. C.. Rains. D. W. and Qualset. C. 0.: Utilization of Urea. Ammonia, Nitrite. 
and Nitrate by Crop Plants in a Controlled Ecological Life Support System (CELSS) NASA-CR 
166417, October 1982. 

22. Gustan, E. and Vinopal. T.: Controlled Ecological Life Support System: Transportation 
Analysis. NASA CR-166420. November 1982. 

23. Raper. C. David, Jr.: Plant Growth in Controlled Environments in Response to Char- 
acteristics of Nutrient solutions. NASA CR-166431. November 1982. 

24. Wydeven. T.: Composition and Analysis of a Model Waste for a CELSS. NASA Tech- 
nical Memorandum 84368, September 1983. 

25. Averner. M.. Karel, M.. and Radmer. R.: Problems Associated with the use of Algae 
in Bioregenerative Life Support Systems. NASA CR-166615. November 1984. 

26. Radmer. R.. Behrens, P.. Fernandez, E., Ollinger. 0.. Howell. C.. Venables, A., Huggins. 
D. and Gladue. R.: Algal Culture Studies Related to a Closed Ecological Life Support System 
(CELSS). NASA CR-177322. October 1984. 

27. Wheeler. R. and Tibbitts. T.: Controlled ~co lo~ ica l  Life Support System: Higher Plant 
Flight Experiments. NASA CR-177323. November 1984. 

28. Auslander. D.. Spear. R.. Babcock. P. and Nadel. M.: Control and Modeling of a CELSS 
(Controlled Ecological Life Support System). NASA CR-177324. November 1984. 

29. Karel. M. and Kamarei. A.R.: Feasibility of Producing a Range of Food Products from 
a Limited Range of Undi,fferentiated Major Food components: NASA CR-177329. April 1984. 

30. Smernoff. D.. MacElroy. R. and Klein. H.: Life Support Systems in Space Travel. 
(Topical Session of XXVth COSPAH meeting. Graz. Austria) NASA CP-2378. May 1985. 



ORlQMAL PAGE IS 
.@ QlJALm 

*For sale by the Nat~onal Technical lnformatlon Service, Sprlngfleld, Vlrglnla 22161 

1 Report No. 

NASA TM-88215 
2. Government Accession No 3. Reclplent's Catalog No. 

* 
4. T~t le  and Subtbtle 

CONTROLLED ECOLOGICAL LIFE SUPPORT SYSTEMS: 
CELSS '85 

7. Author(s) 

Robert D. MacElroy, Norman V.  Mar te l lo ,  and 
David T.  Smernoff, Ed i to r s  

9. Performlng Organlzat~on Name and Address 

Ames Research Center 
L i f e  Science Divis ion,  P l ane ta ry  Biology Branch 
Moffet t  F i e l d ,  CA 94035 

12 Sponsorlng Agency Name and Address 
National  Aeronautics and Space Administrat ion 
OSSA, L i f e  Science Div is ion  
Washington, DC 20546 

15 Supplementary Notes 

5. Report Date 
January 1986 

6 Performlng Organlzatlon Code 

8. Performing Organization Report NO. 

A-86 132 
10 Work U n ~ t  NO. 

11 Contract or Grant No. 

13. Type of Repon and Perlod Covered 

Technical  Memorandum 
14 Sponsoring Agency Code 

199-61-12 

Po in t  of Contact:  Robert D. MacElroy, Mail Stop 239-4, Ames Research Center ,  
Moffe t t  F i e l d ,  CA 94035 (415)694-5573 o r  FTS 464-5573 

16 Abstract 
The Control led Ecologica l  L i f e  Support Systems (CELSS) Program sponsored 

t h r e e  meetings during t h e  per iod  J u l y  15 t o  19, 1985. These were (1) a  Sym- 
posium on Cooperation i n  B io log ica l  Space Research, he ld  a t  Ames Research 
Center ,  Moffet t  F i e l d ,  CA; ( 2 )  a  program on I n t e r n a t i o n a l  CELSS i n  San Fran- 
c i s c o ,  CAY sponsored by t h e  Socie ty  of Automotive Engineers;  and (3 )  a Work- 
shop on Current CELSS Research, he ld  a t  Ames. The meetings were a t tended  by 
a  v a r i e t y  of s c i e n t i s t s  from t h e  United S t a t e s ,  Canada, Great B r i t a i n ,  France, 
Japan, Sweden, and Germany. These Proceedings summarize t h e  comments of t h e  
Symposium speakers ,  r e p r i n t  papers  t h a t  were presented a t  t h e  I n t e r n a t i o n a l  
CELSS program, and pub l i sh  t h e  37 papers  con t r ibu ted  i n  t h e  CELSS Workshop. 

The t h r u s t  o£ t h e  p r e s e n t a t i o n s  and d i scuss ions  w a s  t h e  genera l  a p p l i -  
c a b i l i t y  of b i o l o g i c a l l y  based r egene ra t ive  l i f e  support  systems, and 
included cons idera t ion  of i n t e r n a t i o n a l  involvement i n  t h e  s c i e n t i f i c  
r e sea rch ,  technology development, engineer ing  and f l i g h t  t e s t i n g  of t h e  con- 
c e p t s  and components of a  b io regene ra t ive  l i f e  support  system. Technical  
d e t a i l s  of bas i c  research  i n  p l a n t  physiology, food process ing ,  waste pro- 
ce s s ing ,  p l a n t  d i s e a s e  problems, a l g a l  growth and physiology, f l i g h t  system 
des ign ,  b i o r e a c t o r  processing,  and growth chamber design and cons t ruc t ion  
a r e  presented i n  the  papers  included i n  t h e  Proceedings. 
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