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PREFACE 

Reliable and efficient methods of life support must be developed i f  human crews are to survive for long periods 
in space and far removed from Earth. Methods of life support based either on the resupply or physical-chemical 
regeneration of materials are limited to small crews and short mission durations. Such methods are appropriate 
for Shuttle and Space Station, but for the establishment of bases on the Moon or Mars. or transits to the outer 
planets alternate approaches are needed. Bioregeneration of materials can supply food, oxygen and water and 
remove all waste materials from the crew's environment. 

The President of the United States recently commissioned the National Commission on Space to propose a long 
term program for the National Aeronautics and Space Administration. The commissions report was released in 
April of 1986. and states specifically that the-h lopment  of closed ecology life support technology should he 
actively pursued by NASA for it to be usable for the space missions anticipated during the latter part of this 
century and beginning of the next. Interest in such bioregenerative life support systems is not limited to the 
United States: European, Canadian and Japanese research in this area is being initiated, and the Soviet Union 
has had a very active and productive program in this area for many years. 

Twenty-two papers were presented in Workshop II of the XXVlth COSPAR meeting ("Regenerative Life Support 
Systems in Space"). which was held in Toulouse. France during July 1986. The papers cover a wide variety of 
topics related to the extended support of humans in space. Several papers deal with overviews of research con- 
ducted in Japan. Europe and the United States. Many papers are concerned with the methods and technologies 
required to recycle materials. especially respiratory gases. within a closed system. There are also papers which 
address issues related to plant and algal productivity, efficiency and processing methods. Computer simulation of 
closed systems. discussions of radiation effects on system stability. and modelling of a complete bioregenerative 
system were also presented. 

These papers represent many of the issues associated with the development and operation of bioregenerative life 
support systems. or in NASA terminology. Controlled Ecological Life Support Systems (CELSS). Individually 
they depict the range of thought that is necessary for the successful development of an 'ecological' system 
that is designed to support a crew. and to function stably for long periods. Without the forum provided by the 
COSPAR meeting the international mix of scientists and engineers would not be possible. It is anticipated that 
such international cooperation will continue and significantly enhance the development of a CELSS. 

Robert D. MacElroy 
David T. Smernoff 

November 21. 1986 
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PROGRESS IN EUROPEAN CELSS ACTIVITIES 

8.  I. Skoog 

Dornier System GmbH, Postfach 1360, 
D-7990 Friedrichshafen, F.R.G. 

ABSTRACT 

The European CELSS* activities started in the late 1970's with system analysis and feasibi- 
lity studies of Biological Life Support Systems (BLSS). Since then the European efforts have 
continued in two major directions: as a series of individual development tasks like the 
Environmental Life Support System and the Solar Plant Growth Facility, and in parallel hereto 
as overall coordination and planning activities for life support system long term needs defi- 
nition and payload definition for COLUMBUS utilization. 

The early initiations for CELSS came from the industry side in Europe, but since then plan- 
ning and hardware feasibility analyses have been initiated also from customer/agency side. 
Despite this, it is still to early to state that a 'CELSS- programme' as a 'concerted' effort 
has been agreed upon in Europe. However, the general CELSS objectives have been accpeted as 
planning and possible development goals for the European effort for manned space activities, 
and as experimental planning topics in the life sciences community for the next decades. 

INTRODUCTION 

At the end of the 1970's the European Space industry was faced with the immediate completion 
of the development and the soon t o  come delivery of the first SPACELAB flight unit. In this 
situation the future medium and long term development scenarios for life support systems were 
analysed, which resulted in conceptual studies and experimental development work for regene- 
rative physio-chemical life support system hardware and feasibility studies for closed life 
support systems. 

The Biological Life Support System (ELSS) study undertaken by Dornier System in cooperation 
with Hamilton Standard had as a goal to analyse the feasibility of ecological life support 
system for space applications and to define problem areas requiring immediate attention. The 
study thus resulted in a proposed programme for the develoment of a BLSS as an international 
and multidisciplinary cooperative effort /l/. 

Since the start of the COLUMBUS programme the planning for a long term manned space scenario 
has been performed by several European space agencies (e.g. the European Space Agency, ESA, 
and the German Aerospace Agency, DFVLR) in order to define key technology issues and a coor- 
dinated long term technology development programme beyond year 2OOO. 

TWO hardware oriented projects with testing of small scale ecological life support systems 
have been pursued through the bread-board testing and could be candidates f o r  experimental 
flight hardware in the COLUMBUS programme. 

LONG TERM NEEDS 

With the official time period for long term goals to cover the next 30 years, the envisaged 
manned space mission scenario covers both long duration missions (several years) and larger 
permanently manned space bases (20-50 or more persons) in most European ongoing studies. 

This has resulted in a tentative long term technology development programme for life support 
systems with the closure of the carbon loop as the ultimate goal. The necessary technology 
issues t o  be dealt with in order to achieve the implementation of these controlled ecolocigal 
or biological life support systems have been analysed. 

* Controlled Ecological Life Support System, CELSS 
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Tasks o f  immediate importance from a life support system development point-of-view are: 

- investigations concerning plants in micro-gravity, 

- 
- development of appropriate illumination concepts for an optimized overall energy 

invest'gations concerning the cosmic radiation environment and protection, 

balance, 

- monitoring, control and sensor technology for biological systems, 

- cultivation and havesting methods in micro-gravity, and 

- biological waste processing. 

It can be expected that very soon the controlled ecological life support system development 
will become one of the final goals in several international and national long term space 
planning documents in Europe. 

COLUMBUS UTILIZATION 

The European Space Agency, €SA, has performed a series of studies on 'European' Utilisation 
Aspects of Low Earth Orbit Space Station Elements (EUA)' in parallel to the COLUMBUS space 
station system design work 121 .  

A total of 17 model payloads for the space station attached Pressurized Module and the Plat- 
forms have been established and investigated in detail. Three of  these payloads contain 
defined CELSS objectives: 

- General Purpose Life Science Research Lab. 
LIF 111, start of operations at COLUMBUS IOC. 
Preliminary investigation in CELSS. 

Exo- and Radiation Biology on Co-orbiting Platform. 
LIF 311, start of operations at COLUMBUS IOC. 
Biological experiments for ecological life support system. 

- 

- Production Bioprocessing. 
LIF 312, start of operations of COLUMBUS IOC plus - 3 years. 
Fully automated production facilities for bio-processing and biological CELSS on a Co- 
orbiting Platform (engineering phase of ecological life support system development). 

Similar objectives are also contained in the German Microgravity Research Programme, where 
interests in basic research for the development of future ecological (biological) life sup- 
port systems are defined. 

HARDWARE DEVELOPMENT 

Presently two European projects directly associated with the development of CELSS are in the 
bread-board phase: 

- Solar Plant Growth Facility (SPGF), and - Environmental Life Support System Study (ELSS). 

Solar Plant Growth Facility 

The SPGF project is a cooperative Austrian-German effort for the development of a reusable 
life science facility for investigations with respect to future ecological (biological) life 
support systems 131. 

Technically the SPGF (Figure 1 )  will be used to verify handling and cultivation methods for 
larger amounts of biological material necessary for food production and atmosphere revitali- 
gation. 

A bread-board model has been built and is presently used for various types of plant experi- 
ments with the aim to give more data on handling and function for design improvement. The 
size of this system (660 x 1360 x 900 mm) is large than most other comparable planed units, 
which would allow for experimenting with larger plants and technically complex support equip- 
ment like window and shutter for illumination investigation and stem-cutting concept harvest- 
ing hardware. 

The continuation of this project is presently undetermined. 
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ORJGINAC PKGE TS 
OF POOR QUALITY 

Fig. 1. Solar Plant Growth Facility, SPGF. 

Environmental Life Support System 

The major goal of the ELSS-project is to develop a support system for biological experiments 
in space. This support (atmosphere supply, water supply, food and waste management, and ther- 
mal control) is intended to be performed as far as possible by biological means /3/. 

It is seen also as a test bed for CELSS. The present state of the design includes concepts 
for (Figure 2): 

- CO, conversion into oxygen, - recycling of organic wastes (partly), - supply of nutrients 

by biological means. 

Water recirculation and thermal conditioning are performed via physical methods. CO, is 
delivered from a gas bottle, because it is primarily for the build up of biomass in the 
experiments. For the conversion of CO, into 0, a unicellular alga i s  used, which allows also 
food t o  be supplied by excretion of carbohydrates and recycling of organic waste (e.g. 
urea I .  

A bread-board model has been built and is presently under testing to prove the design of the 
biological part of the system. 

Fig. 2. Environmental L i f e  Support System, ELSS. 
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CONCLUSIONS 

After initial industrial studies and feasibility analysis concerning ecological life support 
systems the general European situation and the attitude of various space agencies has begun 
to change lately towards accepting CELSS as a long term development goal. That is, planning 
and definition of scientific and technological tasks for CELSS are opportune and part of 
several ongoing studies in Europe. 

It is expected that ecological life support systems can be tested and implemented on a space 
station towards the end of this century or early in the next. For the European activities a 
possible scenario can be projected based on ongoing life support system development activi- 
ties and the present life sciences goals (Figure 3). 

Europe has a strong position in many of the scientific and technical disciplines relevant to 
CELSS development activities and could become an important partner in a future very large and 
challenging development of ecological life support systems. The multitude of tasks makes the 
CELSS work most suited for an international cooperation. 

SPACELAB / 
OPEN LOOP ECLSS 

STS-9 / SL-1 Dl 
1983 1985 

Fig. 3. Anticipated CELSS development logic in Europe. (Note: Implications of a new 
Shuttle flight manifest have not been considered). 

SPACELAB FOD SORTIE MODE / COLUMBUS 
REGENERATIVE COz REMOVAL 1993 

CONCEPTUAL DESIGN AND FLIGHT EXPERIMENTS 
FOR ECOLOGICAL LIFE SUPPORT SYSTEMS 

FLIGt-IT EXPEI7IMEN I S 
1988.. 
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FOOD PRODUCTION and GAS EXCHANGE, SYSTEM 
using BLUE-GREEN ALGA (SPIRULINA) for CELSS 

Mitsuo Oguchi, Koji Okubo, Keiji Nitta, Shigeki Hatayaina 

Space Technology Research Group, National Aerospace Laboratory 

7-44-1 Jindaiji-Higashimachi, Chofu, Tokyo 182, Japan 

ABSTRACT 
In order to reduce the cultivation area re uired for the 
p w t h  of higher plants in space adoption o? algae. which 

ave a hipher photosynthetic ability, seems very suitable 
for obtaining oxygen and food a s  a useful source of high 
quality protein. 
The preliminary cultivation experiment for determining 
optimum cultivation conditions and for obtaining the 
critical design parameters of the cultivator itself has  been 
conducted. 
Spirulina was cultivated in the 6-liter medium containing 
a sodium hydrogen carbonate solution and a cultivation 
temperature controlled using a thermostat. Generated 
o x r g e n r  was separated using a pol propyrene porous 
ho low I e r  membrane module. Througt this experiment, 
oxygen gas (at a mnccntraiion of more than 46%) a t  a 
rate of 100 - 150 ml per minute could be obtained. 

INTRODUCTION 

To support the long duration stay of human bein s in 
space, technology to recover 02 gas from COz gas exanled 
by human beings and a continuous food roduction system 
must be established. Environmentaf control system 
hardware for supporting life science experiments plans to 
use solid amine for removing excessive COz gas and some 
kind of aalcomine for recovering excessive 02 gas 
produced by higher plants and algae. Otherwise, Sabatier 
or Bosch method is also planned to be used for reduction 
from COz gas to Oz gas. Though these physico-chemical 
methods are ver effective for gas exchanges, they have 
no ability to prodr ucing foods. 
The utilization of biological methods in space is 
advantageous for producin food and also for conducting 
gas exchange simultaneousfy. However, there are  various 
problems with this method. If we plan toconduct the gas 
exchanges using only higher plants a very lar e 
cultivation area IS required. The required quantity of 8, 

per day for sup orting a crew is about 0.9 kg. 
arvesting of 1.0 kg (Pry weight of leaf vegetables such as  

lettuce through about 3 month cultivation time requires 
about 1.G kg of COz gas and produces 1.2 kg of 02 gas. 
To get 0.9 kg  of Oz gas, for example, cultivation wen 
where produces 70 kg of lettuce is  required. Therefore, 
another bio-species such a s  algae havin higher 
Ehotosynthetic ability is  profitable to be afiopted in 

ontrolled Ecolgical Life Suppord Systems (CELSS). 

UTILIZATION OF ALGAE AS FOOD RESOURCE 

To use algae a s  food i t  is desirable to establish the 
following conditions ; 6 Mass production ability. 
8 High quality protein and mineral biomass. @ Lower 
production costs. @ No toxicity. @ Acceptable taste. 
Chlorella, a green alga, has been studied for about 30 
years and could be used a s  the protein source, but 
utilization of Chlorella as food in CELSS seems very 
dificult  for following reasons ; (I) A hi h speed 
centrifugal separator which needs very higl? energy 
consumption must be used for harvesting because of i t s  
very small size (near ly  5 pm ). @ Since the cell wall 
consists of crude fiber. i t  IS indigestible by the human 
body 'without pulverization. @ Contamination by a virus 
or a bacillus occurs easily because the nutrient solution is 
weakly acidic. 
'I'hen. Spirulina, a kind of blue-green alga. has been 
pro osed because of the following distinctive features; 
(0 !Inmesting is very ensy because the size is  about 100 
tiines thnt of Chlorella. (2) Cell is  made of viscous 

&lysaccharide and is very easily digested. 
Contamination seldom occures because the medium is 

heavily alkaline. 
These characteristics cover most of the weak points of 
Chlorella and furthermore, the protein contained in 
Spirulina is  hi h quality. About 30 kinds of Spirulina 
have been foun!. but only several species among these 
have 8m.d properties with high protein, no toxicity, high 
eropagatiig ability and big size for harvesting. 

specially Spirulina platensis and Spirulina maxima are 
the well-known s ecies pro uced in in ustria sea e. 
Since the range o f t h e  suitabdlle cultivatio: t empk tuLe  for 
Spirulina is  from 30 to 4 0 T ,  the waste heat from other 
facilities in CELSS can be used. 
As shown in Fig. l b  the alkaline medium, range of i ts  pH 
is from 9 to 12. has a very high utilization eficiency of 
COz Ill. Spirulina utilizes sodium hydrogen carbonate 
(NaHC03) a s  the source of COO necessary for 

otosynthetic reactions. NaIICOj is dissociated into 
!&O 3 - or CO32- in the solution as  shown in  Fig. 1. 
When the photosynthetic reaction of Spirulina proceeds, 
the concentration of CO32- increases relatively. The rise of 
pH value as shown in Fig. l a  results from the progress of 
this reaction 1%. To maintain continuous cultivation. pH 
value must be held within some range (Le. 9-10). If pH 
value oes over the limit value, COz must be provided in 
the cu fu re  solution to reduce pH value. These o erations 
areshown as the discontinuous broken lines of 8 in Fig. 
la. On the other hand, since the medium for &lorella ia 
weakly acidic, solubility of COz are not so high, therefore, 
i t  is  very dificult  to increase the concentration of COz in 
the culture solution. To use Spirulina in  CELSS seems 
more suitable than Chlorella from comparing these 
characteristics of Chlorella and Spirulina. 

NUTRITIVE VALUES AND PRACHCAL USE OF 
SPIRULINA IN CELSS 

The nutritive values and componenk of S irulina are very 
important factors to use i t  a s  foo l  The organic 
components of Spirulina have the following distinctive 
features ; 
0 Abundant protein content. 0 Cnrbohydrate consists of 
glycogen (so called animal starch). @ Containing linoleic 
acid and linolenic acid (unsaturated fatty acids). 
@Containing an  abundant vitamin complex, in 
comparison with another algae, especially vitamin B I Z  
and vitamin E. 0 Containing pigments such ns 
chlorophyll and carotenoid ( p-Carotene ) which changes 
into vitamin A. @ Containing many mineral components. 
As to protein. not only quantity but also, ,uali ty is  very 
important factors to keep animal's lives. Ixe  quantity of 
essential amino acids of Spirulina nearly satisfies the 
values recommended by the FA0  (Food and Agriculture 
Organization) exce t for lysine and cystine 131. 
Furthermore, the f k a n  body needs digestible and 
absorbable proteins. Fig. 2 shows the corn arison of 
digestibility by epsin/%. I t  is  clear from the &ta shown 
in Fig. 2 that  J i r u l i n a  has  better digestion properties in 
comparison to CRtoretia. 
When human and animals stay in the micro gravity 
environment for a Ion time, the henomena such as  
calcium decrease in L n e s  and tRe deterioration of 
muscular function are  reported. Fi 3 shows the clinical 
examples for the changes of vakues. of calciunl ,and 
potassium in blood electrolyte when Spirulina wns given 
every day on the ground /5I. Since these data show the 
increasing tendencies of calcium and potassium in blood, 
i t  is  expected some effects to revent the occurencc of 
these harmful phenomena. &om the data described 
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la .  Production of S. platensis by PH  control 

NaHCO) Na’ + HCOY 

H C O j  f (C02 CO? + H2O) 

Ib.The Effect of Existing Conditions of 
C 0 2  + H20 (CH2O) + 0 2  Carbonate in the Medium on PH 

Fig. 1. Utilizaiton Eficiency of Carbon Dioxide amSpirulina Cultivation 

above. Spirulinn seems a good candidate for food in 
CELSS. 

OXYGEN GAS RECOVERING EXPERIMENT 
To cultivate algae in the micro gravity environment, 
man technical problems must be solved. One of those 
probrems is to establish an  eKective method to gather and 
recover 0 2  as  which is generated by algae and remains 
in the me%ium. To separate oxygen gas from the 
medium, i t  is not suitable to use a centrifugal separator 
which would disturb other experimental e uipment. 
Therefore. a membrane separation technique wlich works 
without mechanical moving components seems more 
suitable. As for the membranes, various properties 
regarding permeability of gas are afTected by shapes or 
material composition of membranes. 
Table 1 shows the properties of representative membranes 
/5/. Plain membrane has  a good property for gas 
permeability. but i t  has  a demerit in mechanical strength 
if the membrane thickness is reduced in order to get 
higher permeability. In the result, some com romising 
between both characteristics i s  required. UsualP 02 gas 
generated by algae remains In the form of bubbG that  is 
gas itself, in the medium solution. Then, utilization of 
the porous membrane enablin to pass gas only seems to 
be better than the plain memtrane. Table 1 shows that  
the membrane made from silicone has a superior property 
for gas permeation, but, Table 2 /5/ shows that  porous 
t pe membranes have much better gas permeation 
ciaracteristics than plain silicone membranes. 
For these reasons, we carried on the 0 2  as recovering 
experiment using a porous hollow fiber metnsrane module, 
manufactured by Mitsubishi Rayon Co., Ltd.. as the gas 
feparator. The characteristics of this module are shown 
in Table 3 and the pictures of scanning electron 
micrographs of hollow fiber are shown in Fig. 4 161. One 
of the hollow fibers is  small in inside diameter, and wall 
thickness. Then. the module which is composed of 
bundles of hollow fiber is designed very compact. The 
dimension of this module is  215 mm (L) X 40 nim (D). 
A very large niembrane area can be obtained by using 
hollow fiber membranes. Fig. 5 shows the block diagram 
of the 02 gas recovering experiment equipment now being 
used in our laborntory. 02 gas blown into the cultivation 
tnnk is carried to the membrane module along the water 
flow and a part of the 02 gns permeates the tnelnbrane. 
therefore, for clenring the pertnention property of the 
membrane, the quantity and concentration of permeated 
02 gns are  measured by the oxygen gas analyzer. 
The cultivnlion tnnk is made from acrylic resin and has  a 
round shaped top in order to collect oxygen gas 
concentratively and also has an inner volume of about 
0.009 m3. For the permeation ability estimation or the 
membrane. pure water wns used nnd i t s  temperature was 
set  nt  30°C (same condition n s  Spirulinn cultivnlion) and 
also 99.995 high 0 2  gas was used instedof the 02 
gas generntcd by $iruxnn. 

urit 

7 Caseine 
Spirulina 

(freeze dried) 

(crude) 

Chlorella 
(spray dried) 

P 

Fig. 2. Digestibiiity ‘rest by Pepsine 

Time ( month ) 

Fig. 3. Variation of I3loocl ISlectrolytc 
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of pure 0 2  gas froin 0 2  bottle WRS 50 cc / min. and the 
flow time was set for 10 minutes. 0 2  gns which 
permeated the membrane was continuously collected by 
the suction pump and its concentration was inensured by 
the oxygen gas analyzer. During 4 -5  minutes from the 
start  of the experiment, the concentration of 0 2  as did 
not change. but after that  i t  rapidly increased. T f e  flow 
rate of 02 gas at  the membrane module was about 30 -45 
cclmin.. Three kinds of membrane area. such a s  0.3. 0.5, 
and 1.0 mz were tested, but there appeared only sniall 
differences between them. 
As shown in Fig. 6. the maximum value of 0 2  
concentration is about 73%. I t  took about four hours 
until the dissolved 02 concentration went down to the 
value of the s tar t  time. From these results, i t  is clarified 
that  the membrane module works effectively to recover 

GAS CLOSED EXPERIMENT 

It  was clear that  0 2  gas has  been obtained from the 
solution by using the porous hollow fiber membrane 
module. Then, we have carried out gas closed 
experiments using the Spirulina cultivator and a fish 
breedin tank. 0 2  gas generated from Spirulina is 
provide2 to Tilapia (a kind of tropical fresh water fish) 
and COz y s  exhausted from l i l ap ia  is supplied to 
Spirulina. t rough the membrane gas separator and the 
artificial lung that  is  the hollow fiber membrane module. 
We have shown the block diagram of this experiment 
system in Fig. 7. Algae cultivator is made from acrylic 
resin with 180 mm diameter and 300 mm lenglh. The 
species used in these experinients are 
oscillatoria and Spirulina platensis. The mediun:%k 
contained mainly NaHC03 a n d  i ts  temperature was 
controlled a t  30 "C by thermostat. Light energy was 
supplied though  optical fibers or fluorescent lamp into 
the cultivator. The time to reach saturation in culture of 
Spirulina was 7 - 10 days in several experiments. 
The airtight fish breeding tank is 280 nim diameter X 500 
mm length and threeTilapias (length of 15 cm and weight 
of 160 g 1 have been bred rn it. We plan to use 'I'ilapin a s  
protein supply resource in CELSS and have researched on 
developing a breeding technology and equipment which 
works well in micro ravity environment. 
Tilapia was supplied tfrough an  artificial l u n " , 2 w ~ ~ h r ? ~  
the same a s  the gas seperator and the variation of DO2 
was monitored for this gas closed experiment. The 
differences of DO2 values supplied by room air  and 0 2  
from Spirulina cultivator are shown in Fig. 8. The 
experiment started when the value of DO2 went down to 
0.1 ppm from about 4 ppin. Water circulation rate was 2.0 
litedmin. and 0 2  gas supply rote was 100cdniin.. Fig. 8 
shows that  Spirulinn has  a good 0 2  supply ahility. 
When using Spirulina. the maximum value of 02 gas 
concentration reached 46.0 - 50.2 %. 

0 2  Perinenhilily CO2 Permeability Polymer 

16 13 
176 304 

Polyviny1iden Chloride 
Polyester 
Cellulose Acetate 1,705 8.680 

3.500 15.965 [ 3.200 5,390 Polyethylene 
8,800 27.000 

9.905 
4.850 23,790 

PolYtetrafluOroethYkne 17.600 48,000 
25.600 104,000 Ethyl Cellulose 

1,568,000 8,040,000 silicone ~ h ~ t ~ ~ ~  

Polypropylene 2,900 

,ULE 3 Characteristics of I'orous IIollow Fiber Module 

Polymer 

Silicone Elastmer 
Polysiloxanepolycarbonate 
Polyalkylsulfon 
Ethylcelluloseperfluorobutylete 
Polypropylene membrane 

Teflon membrane 

Material 
Inner diameter 
Wall thickness 
Porosity 
Pore Size 
Gas flux 
Bubble point 
Effective area 

Gas 
Total thickness ( p )  / permeability 

0 2  coz Structrue Thickness of membrane ( p )  

polyester reinforcement 190/160 140 770 
170 730 uniformalized 50150 

1100 4600 applied porous polypropylene menbrane 25/2.5 
880 4700 applied polyolefin cloth 17512.5 very very 

porous 25125 good good 
very very 

porous 5001500 good good 

Polypropylene 
200 pi11 

22 pm 
45 % 
0.036 pm 
7 X  l o 4  i/mz hr 0.5atm 
12.5 kglcmz 
0.3, 0.5, 1.0 ni2 

CONCLUSIONS 
A long term experiment to cultivate Spirulinn for more 
than one month was successfully conducted. Successively, 
in order to examine the quantity of 0 2  gas generated by 
Spirulina, the closed gas circulation experiment combined 
the algae cultivator and the breeding tank with three 
adult Tilapias. The experiment term reached 32 days and 
i t  was clean that  the continuous experiment operation 
time de ended on the life time of the gns separator. 
The abirity of the separator was decreased .by algae which 
covered the surface of the membranes. To conduct long 
term experiments. this problem must be solved, for 
example, to wash out adhesive Spirulina on the surfoce of 
fibers. 
Further work is required to establish the technolo ies to 
harvest algae automatically, to develop long life gas 
separators and artificial lungs and to conduct an  
experiment including not only gas circulation but also 
food supply to fishes or aninials in the complete closed 
system. 
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Fig. 4. Picture of Hollow Fiber by Scanning Electron Micrographs 
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Fig. 5. Lllock Diogrnln or 02 Recovering Experiment Systenl 

Time ( minutes) 

Fig. 8. Concentrntion of Ilissi~lved OxyKerl 
in l'ilnliin Ilrccding 'I'nnk 
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BlOMASS RECYCLE AS A MEANS TO IMPROVE THE ENERGY EFFICIENCY OF CELSS 
ALGAL CULTURE SYSTEMS 

R. Radmer ,  J. Cox, 0. Lieberman,  P. Behrens  and  K. A r n e t t  
Martek Corpora t ion ,  9 1 15 Gui l ford  Road,Columbia, Maryland 2 1046 U S A .  

ABSTRACT 

Algal cultures can be very rapid and efficient means to generate biomass and regenerate the atmosphere for closed 
environmental life support systems. However, as in the case of mast higher plants, a significant fraction of the 
biomass produced by most algae cannot be directly converted to a useful food product by standard food technology 
procedures. This waste biomass wl l l  serve as an energy drain on the overall system unless i t  can be efficiently 
recycled without a signifiavlt loss of its energy content. 

We report experiments i n  which cultures of the alga Scenedesmus obliauus were grown in the light and at the 
expense of an a & M  carbon source, which either replaced or supplemented the actinic light. As part of these 
experiments we tested hydrolyzed waste biomass from these same algae to determine whether the algae themselves 
could be made part of the biological recycling p r m .  Results indicate that hydrolyzed algal (and plant) biomass 
can serve as carbon and energy sources for the growth of these algae, suggesting that the efficiency of the closed 
system could be significantly improved using this recycling prccass. 

INTRODUCT ION 

The operation and utility of a CELSS, a biologlmlly driven and maintained life-support system that can be 
considered as a small biosphere, will be subject to the same rules and limltatlons as any other photosynthetically 
driven system. This Is particularly true of energy flow. Since energy wi l l  undoubtedly be one of the limiting 
mmmodltles in any long-term space-flight mission, the use and -of energy during the course of the mission 
wi l l  be of fundamental importance. 

The efficiency of energy utilization in photosynthetically-driven systems -- be they alga-based. 
higher-plant-based, or  as Is most likely, I combination of the two -- has two fun&mental limitations with 
respect to energy utillzatlon andconservation: 

1 )  Photosynthetic systems can harvest at mast 20% of the (white) light energy that Is absorbed by the 
photosynthetic tissue. ( This value can be increased to ca. 30$ if relative monochromatic red light can be 
efficiently supplied, although this ma/ have deleterious secondary consequences in the case of many higher 
plants.)/l/ 

2) Onlya relatively small fraction of the plant or algal product wi l l  generally be useful as food for thecrew. In 
most cases only part of the plant or alga wl l l  be consumed by the crew, the remainder being discarded during the 
cwrse of preparation. 

The losses mur ing  due to the mnsiderations of item " 1  ma/ be immutable (at  least in the relatively near term) 
and thus wi l l  not be mnsidered further in this communication. Instead, we wi l l  concentrate our efforts on item = 2 ,  
and explore means by which this energy drain cwld be alleviatedor eliminated. 

The yield potential of agronomic crops hes been substantially Increased through breeding programs whose goal was 
the development of plants that provide a greater percentage of useful biomass (e.9. seeds, edible stems, tubers, 
ek.1 to total biomass. This proportion, called the harvest index, i s  a measure of haw the products of photosysthesis 
(and indirectly light energy) are partitioned. Table 1 is  a compilation of the harvest index of a number of crop 
plants, some of which are currently being considered for a CELSS. Note that this value Is generally below S O W ,  
Indicating that for most plants more than one-half of the energy photosynthetically fixed would be unavailable to 
the CELSS biosystem. A similar, though less clear-cut case can be made for the case of algae, particularly 
&m&srnus Chlorella and a i ru l inp (Table 2). In this instance roughly 50% of the blomess is In the form of 
protein that i s  beneficial to humans. If these algae were to be produced and harvested only for their prolein 
content, the remainder would be waste biomass. 

These data suggest that, without special provisions, about one-half of the captured enerw of the food plank of a 
CELSS would be degraded vla the waste-handling system. One posslble means for surmounting this problem would 
be to recycle this waste biomass; Le., use the energy content andassocialed carbon skeleton structures of the waste 
biomass to produce new useful biomass. In this way, one would be able to minimize the intervening Oxidative 
(waste-prazssing) steps, which basically degrade high-grade light energy lo low-grade heat energy without the 
extraction of useful metabolic energy. In essence, we would attempt to extract useful "work" from otherwise 
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unusable biomass. 

TABLE I .  Harvest index of some crop species. The harvest index in the percentage of total aerial dry weight at 
maturity that represents economic yield (grain or seed). Adapted from ref. 2. 

m 
Maize, hybrids 
Sorghum 
Rice 
Barley 
Wheat 
Rye 
Dry bean 
Soybean 

Harvest Index ( % 1 
Averax Ranee (different species) 

42 38 to 47 
41 
51 
40 
3 s  
27 
59 
32 

40t041 
43 to 57 
35 to 52 
23 to 46 
27 to 29 
53 to 67  
29 to 36 

JABLE 2. Chemical Composition of Different Algae ( %  dry matter) Adapted from ref 3. 

ComDonent Scenedesmu5 Solrulina Chlorellu 

Crude Protein 50 to 55  55 to 65 40 to 55 
Lipids 8 to 12 2 to 6 IO to 15 
Car bohydrates IO to 15 l o t o  15 l o t o  I5 
Crude fiber 5 to 12 1 l o 4  5tO 10 
Ash 8 to 12 510 12 5 t o l O  
Moisture 5 to 10 510 IO 510 IO 

There are several opttons avallable for the heterotrophlc component this recycle system: yeast. which have a long 
history of useful controlled fermentative growth, some bacteria, and some algae. [We should note that higher 
(crop) plants cannot function in this role.] In this communication we wi l l  concentrate on the use of algae. 

Under normal conditions, most algae grow photosynthetically, but some strains have the ability to use alternate 
growth modes (see e.g. ref 4). This photosynthetic growth mode, in which cell carbon is obtalned from the carbon 
dioxlde (C02) in the gas phase and metabolic energy is obtained from sunlight, is  often referred to as -. At  the opposite extreme, so-called &mgheterot r m ,  cell carbon and metabolic enerw are both 
derived from organic compounds (nutrients). Other, mlddle-ground. growth modes also are observed in some a l p .  
In the case of -, growth i s  maintained at the expense of organic compounds which are taken up, or 

there Is a photoassirnllated. at the expense of light energy. In another mode of growth, so-called mixotroohv. 
simultaneous assimilation of organic carbon sources and 0 2  in the light in amounts that vary with culture 
conditlons. 

In the present communication we wi l l  describe some experiments i n  which we attempt to use some of these 
alternate modes of algal growth to produce the green alga ' . Our results suggest that this 
orwnism can be produd in this manner, and that these alternate mo&s of growth could provide the means to 
significantly increase the overall energy utilization efficiency of a CELSS. 

flATERlALS AND MElHOOS 

Culture Conditlons and Samollna Technbm 
Growth of S.obliouu3 was achieved in a mineral salts medium, supplemented where appropriate with heterotrophlc 
carbon sources. The Basal Medium contained per liter: 2.09; K HPO4, 0.199; KH PO4, 0.0759; 
MgS047H 0,0.59; CaC12.2H20,O.OIg; Hutner's flineral SalE%i, 1.0 ml. ?he carbon murce 6r this medium 
was p r o v i k  by bubbling with 2% 032 in air. If required, solid medium for growth of S.obliauus was prepared by 
addition of glucose (OS%, w/v) and Bactoagar ( I W, w/v) to theabove medium. 

Small scale cultures were maintained in I5 ml capped test tubes ntaini g 3 ml of Basal Medium plus glucose and 

experiments, were grown in Roux bottles containing 700 ml of Basal Medium. Mixing was achieved by bubbling 
with CU or alr. The culture bottles were enclosed in a blackened box that had only one side open to the light. This 
served 60 purposes: (i) i t  minlmized the amount of reflected light reaching theculture, and ( i l )  i t  allowed the 
level of incident light to be Varied by use of cheesecloth Screens over the open side of the box. 

incubated on a rotary drum at 28% and low light (40uE m- 9 P  set- 1. Larger scale cultures, for growth 
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To facilitate intermittent sampling, the Roux bottles were sealed with a rubber stopper pierced by two stainless 
steel sparging needles and a vent opening. A sterile 20 ml syrinCe was attached to one of the needles and C%/air 
was admltted to the culture via the other. To remove a sample, the vent was clamped shut, whereupon the mounting 
air pressure inside the vessel forced algal suspension into the removable syringe. 

Preosrdlon of Aloal ExtrxtS. 
A water soluble extract of algal biomass was prepared in the following way. Dried algal cells (20 g) were 
homogonized thoroughly In 200 m l  of chloroform/methanol ( 1:1, v/v) and extracted for 24 h to remove lipid and 
pigments. The organic extraction was repeated twice. The extracted biomass was collected by centrlfugation, drled 
and resuspended in 100 ml of water. Cellulase was added to a final concentratlon of 0.1 mg/ml and the mlxture was 
lncubatedat 2S0C, wlth stirring, for 24 h. Partlculate material was removed by centrlfugation and the remalnlng 
water soluble extract was heated in  a bolling water bath for 20 min to inactlvate the cellulase. Thls heating step 
also reduced the volume of extract to approximately 50 mi. The extract was sterilized by filtration through 02m 
filters prior to use. 

NO attempt was made at this stage to quantitate the level of organic material, or specifically glucose, in tho extract. 
Where appropriate, the extract was included in the growth medium at 8 level of 2X, v/v. 

RESULTSAND DISCUSSION 

Before we could ascertain whether organic compounds had any effect on autotrophically grown 5.obliauus. II was 
necessary to determine culture conditions in which light was limiting growth. Therefore, algal cultures were 
grown autotrophically at different incident light intensities in order to deter ine truly growth-llmiting llghl 

was in&pen&nt of light intensity in our system, Le.. the light was saturating (data not shown). igu e I shows 
the aulotrophlc growth kinetics observed at three light in  nsi ies, namely 46, 80 and I44 BE rn-$s- r. Note that 
an Incident llght intenslty of approximalely 46 DE m-8s-I resulted in  a growth rate equivalent to half the 
maxlmum observed rate. Accordingly, subsequent experiments req irl g light-llmited growth of S.obllauus were 
performed at an incident light intensity of approximately SOME mqY s-?. 

intensity. We observed that above an incident light intensity of about 70pE m’ 9 s -1 the growth rate of S.obllauuS 

1.0 - 

0.01 
0 2 4 6 8 1 0 1 2 1 4  

Time (Days) 

Pic. 1. Culture dry wcighl PS P function or tlme Tor growth oTS.obllPvvs at dllferent 
llghl Inlonsllies. Cultures wore grown In Roux bottles contalnlng basal modlum, 
bubbled wlth 2% Co1. Cell growth wns assayed by performlng d r y  weight 
monsurornontr on dupllcak 20 ml tnmples tnkcn at dally Intervals. Llght htensitler 
In @n m-2 s-?: o---o.ao ; 0---0,46 ; A - - A , L ~ ~  

Table 3 summarlzes the results of a series of experiments in which we tested the abllity of various carbon sources 
to support or supplement the growth of 5.abliauuL In these experiments the organisms were grown either in the 
dark or under limiting lighl, and the growth medium supplemented with various carbon sources; Le., carbon 
dioxido (either 0.03.%, the amount In air, or air amended with 2% ), glucose ( O S X ,  w/v), or algal extract 
(2%,  v/v). For each growth cundltion cell number was monitored as T a unction of time. These data were graphed. 
and the minimum daubling time for each culture was determined from the graph. The maximum growth rate (11) 
was then calculated lrom the doubling times. Each value in Table 3 represents the mean of two separate 
experiments. 

I 
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TABLE 3. Growth rate and doubling time of S.obliouufas a function of available energy source 
GROWTH CONDITION CARBON DOUBLING TIME GROWTH RATE 

SOURCE (h) (Id 
la) light/autotrophic alr (CO2) 
b) light/autotrophic 2% co2 
c) dark/autotrophic 2% a 2  

50.7 0.0 14 
28.8 0.024 

n.d. 0 

2a) 1 lght/m ixotrophic glu + air (CO2) 16.1 0.043 
b) light/mlxotrophic glu + 2% CO2 15.6 0.044 
c) heterotrophic (dark) glu + 2x02 18.9 0.037 

b) light/mixotrophic extract + 2% CO2 23.0 0.030 
c) heterotrophic (dark) extract + 2% CO2 24.2 0.029 

3a) 1 ight/m ixotrophic extract + air (CO2) 23.5 0.029 

The flrst two items in Table 3 (items la  & 1 b) show?he growth rates and doubling times observed when S. 
pPliauus was cultured under limiting light (ca. 25 DE m-2 s- I )  with unamended air (containing 0.03% and 
air amended with 2% CO, Note that even under these limiting light conditions the growth rate was increased 
substantially by increasinjl the CUT We should also note that the maximum rale observed in these experiments 
(~=0.024) Is about a factor of four less than the maximum rate observed with these organisms in our hands Under 
saturating light and COP Item IC is the "dark control'. 

Items 2a-2c show the effect of added glucose on the growth rates. Under these low-llght conditions the growth rate 
of 5. o b l i a m  in the presence of added glume was almost double the rate observed in autotrophic cultures at the 
same light intensity. Note that there was very little effect of added CO ; the observed rates at 0.03% CO2 (air) and 
2% CO, were almost identical. This observation Is confirmeff by the results shown in item IC: the 
glum-supported growth rate i n  the absence of light was substantially higher than the autotrophic rate under the 
same light Intensity. and was within a. 20% of the mixotrophic rate. Thus under these conditions the 
glocose-supported heterotrophic rate is higher than the CO supported autotrophic rate and i s  within a lactor of 
two to three of the maximum observed rate under saturating?ight and COz. 

As shown in items 3e-3c. algal extract also supported a higher rate than that observed in autotrophic cultures, 
though the observed effect was less than with gluase. Again, as in items 3aand 3b above, there was no appreciable 
difference between the rates observed with or without added 9, and indeed, little significant effrxt of light at all. 
The observed lack of additivity of the dark and light rates may reflect the existence of a "Kok effect" It., the 
suppression of respiration by photmynthesis / 6 / .  Whatever the ultimate cause, these results do indicate that On 
algal extract prepared from S. obliauus can support the growth, either heterotrophically or mixotrophlcally, of 
this same organism. 

CONCLUSIONS 

Our results show that hydrolyzed biomass can serve as a carbon and energy source lor  the growth of 
these same algae. This finding suggests that the efficiency of biomass production In a CELSS might be significantly 
fncreased by r w c l i n g  unusable waste biomass, generated from the production of food from algal end plant 
biomass, through the algal system for the prodoction of additional whole algal material.* 

We wish to emphasize that a scheme of this type may provide the means to avoid, or at least minimize, futile 
energy cycles associated with carbon flow in a CELSS. The only significant energy input into the biological carbon 
cycle Is through pholasysthesis-related prazsses, which use this energy to produce the reduced carbon COmPWnds 
that mmprise higher plant and algae. This energy Is subsequently either harvested (via biological OXldatlOn 
processing by the crew) or lost via spurious oxidation or waste processing. As shown in Figure 2. the most 
straightforward, but energy &efficient pathway of carbon flow would be a scheme In which plant and algal West8 
materials would be ren/cled via the waste prccassing system. A mora complex, but more energy-efficient pathway 
would involve a scheme in which this route were short-circuited, and the reduced, and enerqprich waste biomass 
reused before oxidation. Such a recycling system could result in increases in the energy efficiency of carbon flW 
(and air regeneration) approaching SO%, compared to a system in which this non-edible material i s  Oxidatively 
decomposed by standard waste handling techniques. 

*An important point, not addressed by the rather preliminary experiments discussed above. is the relative 
efficacy of the different algal fractions for the support of algal growth. Ideally, the various algal fractions that 
cannot be converted to a useful component of the human diet would, after proper p r m i n g ,  prove to be-efficient 
carbon and energy sources for -. However, et present we annot rule out the possibility that the 
fractions supporting algal growth in the above experiments are the very same fractions that are best suited lo r  the 
production of human food. A definitive answer to this question would require a more detailed stu@ of both the food 
processlng technologies applicable to and detalled heterotrophic and mixotrophic growlh studies of 
this alga. 
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ABSTRACT 

Concepts o f  a CELSS anticipate the use of photosynthetic organisms (higher plants and algae) for air revitaliza- 
tion. The rates o f  production and uptake of  carbon dioxide and oxygen between the crew and the photosynthetic 
organisms are mismatched. An aglal system used for gas exchange only wil l have the difficulty o f  an accumulation 
or depletion of  these gases beyond physiologically tolerable l imits (in a materially closed system the mismatch 
between assimilatory quotient (AQ) and respiratory quotient (RQ) will be balanced by the operation o f  the waste 
processor). We report the results o f  a study designed t o  test the feasibility o f  using environmental manipulations 
to  maintain physiologically appropriate atmospheres for algae (Chlorella pyrenoidosa) and mice (Mus musculus 
strain DW/J) in a gas-closed system. Specifically. we consider the atmosphere behavior o f  this system wi th  
Chlorella grown on nitrate or urea and a t  different l ight intensities and optical densities. Manipulation of both 
the photosynthetic rate and AQ of the alga has been found t o  reduce the mismatch of  gas requirements and 
allow operation o f  the system in a gas-stable manner. Operation o f  such a system in a CELSS may be useful 
for reduction o f  buffer sizes, as a backup system for higher plant air revitalization and to  supply extra oxygen t o  
the waste processor or during crew changes. In addition, mass balance for components o f  the system (mouse, 
algae and a waste processor) are presented. 

INTRODUCTION 

A Controlled Ecological Life Support System (CELSS) is one option for maintaining human life during extended 
space flight. A CELSS uses energy t o  recycle matter through an integrated variety o f  biological and physical 
processes. thereby regenerating consumable supplies. The objective o f  the NASA-sponsored CELSS program is 
to investigate the feasibility o f  producing food and revitalizing atmospheres by growing algae. higher plants. and 
processing wastes by microbial or  physical-chemical oxidation /l/. 

Revitalizing the atmosphere within a spacecraft o r  planetary habitat requires that  the crew be continuously 
supplied wi th oxygen (0,) and that carbon dioxide (CO,) be removed from the system. Physico-chemical 
methods are available t o  remove and reduce C 0 2  and generate O2 /2/. The presence o f  algae and higher 
plants in a CELSS allows the photosynthetic uptake of C 0 2  and production o f  02. Therefore. physico-chemical 
methods o f  air revitalization are no t  envisioned as part  of  a CELSS except, possibly. as a backup system. 

The use of biological processes t o  maintain physiologically appropriate concentrations of C 0 2  and 0 2  requires the 
development of  strategies which maximize system reliability and stability while using the inherent characteristics 
of the organisms as control points. Previously we have reported on the use o f  environmental manipulations t o  
stabilize the behavior o f  a gas-closed mouse-algal system /2/. 

We report here the recent results obtained from the operation of this system (Figure 1). Specifically. we consider 
the atmospheric behavior o f  the gas-closed system using cultures o f  Chlorella pyrenoidosa and a dwarf mouse 



Fig. 1. Experimental mouse-algal system. 

Mus musculus dwh. Additionally the results of preliminary mass balance studies of the system are presented. 
including the use of an abiotic waste processor. 

MATERIALS AND METHODS 

A variety of photosynthetic gas exchange experiments were conducted using the system (Figure 1). Gas analyzers 
measured changes in partial pressures of C 0 2  and O2 within the system. The system was operated with algae 
only. a mouse only. and with the  algal and mouse reactors coupled. 

Measurement of algal assimilatory quotients (AQ = moles C02  consumed/moles 0 2  produced) were made by 
closing the algal reactor to the ambient atmosphere. The algal cultures are normally supplied with CO2 (2%) 
enriched air. When AQ measurements were made. the gas flow from the cylinders was stopped and the gas 
within the system was recirculated using a pump. The slopes of the C 0 2  and O2 concentrations were used to  
calculate the AQ. 

Measurement of mouse respiratory quotients (RQ = moles C 0 2  produced/moles O2 consumed) were accom- 
plished by closing the mouse in the chamber with ambient atmospheric concentrations of CO2 and 0 2  and 
observing the changes in each gas concentration over time. The RQ was calculated from the change in CO2 
divided by the change in 0 2 .  Respiratory quotients were measured for short time periods (one or two hours) 
which included awake. sleeping and eating periods. 

Combined algal-mouse experiments were conducted with the algal reactor and the mouse chamber linked and 
closed to the exchange of gas with the ambient atmosphere. Two algal vessels were required t o  supply the 
0 2  requirements of the dwarf mouse. Algal growth conditions (light intensity and cell density) were varied to  
control the photosynthetic rates of each culture. Different nitrogen species (urea and nitrate) were used in the 
algal growth medium to change the mrio of C 0 2  uptake to O2 release. Combinations of both rate and ratio 
manipulations were used to  determine the optimal operating conditions (;.e. nitrogen source. light intensity. 
optical density) for maintenance of atmospheric levels of C02  and O2 within the physiological tolerances of 
both the algae and the mouse. 

Bacterial populations within the algal cultures were monitored by plating samples onto trypticase soy agar (TSA) 
plates. incubated for 48 hours a t  30 C. Plate counts for both bacteria and algae were made using the spread 
plate method and TSA plates. 

Carbon. hydrogen and nitrogen percentage (by weight) of the algae. mouse food and feces were determined by 
running lyophilized samples on a Perkin-Elmer model 2408 elemental analyzer. To determine percent oxygen. 
ash percent was determined and oxygen calculated by difference. The contribution of other elements (sulfur. 
phosphorus, etc.) was assumed to  be negligible. 
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Mass balance determinations for the mouse were made by measuring the inputs to (food and water) and outputs 
from (feces. urine. unconsumed food and water) sets of three mice housed in a metabolic cage not connected 
to the gas exchange system. Elemental analysis of these materials was conducted and averaged for a series 
of 15 runs. Assumptions were made concerning the magnitude of exhaled water from the mice and values for 
percentages of  water in feces and urine were obtained from the literature /4/. Mass balance of the wet-air 
oxidation of feces was determined from a set of runs conducted in a system physically distinct from the gas 
exchange system. 

RESULTS AND DISCUSSION 

Atmosphere Revitalization 

Metabolic differences between the mouse and algae result in an inherent mismatch between AQ and RQ leading 
to depletion of either C02  or 0 2 .  depending upon the direction and degree of the mismatch /3/. This mismatch 
is more evident in a materially-open system while in a materially closed system. the operation of a waste 
processor will reduce the impact of  the AQ-RQ mismatch. Therefore. in  order to  maintain stable concentrations 
of COz and O2 within a coupled algal-mouse system. it is necessary to  more closely control the AQ and the RQ. 
Control of the RQ is possible but not a realistic option for use in a CELSS because it would require excessive 
restrictions on crew diet and activity. Thus. techniques to  match the AQ of the algae to  the RQ of the mouse 
have been examined. One factor that influences AQ is the observed difference between nitrate and urea grown 
cultures /5/. The average AQ of axenic cultures of Chlorella pyrenoidosa grown on nitrate was 0.67 f 0.02 
(n=5) and on urea was 0.80 f 0.04 (n=3) over a range of light intensities and optical densities. 

The AQ of cultures grown on nitrate and urea differ because nitrate is a more oxidized form of nitrogen than 
urea. As urea is metabolized to ammonia. Cop is released. which raises the AQ with respect to nitrate. This can 
be shown by considering the composition of Chlorella pyrenoidosa. as determined by elemental analysis. C5.1~: 
H ~ . . J ~ :  02.47: Nl,oo. The incorporation of  CO2. water and either nitrate or urea into Chlorella pyrenoidosa and 
O2 can be expressed for nitrate: 

6.77CO.r + 4.65H20 +NO; = CS.TTH~..~OS.~TN + 8.S601. (1) 

yielding a theoretical AQ of 5.77/8.36 = 0.69. 

for urea: 
6.27COa + S.05H.rO + 0.6(N.r&CO) = Cr.rrHp.soO..drN + 6.1102. (2) 

yielding a theoretical AQ of 5.27/6.11 = 0.86. This discussion demonstrates how the differing oxidation states 
of nitrate and urea affect the AQ. The theoretical values are close t o  the experimental values. 

The presence of  bacteria in the algal cultures was found to affect COz and O2 levels within the system. The 
bacteria present were contaminants and were not intended to represent the decomposer (waste processing) 
functions of a CELSS. The contamination could have occurred by several routes. specifically by failure of the 
media input filters. back-contamination from the mouse chamber or during sampling procedures. Bacterially 
contaminated cultures exhibited a decrease in the apparent algal AQ and a n  increase in the variation of AQ. 
Contaminated nitrate cultures grown under a range of light intensities and optical densities had an average AQ 
of 0.50 f 0.07 (n=25) while uncontaminated nitrate cultures had an AQ of 0.67 f 0.02 (n=5). Contaminated 
urea grown cultures had an AQ of 0.77 f 0.12 (n=28) while the uncontaminated urea cultures had an AQ 
of 0.80 f 0.04 (n=3). This decrease is due to  bacterial respiration consuming 0, and producing CO2 a t  a 
different ratio than algal photosynthesis was producing O2 and consuming C 0 2  (;.e. bacterial RQ # algal AQ). 
In an operational CELSS. in which bacterial contamination will occur. reduction in the apparent AQ must be 
compensated for by an increase in the photosynthetic rate of the algal cultures. or finding operating modes that 
yield AQ's greater than the crew RQ. Control of respiratory gas concentrations will be most effective i f  the algal 
systems bracket the crew RQ. 

Bacterially contaminated cultures grown on nitrate exhibit a decrease in apparent AQ and a large AQ variation. 
The large variation in AQ is likely due to  different bacterial populations as well as to  population sizes. We 
concluded that even low levels of bacterial contamination affect the apparent AQ of the algal culture. TO 
determine how a mixed bacterial-algal microbial community affects the apparent AQ. further data must be 
collected regarding the bacterial community diversity and relative population sizes of bacteria and algae within 
the system. 

In a CELSS. the composition of mixed algal-bacterial cultures will need to be monitored in order to maintain 
defined communities which effectively regenerate atmospheres. Our experience indicates that it is diflicult to 
maintain axenic algal cultures for long time periods (weeks) and to attempt this in a space-based system will 
be both impractical and unnecessary for long-duration (years) space missions. Large fermentors would be very 
difficult to sterilize and the equipment required would consume more power. volume and maintenance time and 
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have too large a launch mass to  be practical. The cost of maintaining axenic cultures would be much greater 
than the advantage gained. 

The RQ of the dwarf mouse was 0.97 1t0.0G (n=5). this agrees with values up to 0.97 for dwarf mice reported 
by Eley and Myers /G/. The mean RQ for humans is 0.82 /7/. Variation of diet and/or activity levels results 
in different RQ values. The dietary ratio of carbohydrate. lipid and protein are known to  affect RQ because 
of different oxygen requirements for the oxidative metabolism of foods. Activity levels affect RQ because the 
nature of oxygen utilization varies with the metabolic requirements of the animal. Since the air revitalization 
system must be responsive t o  normal variation in crew diet and activity levels there were no restrictions on the 
diurnal activity or diet of the mouse. Since the mouse RQ is higher than the human RQ. changes in the algal 
operating conditions will need to  be explored for human-scale experiments. 

A CELSS air revitalization system will be designed to  minimize the RQ-AQ mismatch. However. because the 
rayge of AQ control is limited, control will also depend on the ability t o  manipulate rates of photosynthesis. In 
combined algal-mouse experiments, variation of light intensity controls gas exchange mismatches by affecting 
photosynthetic rates through culture density. Decreasing or increasing incident light intensity directly affects 
the concentrations of C02 and O2 within the system atmosphere by changing the photosynthetic rate of the 
culture. 

Figure 2 illustrates the crossover area (where photosynthesis - respiration) between photosynthetic mode (;.e. 
oxygen production of the algae exceeds the oxygen uptake of the mouse) and respiratory mode (Le. oxygen 
consumption o f  the mouse exceeds oxygen production by the algae). The crossover area curves exhibit the 
difference in algal AQ between nitrate (Figure 2a) and urea (Figure 2b) grown cultures. Predictions can be 
made with this data regarding the overall system state for cultures maintained at  selected optical densities. light 
intensities. and nitrogen sources. Consequently. it is possible that multiple reactors, each at selected operating 
regimes and with distinctive gas exchange characteristics, may be used to  provide flexibility for control of the 
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Fig. 2a. Crossover area as a function o f  optical density and light intensity. 
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Fig. 2b. Crossover area as a function o f  optical density and light intensity. 
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Combined algal-mouse runs were conducted using both the large and small mouse chambers coupled to the two 
algal reactors. one growing on nitrate and the other on urea. Figure 3. a small mouse chamber run. shows the 
concentration of 0, increasing with a corresponding decrease in the Con concentration. This photosynthetic 
mode can be explained by considering the operating conditions of each algal reactor. The high optical densities 
of the two cultures led to  an overall system state in photosynthetic excess as predicted in Figure 2. 
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Fig. 4. CO2-02 relationship in gas-closed algal-mouse system. large dome, nitrate od  0.95. urea od 1.45. 

The observed buffering capacity of the large chamber might appear useful as a control point. However. respon- 
siveness of the system decreased with the larger system volume which effectively increased the time required to 
recover from perturbations. Furthermore. minimization of reservoir sizes reduces the weight. volume and hence 
cost of a CELSS and consequently large buffers are not practical. 
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Figure 5. which illustrates the system operating in a stible fashion over 2-3 system timescales. demonstrates 
that long-term stability is possible by combinations of rate and ratio manipulations. The initial photosynthetic 
mode was mitigated by lowering the optical density of the urea reactor a t  3.0 hours. At about 10.0 hours the 
decreasing C02 and increasing 0 2  slopes showed a decrease in magnitude. However. a further optical densjty 
decrease of both reactors was necessary to change the slopes to  a value close to  zero. Maintenance of these 
conditions allowed the system to remain in a stable state. 

i! OXYGEN IN w1s m c n n  
'- 

" r  R r  

I 
0 10 20 30 1 0 %  €4 70 80 90 

TItlL IHOURSI 

Fig. 5. C02-02 relationship in gas-closed algal-mouse system, large dome. nitrate od 0.80. urea od 0.90. 

The initial photosynthetic mode observed is contrary to  crossover area curves predictions (Figure 2) .  Variation of 
bacterial community diversity and population size will alter the photosynthetic capability of the system and lead 
to disparity between predictions and observations. Additionally. differences in RQ's between mice may account 
for part of the variability. Further. combined nitrate. urea system behavior may not be the same as  separate 
nitrate or urea system behavior from which the crossover area curves of Figure 2 were derived. 

We conclude that environmental manipulations of algal growth conditions can significantly reduce the inherent 
mismatches in respiratory gas requirements of a photoautotroph-heterotroph system. The use of environmental 
controls has the advantage of limiting the amount of intensive control or external devices-required to maintain 
stability. Our data indicate that  photosynthetic rate is easily manipulated by variation of light intensity and 
optical density. AQ may be manipulated by choice of nitrogen source. The effects of bacterial contamination can 
be minimized by aseptic culture techniques and monitoring of population size and diversity. The ultimate goal 
will be to  maintain well defined algal-bacterial communities. The effects of buffer size must also be taken into 
account in the design and operation of an algal gas exchanger in order to  allow realistic timescales for system 
control and to minimize cost. 

Further experimental work must be completed to determine the precise operating conditions required to  main- 
tain atmospheric stability within a closed system. Once such equilibrium conditions are established. an algal 
gas exchanger will be able to operate reliably. with minimal external manipulations. and be able to respond 
appropriately to the respiratory gas requirements of a human crew. Given a scaled version of the algal system 
described. with the same surface to volume ratio and equivalent light intensity. we calculate that  300 liters of 
algae would be required per person per day. Improvements in light use efficiency and reactor design will decrease 
the volume of culture required to support a human crew. 

Mass Balance 

The maintenance of concentrations of C02 and O2 within acceptable physiologic ranges indicates that  en- 
dogenous control of the photoautotrophic (algal) component allows atmospheric stability to  be sustained. To 
determine the degree of closure through the system, quantification of elemental flows through system compart- 
ments is required. In addition to  the respiratory gases. carbon and oxygen cycle through living tissue. feces. 
urine, water. mouse food and algal nutrients. The rates and concentrations are measured in order to more 
accurately assess the stability of the system. 

The system elemental flows (carbon, oxygen. nitrogen. hydrogen ( C . 0 . N . H ) )  are quantified as  they pass between 
three compartments: mouse. algal and waste processor (Figure 6) .  Elemental analysis of mouse food. feces, 
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Fig. 6. Simulation model. mouse-algal-wao system. 

urine and algal cells and the known elemental composition of algal media. waste processor inputs and measured 
waste processor outputs are used to calculate mass balances through and between system compartments. 

Several assumptions are made within this approach. To achieve system closure the algal cells must be used as 
mouse food. although this has not been done experimentally. Given the known composition of the mouse food 
and algal cells, it would be possible to theoretically "replace" the mouse food with algal biomass. However. the 
nutritional quality and the response of mouse metabolism to an algal diet is not well defined. The composition 
of spent algal media is not directly measured, but it may be calculated from the known initial composition minus 
the measured algal cell uptake values. The exhaled water vapor from the mouse is not directly measured SO it 
was calculated by balancing oxygen output. These assumptions allow a preliminary analysis of system mass 
closure but a more thorough analysis must await refinement of system capabilities. 

To analyze mass flow through the mouse-algal-wet oxidizer system a simulation model has been developed. 
an adaptation of a related mass flow model based on humans. wheat and a wet air oxidation reactor (WAO). 
Elaboration of  the model into algorithms has not been completed although the development of  model structure 
has enhanced analysis of experimental data and, once completed. will be useful for predicting the behavior of 
the experimental system. Initially. the experimental data will be used to  validate the model. Once validated. the 
model can be used in place of the experimental system to more rapidly determine the flow of mass under a 
variety of operating conditions. The basic structure of the model (Figure 6) is explained in detail below. 

An important consideration in the development of the model has been the degree of complexity incorporated 
into it. There are several levels of complexity which have been considered. These include the compartment level 
(Le. mouse and its environmental conditions). the organism level. the organ system level, the cellular level. the 
biomolecular level and the atomic level. Increasing the detail of the model to include the atomic interactions 
associated with biochemical reactions is considered t o  be too detailed. Similarly the compartment level alone is 
too general to yield useful information on the flow of  materials through the system. It was determined that the 
compartment level containing the biomolecular level as a subsystem is most appropriate. The biomolecules that 
are included are carbohydrates. proteins and lipids. Other than accounting for C.0.N.H in such biomolecules. 
there may be no need to  distinguish these compounds further in terms of detailed biochemical pathways. In fact. 
some areas of the model may not include detail at this level. For example, for certain segments of the model 
it may be necessary to  include only the living component as a whole and not t o  break it down into specific 
molecules. 

Model structure will be illustrated by tracing the flow of carbon. The model has been broken into segments 
to clarify the interactions occurring within each compartment. Figure 7a shows the flow of  carbon through the 
mouse compartment. Carbon is introduced into the system from either mouse food or algal cells in the forms 
of carbohydrate. lipid and protein. Once eaten by the mouse, the metabolism of carbohydrate and lipid yields 
energy by conversion of simple sugars to C 0 2  and H20 in the presence of 02. Additionally. the fats and sugars 
can be stored by the mouse. The carbon in proteins is used in maintenance of  the mouse. the net flow may 
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Fig. 7a. Simulation model. mouse compartment. 

be set to zero or to whatever value experimental data suggests. Thus carbon introduced to the mouse is I) 
metabolized to COz and exhaled. 2) excreted in feces and urine or 3) retained in the mouse. 

Table 1 shows the mouse mass balance which has been calculated manually from information contained within 
the model and from experimental data. The data was collected in two ways: values for COz consumption and 
02 production were calculated from the slopes of RQ measurements made within the gas-closed mouse system. 
values for food and water consumption and fecal and urine production were obtained from metabolic cage 
experiments conducted outside the bell jar. The value for water vapor exhalations was not measured and thus 
was calculated from the 0. H values remaining after all other inputs and outputs were balanced. The ratio of 0 
to H was very close to the expected 8:l ratio and the assumption was made that this remaining mass must be 
the water vapor content. 
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The high percent recovery seen in Table 1 indicates that the mouse system demonstrates closure for the primary 
bioelements. Carbon and hydrogen flows show a 97% recovery: the 100% recovery of oxygen is found because 
the excess oxygen was a l l  placed in the water vapor column and a stoichiometric amount of hydrogen was added 
to the hydrogen value. The 71% recovery of nitrogen is lower than expected. Possible sources of  loss include 
the bacterial denitrification of urine and fecal urea to N,. the loss of urine in the collection process by either 
volatilization or adherence to surfaces. and variation of  solids contents in both urine and feces between different 
experimental runs. 

Returning to the carbon trace through the system. the C02 exhaled by the mouse is introduced to the algae as 
its sole source of  carbon (Figure 7b). Algal photosynthesis then converts the CO, into simple sugars and 0, 
in the presence of  water and light. Biosynthesis of the sugars to lipids and proteins may be incorporated into 
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the model. or the model can be run using only an algal biomass pool in place of the more specific biomolecules. 
Theoretically the algal biomass may then be recovered for use as a mouse food. Waste algal biomass may also 
be directed to the waste oxidizer. 

EXTEMNAL SOURCE 

Fig. 7b. Simulation model. algal compartment. 

The WAO receives carbon from the mouse feces and oxidizes it into C02.  low molecular weight organic acids 
(primarily acetic) and CO in the presence of O2 (Figure 7c). O2 was supplied from a gas cylinder although 
theoretically it could be supplied from the algal compartment. When the carbon from mouse feces has been 
oxidized to COz and this C 0 2  is then metabolized to algal biomass, the cycle of carbon through the system is 
complete. Similar paths may be traced for oxygen. nitrogen and hydrogen so that an overall system balance for 
the major biomolecules may be observed. 

ORGANIC ACIDS 

EXTERNAL SOURCE 

Fig. 7c. Simulation model. wet air oxidizer compartment. 
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Table 2 shows the mass balance of a single wet-air oxidation run using mouse feces. The excess carbon probably 
results from either variations in the percent carbon in feces or inaccuracies in the measurement of carbon streams 
in WAO effluent. The excess hydrogen in the system was assumed to  be forming combustion water and thus 
was set to full recovery. The oxygen recovery is deceiving because of the large excess of oxygen used in the WAO 
process. Looking at the total oxygen used in the oxidation (1.80 g) and the recovery of only 1.03 g indicates a 
sink for oxygen which is not yet explained. Once again. nitrogen exhibits a low recovery (86%) which may due 
to difficulties in measuring small quantities of nitrogen compounds or variation in the nitrogen content of feces. 
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To change the steady-state flow balance of Figure 7 to  a dynamic model. equations must be developed that 
express the various flows in terms of the state variables, i.e.. the various storages of algal and mouse biomass. 
atmospheric COz. 02. H 2 0 .  light and nutrients. The simulation model being developed allows elemental balances 
to be calculated from experimental data. When the model is validated it will be useful t o  observe the changes 
in mass flow as conditions are varied. Thus, for example. the effects on the system of a doubling of the CO2 
input from the mouse compartment may be done completely by the model without having to  actually add a 
mouse to the experimental system. The storage and flow of elements will be much easier t o  study with a well 
validated model than with the experimental system upon which it is based. As the model predicts interesting 
system behaviors. experiments may be conducted t o  verify model results and observe actual system behavior. 

Table 3 shows one example of an overall system mass balance used to determine the accumulation and/or 
depletion of bioelements. The lack of complete experimental data. compounded by the non-integrated nature 
of the experimental system. makes it difficult t o  make accurate conclusions about element balance within the 
system. Data required includes: measurement of water vapor exhalations. recycling o f  urine, measurement of 
combustion water produced in the WAO and use of algal biomass as mouse food. 

h1.u D.1.w. d II. Mo.r~Itd.\VAO 5,- 

The data shown in Table 3 indicates that if the AQ is less than the RQ there will be a net increase of 02 in 
the system. This agrees with theoretical calculations /3/. If the AQ is equal t o  the RQ there appears to be 
a net loss of 0 2  although a balance would be expected. The reason for this discrepancy is probably due to 
the formation of combustion water in the WAO. There is a significant loss of O2 from the WAO mass balance 
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which. if completely accounted for, would probably balance the O2 in the AQ equal to RQ scenario of Table 3. 
When looking at the whole system mass balance, the algal AQ must actually balance with the mouse RQ JS 

well as the WAO RQ (which would equal the ratio of COz produced/02 consumed). 

The data in Table 3 exhibits the amount of NO,- which would be obtained from the oxidation of the specifiid 
amount of feces, assuming the complete reduction of all nitrogen to NO,-. This value could then be compared 
to the amount of NO3- required by the algal cultures to  support one mouse for one day. Again. data is lacking 
to make this complete comparison because of the non-integrated nature of the system. However, it is clear that 
such analyses could be made with a combination of the simulation model and system modifications. Calculation 
of such balances at this time is not useful because of the inaccuracies introduced by the nature of the system. 
More accurate analysis will be possible with the stoichiometric equations contained in the simulation model and 
data acquired from integrated subsystems. 

CONCLUSIONS 

The operation of this experimental system has helped to elucidate issues associated with the development of 
bioregenerative life support (BLS) systems. The issues raised are of two varieties. One is the analysis of the 
role which algae will play in BLS systems. The second variety is concerned with the way in which algal systems 
will be designed and operated. The development of a functional BLS system will rely on numerous iterations of 
subsystems, the pre-prototype air revitilization system described here is one step in that process. 

Both the positive and negative attributes of the role which algae may play in BLS systems have been outlined 
in /8/. Operation of this system demonstrated that algae can: be controlled by manipulation of inherent char- 
acteristics of the organisms. and satisfy respiratory gas requirements. We also encountered some of the same 
difficulties anticipated of space-based systems. The inability to use algal-derived food prevented mass closure 
of the experimental system and the presence of  bacterial contaminants raised questions about the long-term 
stability and reliability of algal cultures. 

The operation of  the experimental system demonstrated that algae are capable of providing air revitalization 
under controllable conditions and by use of endogenous algal characteristics. Problems associated with bacterial 
contamination can be dealt with by understanding relative population dynamics and compensating for bacterial 
respiration by increased algal photosynthesis. Determination of appropriate material reservoirs can be explored 
experimentally and will lead to proper scaling of buffers. Development of the simulation model will aid in 
examining issues related to  mass balance. subsystem integration and overall system performance (stability and 
reliability). 

Application of these principles to a human-scale system will require further experimentation to: define optimal 
algal environmental conditions. engineer functional systems which require minimal human attention and produce 
sufficient algal biomass to satisfy the respiratory and nutritional requirements of humans. 
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ABSTRACT 

Protein i s o l a t e  obtained f ran green algae (Scenedesnus cbliquus) cultivated under controlled 
cmdi t ions  was characterized. kbolexlax weight detennjnatim of f r ac t ima ted  algal  proteins 
using SDs-polwcryLmLde gel electmpfioresis revealed awi* spec- of m1-r w i g h t s  
ranging fran 15,000 to 220,000. I s o e l e t r i c  pints of dissociated proteins were in the range 
of 3.95 to 6.20. pmino acid ccmposition of protein i so la te  canpared favorably w i t h  FPD 
stardards. High content of essent ia l  amino acids lexine, valine, phenylalanine and lysine 
makes a lga l  protein i so la te  a high qual i ty  ccmponent of CEISS diets. Ib aptimize the ranoval 
of algal l i p i d s  and piQlwts  supercr i t ical  ca2j3an dioxide extraction (with and without 
ethanol as a -solvent) was used. Addition of ethml  to supercr i t ica l  
m r e  e f f i c i e n t  rar0Va.l of algal l i p i d s  and p r o d u d  protein isolate with a good yield and 
protein recovery. Ihe protein isolate extracted by the above mixture had an mproved water  
solubi l i ty .  

resulted in 
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lhere is a need f o r  sui table  feeding systeas for  extended m e d  space missions. The poten- 
t i a l  u t i l i z a t i o n  of a lga l  bicmass in a non~onvent icna l  food supply in space, is the subject 
of o u  stujy. unique multifunctiondl charac te r i s t ics  of algae mxh as high pbtosynthe t ic  
ac t iv i ty ,  lack of need f o r  organic caxbm and nitrogen in the grad3 llledia and the ability 
to control a lga l  chenical c a p x i t i o n  by vaxying cul t ivat ion conditions make algae an 
a t t r a c t i v e  system for  biological regeneration of the CEISS envirarPrwt /1,2,3,4,5,6,7,8,9/. 
Cmsvnption of untreated and unpurified algal  bianass, due to associated physioloqical prcr 
b l em (e.g. ncndigestible caqxnents of c e l l  w a l l  and d i s t w 3 h g  caxbhydrates,  excess 
nucleic acids,  unknm toxins and al lergens)  and poor flavor or color l imi t s  the munt of 
algae i n  the d ie t .  Ccmversion of a lga l  bianass in to  physiologically and organoleptically 
acceptzble ccmpcl.lents reguires suitable mtbdolcgy. Previously developed nethods elimirate5 
or largely reduced three l a w n  mdesirable  caqxments of algae (cell walls, nucleic acids,  
and pigrents) a d  gave an "algal protein i so la te"  w i t h  a reasonably high yiel2 /lo/. 

Green algae (Scenedesrms &liquus) gxm in Constant Cell Density Apparatus, under ccm- 
trolled cordit ions were us& in this study. m y  were abtained througt.1 the courtesy of D r s .  
Richard Rac$ner and Paul Behrens of MWCEK C q .  Colunbia, MD. Figure 1 skkls the s t e p i s e  
procedure for  preparation of various f rac t ians  fran algae. Majar nut r i t iona l  canpcnents of 
the algae f lour  (freeze-dried ruptured cells) e r e  detersnined. upan c e l l  rupture and r m a l  
of the cell wall, the niz le ic  acid content of the algae was reduced by 92%, using ai enzy- 
matic, procedure. ! t b s  increased the safe ccnsunption level  of a lga l  protein ccncentrate 
( f ract ion C6) f ran 209 tD approximately 25Og per day ard for algal protein isolate (fraction 
P8A) fran 159 to 192 g per day. Generally accepted safe level of nucleic acids  intake in 
hunan i s  29 per day /ll/. Ethanol extraction of algal piQrrents bnostly chlorophyll A) fran 
the protein corcentrate (fraction #6) result& in ranoval of mst of the green color and 
ccmseqm~t ly  the a lga l  protein i s o l a t e  ( f ract icn #Si) had a " l i g h t  olive" color upon f r e e z e  
drying. RBnoval of the Figrents enhanced the color and f lavar ,  but caused protein denatura- 
t ion and insa lubi l i ty  of the final product. 

In  order to  f m r  irnprave the qual i ty  of a l g a l  proteins we have experimented w i t h  the r e  
m a l  of a lga l  p i c p n t s  and l i p i d s  using supercr i t ica l  f luids .  The results are reported 
here. 

Characterization of isolated a lga l  proteins was a major part of our recent study. This 
hwledge can be usefu l  in designing f e  processing and f a b r i c a t i m  of a lga l  proteins 



a s  a f d  ccnponent in CELSS. The present paper also reports the results of electroplmrctic 
studies and 'amino acid analyses OE a lga l  proteins. 

mI0wLIX;y 

Preparation of a l g a l  protein fract ions 

Green algae (Scenedesnus obliquus) were grown in Constant C e l l  Density Apparatus (CCDA). 
Conditions were :  Algal density in medim: 0.55 mg dry weiqht/ml.; 32°C; pH= 7.0; nitrogen 
source: KN03 2.Oq/l; carbon some: 2% CO in a i r .  The algae here gram, harvested, and 
supplied to us by Martek Corp. (Colmbio, %I). 

SDS-Polyacrylamide ge l  electrophoresis (SDS-PAGE) 

SDS-PAGE w a s  used t o  determine the molecular w i g h t s  (M.W. ) of a lga l  proteins. Freezedried 
algal protein concentrate (fraction # 6 )  w a s  used. The experimental de ta i l s  of SDS-PAGE wre 
reported previously /12/. 

Isoelectric focusing (IEF) 

IEF in polyacrylamide ge l  was used t o  determine the isoelectric pints (PI) of a lga l  pro- 
teins. Ampholine pH 3-10 was  used to prduce  pH gradient across the gel. The IEF conditions 
were as previously reported /12/. Freeze--dried a lga l  protein i so la te  (fraction #6) was used 
in  this stldy. 

Amino acid analysis 

Amino acid ccmposition of algal protein i so la te  was determined using a recently developed 
pre-colunn derivatization method which has been originally demonstrated by Koop, Morgan, 
Tarr and Coon 1131 for  analysis of f ree  amino acids and l a t e r  modified by B i d l i n w y e r ,  
Cohen and Tarvin /14/  fo r  application t o  acid-hydrolysates of proteins. 

The m e t h d  which is cal led "Pico-Tag" is  based on derivatization of amino acids with phenyl- 
isothiocyanate ( P I E ) .  P I E  reacts w i t h  free amino acids to yield phenylthiocarbamyl (m) 
amino acid,  which can then be separated on a reversed-phase HMC colunn. Strong UV absor- 
bance of m-amino acids (254 nm) makes it possible t o  detect  quant i t ies  as -11 as 1 
picanole /14/ .  Because P I T  forms the sane chramphore w i t h  primary and secondary amino 
acids no extra treatment is  necessary f o r  detection of proline. Excellent reproducibility, 
derivatives s t a b i l i t y  (6-10 hrs a t  R.T.) and rapid analysis (12 min.) of amino acids made 
the Pico-Tag the mthd of choice €or our purpose. 

Upon Hc1 hydrolysis destruction of Trp, conversion of Asn and G l n  to ASP and Glu , also 
oxidation of cysteine t o  cyst ine and consequently p a r t i a l  destruction of cystine occur /E/. 
Hence, i n  order to cbtain canplete amino acid prof i le ,  algal protein i so la te  (fraction #8A) 
was treated i n  2 di f fe ren t  ways: 1) E1 hydrolysis and PIT13 derivatization to detect  a l l  
FX-amino acid derivatives except €or Cys and Trp, 2 )  Performic acid oxidation follmed by 
E l  hydrolysis and derivatization to quantify the amount of cysteine i n  the form of cysteic  
acid, and 3) Ethane-sulfonic acid hydrolysis f o l l a e d  by derivatization t o  obtain the 
amount of tryptophan. Amino acid standard used was Pierce standard H. Least square treatment 
of data and calculated regression lines were used for  quantification of amino acid content 
of a lga l  proteins. 

Supercrit ical  Fluid Extraction 

Supercrit ical  f lu id  extraction of algal pi-nts and l i p i d s  w a s  carried out in two steps. 
The 1st extraction w a s  w i t h  supercritical carbon dioxide (SC -CO ) and the 2nd extraction 
was w i t h  carbon dioxide and anhydrous ethanol (22%) as a cc-solv&t. Freeze-dried a lga l  
protein concentrate (fraction #G) , 4.869. w a s  charged al ternat ively beween layers of glass  
wml to an extraction vessel,  a 1.8 a n  diameter X 30 a n  long stainless steel tube (Autoclave 
Engineers, Inc.) , and connected t o  the systgn shom in Figure 2; the glass  w o o l  served to 
keep the algae pmder fran canpacting during passage of gas through the extractor. Carbon 
dioxide (Airco, Inc., Grade 2.8) was supplied a t  about 87 bar pressure and 313°K to the 
suction side of a double-end diaphragn canpressor (Superpressure, Inc.) and w a s  ccmpressed 
t o  the measurement pressure. The pressure was controlled by a back-pressure regulator 
(Circle Seal, BPR) which diverted the bulk of the canpressed gas fran the surge tank back to  
the suction side of the ccmpressor resul t ing in  an almost pulse-free flow of gas to the 
extractor. The high-pressure gas passing d m s t r e a m  of the canpressor was h a t e d  in a tube 
prellcater t o  about 338'K and was passed through the extraction vessel which was maintained 
ilt 338'22 K by a tmperature indicator/controller which m a s u e d  the temperature via an iron 
constantan t h m m o u p l e  (Superpressure, Inc.)  positioned in  the bed of algae powder and 
W h i c h  regulated power t o  a heater (Glascol tapes) on the extractor. 
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The solution (consisting of carbon dioxide and dissolved materials) leaving tlic extraction 
vessel was passed through a heated, flow-regulating, pressure l e t - d m  valve and was 
expanded to ambient pressure. The materials which w e r e  dissolved by the gas passing through 
the extraction vessel precipitated during the pressure-reduction s tep and were scprated 
fran the gas in a U-tube collector ( K i n b l e ,  200 m) whose e x i t  junction w a s  f i t t e d  with a 
glass wool f i l t e r  to  prevent fine-particle sbl ids  f ran passing through the tube; a second 
U-tube with a more t ight ly  packed glass  wool f i l t e r  was positioned d m s t r e a m  of the f i r s t  
collector and served t o  t rap  any f ine  particles whichmight have passed through the f i r s t  
f i l t e r .  

The ambient gas leaving the collection systen passed through a rotameter, (Fisher-Porter,  
Inc., Ser ies  1OA 35) for  flaw rate m e a s u r e n t  and through a dry test mter (Singer, Inc. , 
-200) f o r  f l w  v o l u ~  integration. The flaw rate of the carbon dioxide through the 
extractor w a s  maintained a t  3 SLPM (standard liters per minute). A total of 0.66 g of green 
semi sol id  materials, SC-CO extract  (fraction #7B) w a s  collected ( in  the U - t u b e )  during 
the passage of 720 g of car& dioxide a t  380 bar pressure. After the extraction with carbon 
dioxide a fraction of the charge of algae (SC-CD2 residue, f ract ion #8B)  w a s  removed fran 
the vessel t o  be used for  solubi l i ty  tests, the vessel w a s  resealed and connected t o  the 
system. The 2rd extraction w a s  carr ied out with SC-CO a t  380 bar pressure a t  338" K, with 
anhydrous ethanol added as a co-solvent. It was p u q d  into the system a t  the entrance t o  
the extractor. The ratio of ethanol to carbon dioxide was 100 to 360 q (22%). The SC-CO 
+ EtOH extract  (dark green ethanol solution) was collected in a container (fraction #7C?. 
The SC-C02 + EtOH residue (fracticn #E) was used f o r  so lubi l i ty  test (Figure 3). 

Solubili ty Test 

Algal protein isolate (fraction #a), SC-C02 residue (fraction # 8 B )  and SC-CO + EtOH 
residue (fraction #E) w e r e  used. Tu 100 mg of each fraction, 10 m l ,  0.05 M pgosphate 
buffer, pH 8.0 (based on pH-solubility prof i le  of plant  proteins,  Wolf /17/) was added. The 
samples e r e  mixed and stored a t  roam temprature for  about 1 hr. They were then centrifuged 
a t  15,000 RPM for  10 m i n .  a t  2 O  C. The supernatant w a s  collected and the pe l le t  was washed 
w i t h  another 2 m l  of phosphate buffer and recentrifuged. The wash w a s  added t o  supernatant 
k e p t  a t  5' C) and the pellet was freeze-dried (Virtis Research Equ ip ra t ,  Gardiner, NY). 

Protein concentration of the supernatants and the pellets were detennined using the micro- 
kjeldahl mthod A.O.A.C. / 1 8 / .  Solubi l i ty  was defined as: 

Protein i n  supernatant (mg) x 100 
(sun of protein in  supernatant and pellet) mg % Solubili ty = 

Absorption Spectra 

Absorption spectra of SC-c02 extract  (fraction #7B) and SC-C02 + EtOH extract (fraction # X )  
i n  the range of 700 to  240 rm w e r e  cbtained and canpared with t h a t  of fraction 7A, which is 
the boiling-e&ol extract. Since S C - ~  extract  (fraction #7B) is  in the form of s e m i  
sol id  materials, an al iquot  w a s  dissolvd in hexane, f i l t e r e d  (Millex-SLSRO25NS) and used 
f o r  this study. 

Analysis of Algal Lipids 

Isolation of a lga l  l i p i d  canponents (neutral, glyco and phospholipids) using sequential 
solvent extraction, gel  f i l t r a t i o n  and thin layer chranatography, as w e l l  as determination 
of f a t t y  acid canposition using 0;: is undernay. SCCO and SC-CO + EtOH extracts  (fractions 
#7B and 7C) and the corresponding residues (fractions #8B and E? w i l l  be analyzed. 2 

RESULTS AND DISCUSSION 

Molecular Weight Detemination 

Literatureon molecular weights of a lga l  proteins is limited. Lee and Picard /19/ studied the 
electrophoretic pattern of Oocystis a lga l  proteins using three systems: Tris-glycine pH 8.7, 
SDS-gel and SDS-gel with 2-~rercaptcethanol. Using the SDS-gel along with dissociating agents 
they observed a wide spectrun of molecular weights (M.W.) ranging fran 12,500 t o  250,000. 
In our study using SDS-PAGE w also obtained wide range of M.W. fo r  Scenedesnus d l i q u u s  
proteins. Figure 4 shows the electrophoretic pattern of protein concentrate (fraction #6). 
The M.W. of proteins ranged fran 15,000 (band #20) to 220,000 (band #l), Major protein bands 
correspond to bands # 7 ,  1 4 ,  15, 18,  1 9  and 20 with M.W. of 55,000, 30,000, 28,000, 18,000, 
16,500 and 15,000 respectively. Band #21 corresponded to chlorophyll and other a lgal  
pigwnts  (M.W. below 1,000) which migrated to the front  of the gel. A canparison of SDS-PAGE r rotein i so la te  resul t ing f m  supercr i t ical  f lu id  extraction (fractions #8B and E) w i l l  
enable us to detect  the extent of changes such as o l i g m r i z a t i o n  and/or par t ia l  fraqmn- 
ta t ion of treated algal  proteins. 

ttern of protein isolate obtained f ran  ethanol extraction (fraction #8A) with that of 
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Iscelectric Point Determination 

There is  no report  available on isoelectric points of a lga l  proteins. The IEF pattern of 
a lgal  proteins and pH profi le  of IEF gel  for determination of the PI 'S  of focused proteins 
are sham i n  Figure 5. The isoelectric points of the a lga l  proteins ranged fran 3.95 (band 
# 15) to 6.20 (band 112). Major protein bands corresponded to bands #7, 9, 11 and 13 w i t h  
PI 'S of 5.45, 5.20, 4.85 arid 4.35 respectively. Band #1 corresponded to chlorophyll and 
other p i g e n t s  which did not migrate i n  tke IEF gel. 

Fmino k i d  Canpsi t ion 

Nutritional value of proteins is primarily determined by their amino acid canposition. H e n c e  
amino acid prof i le  o f a l g a l  prote'm (Scenkesnus c b l i q u k )  was studied and am&Ograms bere 
cbtained (Figure 6 ) .  

The amino acid ccmposition of a lga l  proteins canpareed favorably with FA0 standards, Table  1. 
Analysis of amino acid ccmposition revealed high content of leucine, valine,  phenylalanine 
and lysine and lm content of methionine and tryptophan. (The high values for  cysteine 
contrary to reported law values i n  the literature is because we analyzed cysteine i n  the 
form of cysteic acid which yielded i n  about 70% mre canpared to values we cbtained for  
cystine).  

There is no data reported on amino acid canposition of Scenedesnus Obliquus cult ivated 
under controlled conditions (m). W e v e r ,  there are  reports on amino acid canps i t ion  of 
Scenedesnus Obliquus cult ivated &r open air  conditions according t o  German technique of 
Dortrrmnd /20, 21, 22, 23/ cul t ivat ion ponds /24/ and unspecified conditions / 5 /. The 
canparison of the aminograms fran Scenedesnus cbliquus cult ivated under d i f fe ren t  conditions 
revealed a similar pattern of high content of valine,  1eucine.and lysine and lm content of 
methionine and tryptophan. &r results, showed re lat ively higher values for  isoleucine, 
leucine and phenylalanine. 

The nutr i t ional  value of green algae depends on diges t ib i l i ty  which depends on pretreatment 
of algae and disruption of the cell wall. Lcw nutr i t ional  value is to be expected if algae 
is not suff ic ient ly  processed /25/. Nutrit ional value (biological value, BV, d iges t ib i l i ty ,  
D, ne t  protein u t i l i za t ion ,  NPU, and protein efficiency r a t io ,  PER) of pretreated Scenedcs- 
- mus obliquus cult ivated under open a i r  conditions (Dortmund technique) has been studied i n  a 
series of d i f fe ren t  and independent investigations i n  animals and also in h m  volunteers. 
The results repeatedly and unequivccally c o n f h d  high nut r i t ive  value of a lga l  proteins 
/25, 26, 27, 28/. D m d r i e d  Scenedesnus obliquus w a s  s t d i e d  as a d i e t  ccmponent i n  ra ts .  
High nutr i t ional  value due to i m p r w d  protein d iges t ib i l i ty  (as  a r e su l t  of cell dis- 
rupt im) was reported, Table 2 /30, 31/. Fort i f icat ion of wheat and rice with proteins f r h  
Scenedesnus acutus in  r a t s '  d i e t s  resulted i n  significantly higher PER value than cereal 
d i e t  alone /32/. They a l so  concluded that Scenedesnus proteins supplemked wheat proteins 
to a greater extent than rice. 

In sunary, a lga l  proteins, because of the i r  high content of essent ia l  amino acids (valine, 
leucine, lysine and phenylalanine) upon cell w a l l  rupture arid removal of undesirable caw 
ponents,' can signif icant ly  improve the nutr i t ional  value of other plant proteins e.g. 
cereals ( w k a t ,  rice arid corn with lysine a s  their limiting &no a c i d ) ,  legunes, etc. and 
serve a s  a high quality canpnent  of CELSS diets. Wheat and soybeans are considered a s  two 
sources of macronutrients i n  CELSS d i e t  scenario /33/. 

e--r&izaJ Fluid -%traction 

In  our previous study boi l ing ethanol was  used to renove pigments and l ipids .  Ethanol t reat-  
nwt of a lgal  proteins (regardless of extraction teqerature) imprwes the color and flavor 
of the isolate, but causes denaturation and consequmtly aggregation of algal proteins w i t h  
loss  of solubili ty.  Supercrit ical  f lu ids  are receiving increasing at tent ion a s  extraction 
solvents. Because of their pressuredependent dissolving p.er properties often display the 
fractionation ab i l i t y  of mult icapment  solutes  /34/. Supercrit ical  carbon dioxide (SC-C02) 
has been considered by many investigators a s  the ideal  f l u id  for  extraction and separation 
processes. It is reported to behave very much l ike  hydrocarbon solvent with very lm polar- 
izab i l i ty  /35/. Therefore, the use of X-Co 
mterials w h i l e  giving canparable yields  ofzers several advantages. 

Organic solvents are f l a n a b l e  and explosive. They might also contain traces of higher 
boiling fractions that may be l e f t  i n  the extract  and pose a potent ia l  health hazard /36/. 
01 the  other hand carbon dioxide is nontoxic, nonflanable arid rather easi ly  separatable 
fran the extracted materials. 

2' There are an increasing n h r  of reports on r e p l a c e n t  of l ipophi l ic  extraction by 5x2-CO 
Ektractions of o i l  fran corn /36, 37/, soybeans /38, 39, 40/, cottonseed /41/, lupine scccls 

fo r  extraction of l i p ids  o r  l ip id  soluble 
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/42/ and animal o i l s  and f a t s  /43/ using supercrit ical  C02 has been reported. 

Carrparative shdy on the storage ab i l i t y  of defatted corn germ flour using hexane and 
SCM shm.4 significant reduction of peroxidase act ivi ty  (apparently a s  a r e su l t  of pro- 
tein 8enaturation under the extraction conditions, 344 to 551 bar pressure and 323' K) and 
high flavor quali ty upon accelerated storage tests for  SC-CX2 extracted corn germ flour 
/37/. Similar s t d y  on o i l  extraction of soybean flakes using SC-C02 
pressure, 353-373" K and 5-13% moisture) and hexane also resulted i n  bet ter  flavor qvali ty 
and shelf l i f e  for SC-C02 defatted soybean flour /40/. In a canparative s t d y  on oxidation 
s t ab i l i t y  of "oi l"  extracted fmm soybean flakes using either S C c 0 2  a t  344 bar and 323' K 
o r  hexane, sCM2 extraction yielded a product cuparable  to a hexaneextracted degurmed 
soybean o i l .  Phosphatides were essentially absent in SCCO and t h i s  may be the reason for 
lwer oxidative s tab i l i ty  of sc-c02 extracted soybean o i l  ?39/. 

There is no report on supercrit ical  extraction of A l g a l  l ip ids  and/or pignents. The 
extractian of algal protein concentrate ( f rac t im #6) using (SC-CO,) resulted in removal of 
green Semi solid materials believed t o  contain nonpolar l ip ids  and lipid-s6luble pignents 
(such a s  chlorophyll and carotenoids). Chlorophylls are  c lassi f ied a s  lipid- and water- 
soluble and carotenoids a s  lipid-soluble p i p n t s  /44/. The yield of SC-C02 extract  
(fraction #7B) was 7%. The absorption spectra of fraction #7B (dissolved in hexane) indica- 
ted the predaninance of chlorophyll A (with absorption maximun, 

(730 to 854 bar 

other minor peaks probably due to extracted carotenoids. The 
(fraction #8B) which had an "olive green" color was 44.6%. 
isolate (fraction #E3) using SC-M2 and 22% ethanol resulted in a dark qreen ethanol solw - t ion  believed to contain polar l i p& and chlorophylls (fraction #7C) with the yield of 12%. 
The absorption spectra of SC-CO + EtOH extract  indicated mainly the presence of chlorophyll 
A and traces of chlorophyll B (3  a t  470 nm). The absorption spectra of SC-C02 + EtOH 
extract (fraction #7C) =re aIn&?identical to those of ethanol extract  (fracbon #7A). 
l"k SC-C02 + EtOH residue (fraction #E) had a "light olive" color sirnilat t o  ethanol ex- 
t rac t  residue (fraction #a). Yield of a lgal  protein isolate  cbtained fran SC-C02 + EtOH 
extracticn was 33%. '&e remaining balance as canpared to previously reported value for frac- 
tion 8A which was 36.6%, is due t o  the r m a l  of 19% total l ip ids  (nonpolar and polar) and 
pigrents (fraction #7B and 7C) canpared t o  15% (fraction #7A). W e  believe tha t  SC-COz 
extraction resulted in more eff ic ient  removal of nonpolar lipids. Isolation and detennina- 
t ion of l ip id  cbnpnents (neutral, glyco and phospholipids) and f a t ty  acid canposition of 
various extracts  (ethanol, SC-C02 and S2-C02+ EtOH) and the residues aremderway and w i l l  be 
reported in our next paper. FYotein concentration of X-CO + EtOH residue (protein isolate  
82) was 69.1%, similar to the ethanol residue (protein isofate 8A) which was 70.5%. %le 3 
shaws the yield,  protein coxentration and recovery of various algal  fractions. 

Protein Recovery 

Recovery of Oocystis a lgal  proteins was studied by Lee and Picard /19/. Using successive 
cmmonim sulfate  fractionations they recovere3 44% of algal proteins. The protein recovery 
increased t o  66% when the fractionation was done in the presence of ascorbic acid and 
insoluble PIIP (polyvinylpyrrolidone). The presence of endogenous proteolytic and oxidative 
enzymes may par t ia l ly  impair the recovery of plant proteins. 

Phenoloxidase and peroxidase catalyze the reduction of 0-diphenols to quinones; subsquently 
the quinones polymerize and form canplexes with proteins thus impairing the solubi l i ty  /19, 
45, 46, 47/. The formation of these canplexes is  prevented by extracting the plant proteins 
in the presence of reducing agents (such as ascorbic acid) and by removing the phenols with 
substances s w h  a s  W P  which forms hydrogen bonds with phenols. Nonspecific aggregation of 
plant proteins is also reported i n  the l i t e ra ture  and believed to  be the resu l t  of sul- 
phydryl interactions /48/. 

Solubili ty of Algal Proteins 

Solubili ty of a lgal  proteins is shckJn i n  Table 3. Under our experimental conditions, the 
solubi l i ty  of a lgal  protein (fraction #6) prior t o  raMval of pigments and l ipids  was 63%. 
Upon extraction with ethanol the solubi l i ty  decreased t o  20% (protein isolate  8A). The s o h -  
b i l i t y  of SC-C02 residue (protein isolate  8B) was 45% and of SC-C02 + EtOH residue was 41%. 

Par t ia l  protein denaturation a s  a resu l t  of "anhydrous" SC-CO 
pressure and 323' K) of dry-milled corn germ flour /37/ and "i?wn.id" SC-C02 (730 to  854 bar, 
a t  373" K and 5-13 % moisture) extraction of soybean flakes /40/ has been reported. Protein 
denaturation has been considered t o  be the result of high pressure extraction /37/. Hmver,  
t h i s  par t ia l  denaturation resulted i n  reduction of peroxidase ac t iv i ty  (heat-resistant 
oxidative enzyme) and consequently better storage s tab i l i ty  of the extracted corn gem flour 
and soybem flakes. Weder /49, 50/ studied the effect  of hunid supercrit ical  C02 and N 
300 bar, 353" K and roan tarperature on the structure and amino acid conposition of r&- 
nuclease arid lysozyme. The amino acid canposition and "BS-reactive lysine (trinitrcbenzene 

extraction (344 to  551 bar 

a t  
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sulfonic acid) r e m i n d  unal te rd .  Par t ia l  oligcmcrization (due to disulfides) and scme 
f rapentat ion '  of protein molecules in protein extracted a t  353" K was detected. N o  oligcmers 
were detected using SDS-PAGE when extraction w a s  a t  rcan temperature. The occurrence of the 
changes i n  the protein mlecules was concluled t o  be the result of heating proteins in the 
presence of w a t e r  regardless of the nature or pressure of the gas used. Tryptic digestion of 
the treated proteins indicated a better d iges t ib i l i ty  than untreated proteins. 

In  our systen, decrease in the solubi l i ty  of protein isolate (41%)  as canpared t o  protein 
concentrate (63%) could possibly be due to the  extraction terrperature (338" K ) .  In our pre- 
vious s t d y  on enzymatic reactions of polyphenol oxidase in supercr i t ical  f lu ids  the enzyme 
was found to be catalyt ical ly  act ive a t  344 bar, 307O K and 309" X 1511 indicating t h a t  no 
protein denaturation has occurred due to the exposure to supercr i t ical  fluids. 

In sumdry:  SC-C02 + EtOH extraction of qreen algae resulted in : 1) more e f f i c i en t  r m v a l  
of a lga l  l ip ids  and pigwnts (19% v s  15% ethanol extract) .  2) Fractionation of nonpolar ,and 
polar l ipids .  3) Protein isolate w i t h  a qccd yield and protein recovery. 4 )  Increascd 
solubi l i ty  of the protein. 

The above resul ts  suggest that supercr i t ical  f lu id  extraction is a useful extraction mthcd 
to be used in the space habitats. 
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T&Le 1 hino Acid Canp3sition of Algal Protein ~ & , l ~  2 ktritioslal value of Alpe in ConpKiSon with 
saw Representative Fad F’roteins ( f m  /29/). 

Isolate (Fraction MA) 

(g/IOOg protein) 

Amino k i d  FA0 scenedem 
Standard Obliquus 

ASP 
Glu 
Ser 
GlY 
H i s  
k g  
TtU* 
Ala 
Pro 
TYr 
V a l *  
Met* 
CYS 
Ile* 
LcU* 
Phe* 
Rp* 
LYS* 

8.0 
8.3 
3.6 
6.1 
1.8 
5.8 

4.0 4.6 
8.3 
5.8 
3.5 

5.0 7.3 
2.7 2.2 

7.0 
4.0 5.0 
7.0 11.1 
3.4 6.0 
1.0 a 
5.5 5.7 

PER Bv NPU C.S. limiting 
a.a. 

3.8 87-97 91-94 100 none Egg 
Soybeans 0.7-1.8 58-69 48-61 69 S 

Rice 1.9 75 70 57 Lys. 

Corn 1.2 60 49-55 55 LYS. 

me3t 1.0 52 52 57 Lys. 

Algae(a) 3.21 81 68 57’) Met. 
Trp. 

_ I .  ~-~ 
PER, Frotein-Efficiency Ratio. 
Bv, Biological Va lue .  
Npu, Net  Protein Utilization. 
C.S., Chemical Score. 
s, Sdfer-containing amino acid. 

%Essential 32.6 42.0 

*Essential .&xu acid. a. not reported here. 

Table 3 Yield (a ) ,  Protein Concentraticm ($1 Protein Wovery ($1 
Solubility ( 8 )  of Various Algae Fractions Witbut h z p t i c  
R - e a m t .  

Yield ($1 Protein Protein Solubility (S) Fraction # 
C m e n t r a t i o n  Recovery 

($1 (%) 

_-- 2 (algae flour) 100 52.6 100 

--- 4 (algal c d e  65 57.6 71.2 
protein) 

6 (algal protein 51.6 53.4 52.4 63 
concentrate) 

8A 

8B 

8= 

(algal protein 36.6 70.5 49.1 20 
Isolate) 

1 solaze) 

(SZ-CU + EtOH 
m t e &  Isolate) 33.0 69.1 43.3 41 

Protein 44.6 66.5 56.4 45 
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ABSTRACT 

The f e a s i b i l i t y  o f  u s ing  p h o t o s y n t h e t i c  mic roa lgae  ( c y a n o b a c t e r i a )  as a 
subsystem component f o r  the CELSS program, with p a r t i c u l a r  emphasis on the 
m a n i p u l a t i o n  o f  t h e  biomass ( p r o t e i n / c a r b o h y d r a t e )  h a s  been addres sed .  
Using f a c t o r s  which r e t a r d  growth r a t e s ,  b u t  n o t  p h o t o s y n t h e t i c  e l e c t r o n  
f l u x ,  t h e  p a r t i t i o n i n g  o f  p h o t o s y n t h e t i c a l l y  d e r i v e d  r e d u c t a n t  may he 
d i c t a t e d  towards C 0 2  f i x a t i o n  ( c a r b o h y d r a t e  f o r m a t i o n )  and away from N 2  
f i x a t i o n  ( p r o t e i n  formation). Cold shock treatment of f a i r l y  dense c i i l t u re s  
markedly i n c r e a s e s  t h e  g lycogen  c o n t e n t  from 1% t o  35% ( d r y  w e i g h t ) ,  an(7 
p r e s e n t s  a u s e f u l  t e c h n i q u e  t o  change t h e  p r o t e i n / c a r b o h y d r a t e  r a t i o  of  
these organisms t o  a more n u t r i t i o n a l l y  acceptable  form. 

INTORDUCTION 

The use of b i o l o g i c a l  coinponents i n  the CELSS program a s  subsystems f o r  a i r  
r e v i t a l i z a t i o n ,  waste processing o r  t he  production of food has been proposed 
f o r  long-term space  f l i g h t  /l/. Employment of  a l g a e  ( p a r t i c u l a r l y  
c y a n o b a c t e r i a ) ,  which g e n e r a t e  biomass from r e l a t i v e l y  s i m p l e  components 
(minerals  and l i g h t )  and t h e i r  a b i l i t y  t o  f i x  atmospheric N 2 ,  make thein an 
a t t r a c i v e  component f o r  incorporat ion i n t o  the CELSS program. Howevor, i f  
use of  c y a n o b a c t e r i a  i s  e n v i s a g e d  a s  a major food s o u r c e ,  m a n i p u l a t i o n  of 
the composition o f  the biomass i s  required.  Cyanobacteria ( a p t l y  described 
a s  s i n g l e  c e l l  p r o t e i n )  a r e  approximately 50% p ro te in ,  with varying l e v e l s  
of carbohydrates,  1% (dry weight) i n  freshwater non-nitrogen f i x e r s  / 2 / ,  and 
up t o  30% i n  some n i t r o g e n  f i x i n g  s t r a i n s  / 3 / .  The a v e r a g e  human 
n u t r i t i o n a l  d a i l y  requirement is  f o r  20% p ro te in  and 50% carbohydrate ( t a b l e  
I). 

MATERIALS AND METHODS 

Nostoc muscorum was grown i n  B G l l  medium m i n u s  n i t r a t e  and Synechoccus 6311 
w a s  grown i n  KMC medium, i n  a 2 l i t r e  Eethesda Research Labor t o r i e s  A i r l i f t  
Fermentor a t  3OoC u n l e s s  o t h e r w i s e  s t a t e d ,  150 u E s - l m - ’  l i g h t  ( u s i n g  
Bethcsda Research L a b o r a t o r i e s  2201 LB day l i g h t  wh i t e  300-700nm) with an 
a i r f l o w  r a t e  of 2 l i t r e s / m i n ,  supplemented with 0.5% CO . 200 m l  a l i q u o t s  
were withdrawm d a i l y ,  the fermentor volume made up by a j d i t i o n  of  200ml of 
s t e r i l e  medium. C e l l s  were centr i fuged a t  lO,OOOxg/lO m i n  and resuspended 
t o  2 m l  i n  B G l l  o r  KMC medium supplemented with 10 mM Tes bu f fe r  pH 7.0. 

O2 e v o l u t i o n  was monitored po la rograph ica l ly  i n  B G l l  o r  KMC p l u s  l O n M  Tes 
pH7.0 with a c e l l  dens i ty  e q u i v a l e n t  t o  1-2 ucj chlorophyl l /ml .  Nitrogenase 
a c t i v i t y  was determined i n  whole f i l amen t s  by monitoring ace ty l ene  reduction 
using a Varian Model 3700 gas chromatograph Ei t ted with a Poropak T coluinn. 
C e l l s  ( 3  ug c h l o r o p h y l l  i n  3 m l )  were a s s a  ed i n  a 5 m l  via-\ under a i r  p l u s  
10% ( v / v )  C2H2 i n  a shaking waterbath a t  28’ under 50uEs-’m l i g h t .  

L i g h t  i n t e n s i t i e s  were m e a s u r e d  u s i n g  a Li-Cor i n c .  i n t e g r a t i n g  
quan tu rn / r a i4 io rne te r /pho to ine  t e r  Li-188B, wi th  a Li-19OSB quantum sensor. 
Glycogen was ex t r ac t ed  and determined coLor ime t r i ca l ly  by the method of Van 
Handel /4/. 

We have  p r e v i o u s l y  r e p o r t e d  on t h e  a f E e c t s  of  s a l t  shock on c e l l u l a r  
g lycogen  c o n t e n t  of a f r e s h w a t e r  non-ni t rogen f i x i n g  cyanobacteriurn,  
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F i g . 1  Scheme for  the s o u r c e s  o f  
r e d u c t a n t  a n d  ATP fo r  C 0 2  a n d  
N2 f i x a t i o n .  

C02Fixation NZFixation 

CARBOHYDRATE PROTEIN 
LIPID 
CELL WALL 

Fig.2 A 2 1  B e t h e s d a  R e s e a r c h  L a b o r a t o r y  A i r - L i f t  f e r m e n t o r .  
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Data from Blumwald BTel-Or( 1982)  

Arch.Microbiol.132: 163- 167  

Y- 0.2M NaCl 
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Fig.3 N i t r o g e n a s e  a c t i v i t y  d u r i n g  e x p o s u r e  t o  s a l i n i t y  of Nosoc. inuscorum. 

0 25 50 75 100 

Time, hrs 

Fig.4 C e l  l u l a r  g l y c o g e n  c o n t e n t  Of Synechococcus  6311 d u r i n g  g rowth  under  
s a l i n e  c o n d i t i o n s .  
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Fig.5 R e d i r e c t i o n  o f  p h o t o s y n -  
t h e t i c a l l y  d e r i v e d  r e d u c t a n t  
under  s t ress  c o n d i t i o n s .  
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F i g . 6  E f f e c t  o f  t e m p e r a t u r e  on 
the g r o w t h  o f  Synechococcus  6311. 

I I I 

0 20 40 60 80 100 

Time .hrs 

F i g . 7  E f f e c t  of t e m p e r a t u r e  o n  
t h e  g l y c o g e n  c o n t e n t  of 
Syiiechococcus 6311. 
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Assumptions: 

Body weight of 70kg (150 lbs.) 

-- TABLE I1 Rates of N2 Fixation and Photosynthesis 

During Growth in Airlift Fermenter 

N2 fixation (moles C €I 
reduced/mg ' chlorophylf/gr) 

I I I 
I 25 (air) I 4 3 #  I 
I 46 (N2) I 1 
i I I 

I 

* 
+ 

direct measurements from diluted samples 

calculated from total co2 plus N2 fixed (as carbohydrate and 
protein) 

calculated from the total N2 fixed as protein # 
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-- TABLE I11 Factors Affecting The Carbohydrate Content O f  
Synechococcus 6311  

Photosynthesis (after 4 8  hrs) is at control rates in a l l  cases 

-- TAEIEIV Eff&OfGmwthTemperatureQnSynechDcoccus63ll 

I I I I I I 

i i 
3.6 I 1.7 I I 40 

I I I I I I 

I I I 
I 20.1 I 180.7 I 

i 

1 1 i i 
178.2 I 2.9 I 0.9 I I 30 I 19-7 I 

I I I I I I 
I I I I I I 

I I I I I 
I 20 
I I I I I I 
I I I I I I 

I I i i 

I 35.0 I 
I 

198.8 I 41.3 I 33.1 I 

* D e t e r m i n t i a r ; m a d e o n 7 2 h r c u l ~  

# Assayed at growth temperature (Qlo (photosynthesis)=352, 

Qlo (mspiration)=68%, be&RB1 30% h 40% for 30% h 4OoC grasl ailtures) 

Off12--26.5 42 



- S y n e c h o c o c c u s  6 3  11 / 2 / ,  
a d d i t i o n  t o  t h e  n i t r o a e n  < 

€ i x a t i o n  and  N-, f i x a t i o n  

a n d  w e  h a v e  c o n t i n u e d  t o  u s e  t h i s  o r g . i n i s m ,  i n  
f i x i n g  c y a n o b a c t e r i u m  Nostoc m u s c o r u m .  B o t h  C 0 2  
u t a l i z e  t h e  p o o l s  o f  p h o t o s y n t h e t i c  r e t l u c t a n t  ancl 

ATP ( f i g .  l), &and w e  h a v e  i n v e s t i g a t e d  e n v i r o n i n e n t a L  f n c a t o r s  s u c h  .as 
s a l i n i t y ,  g rowth  i n h i b i t i o n  and  t s rnpera t i i re  e f f e c t s  on  t h e  d i s t r i b u t i o n  o f  
t h e  r e d u c t a n t  b e t w e e n  N 3  o r  CO f i x a t i o n ,  t o  d e t e r m i n e  t h e  f e a s i b i L i t y  oE 
u s i n g  s u c h  e f f e c t s  t o  d i r e c t  t%e p h o t o s y n t h a t e  t o  o n e  p a r t i c u l a r  p o o l  of  
macromolecule .  

RESULTS 

M e a s u r e m e n t s  o f  p h o t o s y n t h e t i c  e l e c t r o n  t r a n s p o r t  (02 e v o l u t i o n )  a n d  
n i t r o g e n a s e  a c t i v i t y  ( C 2 H 2  r e d u c t i o n )  i n  Nostoc m u s c o r u m  show t h a t  o n l y  8% 
o f  maximum e l e c t r o n  t r a n s p x t  (4e- p e r  0 2  e v o l v e d ,  2e- per C I 1  r e d u c e d )  i s  
u t a l i z e d  f o r  N2  f i x a t i o n  (Table  11) and one  would e x p e c t  h i g i i 2 1 % v e l s  o f  C 0 2  
f i x a t i o n  t o  occur. Howevsr, e s t i m a t i o n s  o f  ra tes  o f  a c t u a l  p h o t o s y n t h e s i s  
d u r i n g  g rowth  i n  a n  a i r l i f t  f e r m e n t o r  ( f i g .  21, c a l c u l a t e d  from the ra tes  of 
c a r b o h y d r a t e  and  p r o t e i n  f o r m a t i o n ,  show t h a t  the t o t a l  p h o t o s y n t h e t i c  r a t e s  
a r e  much lower ,  p r o b a b l y  d u e  t o  a c u t  o f f  e f f e c t ,  t h e  a t t e n u a t i o n  o f  l i g h t  
b y  t h e  d e n s i t y  of t h e  c u l t u r e  d u r i n g  g r o w t h .  I t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t ,  e v e n  u n d e r  this r e d u c e d  p h o t o s y n t h e t i c  a c t i v i t y ,  the r a t e  of N 2  
f i x a t i o n  i s  m a x i m a l  ( T a b l e  11). C l e a r l y ,  N 2  f i x a t i o n ,  u n d e r  t h e s e  
c o n d i t i o n s ,  has p r i o r i t y  f o r  p h o t o s y n t h e t i c  r e d u c t a n t ,  and  i s  p r o b a b l y  t h e  
l i m i t i n g  f a c t o r  f o r  growth  unde r  these c o n d i t i o n s .  

SALINITY EFFECTS 

Blumwald and  Tel -Or  h a v e  r e p o r t e d  t h e  e f f e c t s  o f  s a l i n i t y  or  N f i x a t i o n  ( 5 )  
which i s  c l e a r l y  i n h i b i t e d  d u r i n g  the  f i r s t  2 days  ( f i g .  3).  h n d e r  s i m i l a r  
c o n d i t i o n s ,  u s i n g  S y n e c h o c o c c u s  6 3 1 1 ,  w e  h a v e  r a p o r t e d  t h e  m a r k e d  
a c c u m u l a t i o n  o f  g l y c o g e n  7727 h f i g .  4).  I n  b o t h  cases, s a l t  r e s u l t e d  i n  a 
r e t a r d a t i o n  o f  growth  /2 ,5 /  and  t o  a much lesser d e g r e e ,  p h o t o s y n t h e s i s  / 2 / .  
Under  c o n d i t i o n s  w h e r e  g r o w t h  r a t e  is  r e d u c e d  more t h a n  p h o t o s y n t h e s i s ,  
r e d u c t a n t  i s  d i r e c t e d  towards  C 0 2  f i x a t i o n  rather t h a n  N2 f i x a t i o n  ( f i g .  5 ) .  

FACTORS AFFECTING CELLULAR GLYCOGEN CONTENT 

T a b l e  I 1 1  p r e s e n t s  the e f f e c t s  of s e v e r a l  reg imes  employed  to r e d u c e  growth  
r a t e s ,  w h i l e  n o t  a f f e c t i n g  p h o t o s y n t h e s i s .  Both N a C l  a n d  s e l e n a t e  (a 
c o m p e t a t i v e  i n h i b i t o r  o f  s u l f u r  m e t a b o l i s m )  r e d u c e  g r o w t h  r a t e s  a n d  
s t i m u l a t e  g l y c o g e n  c o n t e n t .  The g r e a t e s t  e f f e c t  i s  o b s e r v e d ,  however ,  when 
c e l  1 s  a r e  grown a t  be l o w  optimal temperature ( 2Ooc). 

TEMPERATURE EFFECTS 

G r o w t h  o f  Synechococcus  6311 a t  d i f f e r e n t  t e m p e r a t u r e s  is shown i n  t a b l e  I V ,  
and  whi le  p h o t o s y n t h e s i s  is r e l a t i v e l y  u n a f f e c t e d  b y  g rowth  t e m p e r a t u r e ,  t h e  
g e n e r a t i o n  time i s  almost d o u b l e d  and  g l y c o g e n  c o n t e n t  i n c r e a s e d  by  a f a c t o r  
o f  39 a t  20Oc. 

A l though  t h i s  p r e s e n t s  a u s e f u l  t o o l  f o r  t h e  m o d i f i c a t i o n  o f  biomass towards 
c a r b o h y d r a t e ,  g rowth  ra te  (and t h e r e f o r e  t o t a l  biomass. p r o d u c t i o n )  is s l o w  
a t  2Ooc. T h e r e f o r e ,  c u l t u r e s  o f  Synechococcus  6311 w e r e  grown a t  4Ooc f o r  
t w o  d a y s ,  t h e  t empera tu re  t h e n  b e i n g  r e d u c e d  t o  2Ooc.  F i g .  6 d e m o n s t r a t e s  
t he  r a p i d  i n h i b i t i o n  o f  g r o w t h  d u r i n g  c o l d  t r e a t m e n t  o f  a n  a l r e a d y  d e n s e  
c u l t u r e  of Synechococcus  6311. A n a l y s i s  o f  samples t a k e n  b e f o r e  and  a f t e r  
t r a n s f e r t o  2OUc,  show a marked a c c u m u l a t i o n  of g l y c o g e n  d u r i n g  t h e  p e r i o d  o f  
g rowth  i n h i b i t i o n  ( f i g .  7). 

CONCLUSIONS 

R e s u l t s  so f a r  i n d i c a t e  t h a t  t e m p e r a t u r e  m o d i f i c a t i o n  i s  the m o s t  e f f e c t i v e  
t o o l  f o r  the m a n i p u l a t i o n  o f  t h e  biomass i n  f a v o r  o f  g l y c o g e n .  T h i s  
t e c h n i q u e  i s  p a r t i c u l a r  Ly a t t r a c t i v e ,  s i n c e  the a l g a e  subsys t em would o n l y  
r e q u i r e  a d j u s t m e n t  o f  t h e  c o o l i n g  s y s t e m ,  w i t h o u t  m a n i p u l a t i o n ,  of t h e  
n u t r i e n t  s u p p l y .  F u t u r e  e x p e r i i n e n t a t i o n  w i l  L c o n t i n u e  a l o n g  this l i n e  o f  
r e s e a r c h ,  u s i n g  e s t a b l i s h e d  food  c o m p a t i b l e  sys t ems  (e.g. S p i r u L i n a ) .  
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ABSTRACT 

The bioreactor w i t h  sunl ight  supply system and gas exchange s y s t e m  presented here has proved 
feas ib le  i n  ground tests and shows much promise f o r  space use as a CELSS device. 
O u r  chief conclusions concerning the  specif icat ion of total system needed f o r  a l i f e  support 
system f o r  a man i n  a space s t a t i o n  are t h e  fo l lming .  
(1) Sunlight supply system : compactness and low electrical conswption. 
(2) Bioreactor system : high densi ty  and growth rate of chlorel la .  
(3) G a s  exchange system : enough f o r  0 2  production and COz assimilation. 

1NrmwcT10N 

The sunl ight  supply system /1-2/ presented w i l l  provide the visible solar radiat ion neces- 
s a r y  f o r  the  various a c t i v i t i e s  i n  the space s ta t ion ,  such as cul t iva t ion  e x p r h t s  on 
algae,  plants ,  f i shes ,  birds, and animals room, l ight ing f o r  nudules, a d  crew sun-bathing. 
Even na tura l  solar rays reaching the earth's surface contain u l t rav io le t  rays of &ium and 
long wavelengths (w-B and w-A) and infrared and heat rays, a l l  of which are harmful to 
l i f e .  On a space s t a t i o n ,  the mst dangerous short-wavelength u l t rav io le t  rays (UB-C), x- 
rays, and gamna-rays are added, and those c i t e d  above are present  i n  markedly higher inten- 
s i t y .  I t  w i l l  thus  only be a f t e r  elimination of these harmful rays that spacial solar rays 
w i l l  be u t i l i z a b l e  i n  the space s t a t i o n  f o r  activities related to the l i f e  sciences. With 
respect to the &generative Life  Support System i n  CELSS, t h e  main function of the microalgal 
bioreactor w i t h  gas exchange system to supply 02 and assimulate exhaust of co;! f o r  a man i n  
a space s ta t ion ,  though another would be to produce a lga l  biomass f o r  a human food and medi- 
cine: the  biomass protein,  carbohydrate, and/!-carotene would be useful. 

CCNCEFT AND BASIC DESIGN OF "WTAL SYSTEM 

Sunliqht Supply System 

The basic design of the sunlight supply system is s h  
i n  Figure 1 /l/. The solar rays are wllected and concen- 
t r a t e d  by a fac tor  of 10,000 by ~ a n s  of a solar collector 
assenbly prrposed of m y  stall Fresnel lenses. 

Limitation of the admitted spectral band to t h e  v i s i b l e  
region (380-770 MI wavelength) is made possible by the  
chromatic abberation of  the individual Fresnel lenses. 
Chromatic aberrat ion caused by the Fresnel lenses separates 
the EO& pints of d i f f e r e n t  wavelengths, so that placing 
the  end of the f i b e r  o p t i c  cable a t  t h e  focus of green 
l i g h t  admits rminly the visible spectrum (Figure 2) .  
The solar rays focused by each .mall lens are fed through 
the well-polished terminal end of a flexible light-con- 
ducting f i b e r ,  and are confined within its quartz core 
for transmission to the  required location. 

Solar col lect ion is prfoonred by Fresnel lenses assenbled 
i n  a honey& lattice as i l l u s t r a t e d  i n  Figure 1. 
front  face of each is covered by a protector  serving also 
as a f i l t e r .  
to scratching, and is suf f ic ien t ly  th ick  to withstand mst 
inpinging neteoroids, debris and deposi ts  that m y  be 
encountered. Moreover, i n  t h e  event of damage to the 
protector ,  the affected un i t  can be c u t  o f f  and sealed of f  
from the rest of  the system, which  can continue functioning 
i n g  independently. The space between protector  and array collector. 

The 

The protector  is  made of quartz, is r e s i s t a n t  

. a  

M 
Fig.1 Basic design of solar 
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Research &del 1450 OMA with an 0.5 nm wavelenqth'&xemnt 

independently. 

evaporation of the c o w n e n t  m t e r i a l s .  

Figure 3 is a graph showing the HIMAWARI l igh t  collector 's  
visible spectrum transmissivity. 
alrrost a l l  d t r a v i o l e t  radiation is excluded, while infrared 
heat radiation is cut by about forty percent. 
m e r  analysis was carried out w i t h  a Princeton Applied 

The space between protector and array is f i l l ed  
w i t h  an inert gas t o  allow terrperature control and t o  suppre F r e s n l . 1  Lr*l l? 

As can be seen in Figure 3, 

Light spectrum 

as0 100 'DO so0 'DO 700 000 

Y R V E  L E t I G I H  [nil 

A : Solar spectrum ( so l a r  cons tan t )  i n  space near the earth. 
I3 : Vie s m  spctrun a f t e r  passing through a IlinUWari Light 

Col lec tor  of GO% transmissivity.  

Fig.3 Graph d m n s t r a t i n g  the H h w a r i  Light Collector's 
vis ible  spectrum transmissivity and its blocking 
of W and I R  wavelengths in space. 

connected to an optical f iber  branched 
off from the m i n  trunk. 

Microalgal Bioreactor System 

Within the hexagonal bioreactor 
tank, the tubular fiber-optic l igh t  
radiators /3/ are arranged vertical-  
l y  i n  a uniform pattern to provide 
a high radiative surface per v o l u s ~  
of a lgal  suspension (Figures 4 and 5). 
Light entering the tank through the 
fiber-optic cables passes into 
acrylic opt ical  rods ( l igh t  guides), 
which form the centers of the l igh t  
radiators. Ihe cladding of these 
radiators has a lower refractive 
index than conventional quartz 
optical  f ibers.  

D i r e c t  k r s i o n  of the acryl ic  rods 
i n  the algal  suspension results i n  
l i t t le l iqh t  efflux a s  w e l l  a s  

Fig.2 Fresnel lens chronutic 
aberration l igh t  
f i l t r a t i o n  system. 

Fiber  Connector 
7 

clogging of the l igh t  openings with Fig.4 Photoautotrophic Fig.5 Fiber-optic l igh t  
microalgae. hcas ing  the rods in  bioreactor tank. radiator detai l .  
a i r - f i l led acryl ic  tubes solves both 
p r o b l m ,  and also helps scatter 
the light.  
is 1.5 mn, and mst cells axe i l l h n a t e d  from a l l  sides. 
the cladding and spced a t  one-centirrcter intervals allow l igh t  t o  escape evenly along the 
rod length to illuminate the algal  suspension (Figure 5). 

The ITliuLirmrm l ight  path through the suspension from luninant surface to algal  cell 
Wedge-shaped c u t s  passing through 
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Gas Exchange System 

Figure 6 shcws a schematic flow diagram of the system used for masuremnt of carbon 
dioxide dissolution in to  the solution from the gas phase. 
mde of micro-prous polypropylene mnbrane, which was supplied by the Mitsubishi Rayon Co., 
Ltd.. 
oxygen from the solution, which uses the same hollow f iber  mxlule. 
f iber  was  kept a t  reduced pressure so as to increase par t ia l  pressure difference of O2 over 
the micro-porous m r a n e .  

It  uses a hollow fiber rrodule 

Figure 7 shows the schematic flow diagram of the system used to recover dissolved 
The bore of the hollow 

l . ib l lar  F h r  Ebdule 2.purp 3.Pressure Gauge 
4.cD2 Dcsitareter 5.~41 Controller 6.Trap 
7,Bioreactor 8.NaUl Solutim 

Fig.6 Apparatus for masuremnt of carbon 
dioxide dissolution using hollow 
f iber  rrodule. 

Theoretical mthcds. Carbon dioxide dissolution. The 
bioreactor contained one liter of pure water, which was cir- 
culated through the mxlule a t  a fixed flow rate (Figure 6 ) .  
The mixture of air and CO2 was fed into the bore of the hol- 
low f iber  and dissolved into the water flowing outside of 
the fiber.  
masured by CO2 destcmter and recorded. 
mss transfer coefficient,  KL, constant, C& a t  any t h  m y  
be expressed by the following equation: 

The concentration of CO2 i n  the water, Cm, was 
Assuming overall 

1. lb l lcu  Fiber m u l e  2.Pmp 3.vcssel 
4 .Ccnsmt Tarp. kth 5.vaccun P w p  

Fig.7 Oxygen recovery system. 

c -cAL 
= exp (-% * a - t) A 

'A - '0 
where CA = H - (2) 

PA, H, and a are  partial pressure of cO2 i n  the gas mixture, 
€ienry's constant, and specific mnbrane area, respectively. 

Oxygen recovery. 
(instead of oxygen) was fed into the mxlule, where it flmed 
outside of the hollow fiber. 
surface of the micro-porous mnbrane and disappeared gradu- 
a l ly;  they were sucked through the m r a n e  because the 
pressure of the bore was kept a t  about 180 mn Hg. 
not p e m a t e  through the mnbrane. 

Chharacteristic. 
of CO2 on KL a t  two levels of water flow rate. Figure 9 
shows the effects  of water flow rate on KL. The values of 
KL s h  i n  figure were analyzed by Wilson's mthod to ob- 
t a in  l iquid phase mss transfer coefficients,  KL, and %. 
The overall mss transfer coefficient,  KL, i n  this case m y  
be expressed as follows: 

Water dispersed with t iny bubbles of air  

The bubbles attached t o  the 

Water did 

Figure 8 shows the effects  of concentration 

;=h+ E I + 1 (3)  

( 4 )  
1 - -  K-  1.28 . IO-' . v O - ~  
L 

where D/I  = 0.248 [m/S1 

Fig.8 Over-all mss transfer 
Coefficient KL heavily 
depends on the wncen- 
t ra t ion of car txm diox- 
ide in the gas mixture. 

Fig.9 Over-all mss transfer 
Where I and D are nmbrane thickness and diffusivity,  respec- coefficient I<L 
t ively,  of CO2 i n  the gas mixture. increases w i t h  flow 
in  terns of m3/s.  rate of liquid. 

v is f l m  ra te  of water 
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EXPERIMENTAL TEST 

The bioreactor system consists of the l igh t  col- 
lection and transmission apparatus, the photo- 
autotrophic bioreactor, and the &rane device 
for  gas exchange (Figure 10). P%xLsxement and 
control devices were employed fo r  e x p r h n t a t i o n .  

11 ature of  chlorella solution upon the growth 
rate of chlorella. Although such tenperatures -10- 
are comronly much higher, the op tbun  grad91 f 
temperature fo r  chlorella occurred a t  24-26OC 
fo r  this bioreactor a t  the gas mixture given 
earlier, perhaps because of  the unique nature 
of  visible spectrum light.  
that the rate of chlorella density change in- 
creases w i t h  density but levels off  due to at- 
tenuation of the incoming light. Eventually, 

'- 
C 8 -  

; ,- 
! 6 -  

Figure 12 shows 

0 
8 5 -  

0 4 -  

Bioreactor Testing without G a s  Exchange System 

.&Iar uat Collector -- p = 3.4-3.5 O 
[ P  = 4.1-4.2 

-- p =  4.1-4.2 A 

CU2= 27.6 yh 

O2 = 22.P Lh 

N2 -214.0 yh 

xenon- 

( 10.4 I)  

0 ( 8.5 I1 

( 81.1 %) 

0 0  O 

0 .  e *  
O 

0 

0 0 

. 
. A  

. A  

Apparatus and methods. The l i gh t  collector, 
called the "HIMAWAFS" /4/, is produced m r -  
c ia l ly  by a Tokyo-based engineering firm, La 
Foret Engineering and I n f o m t i o n  Service Co., 
Ltd.. 
factured to be transparent to  the vis ible  spec- 
trum (transmissivity of 96% per ten meters), 
since those used i n  the ummmications industry 
are transparent t o  the infrared region. 
Chlorella was cultivated within the bioreactor 
i n  two d u m  mixtures, one of pH 4.0-4.5 con- 
s i s t i ng  of (mg/L): N ,  63.572; P, 227.608; K ,  
287.308; N a ,  4.689; Mg, 394.458; Fe, 0.500; B, 
0.500; Mn, 0.500; CU, 0.200; b, 9.784, and 
one consisting of Mayers-4NA5. 
cultivated fo r  two or three.weeks i n  aerated 
and illuminated (5% CO2 a i r  a t  30 L/h and 
10,000 lx)  glass bottles before being sus- 
pended i n  the bioreactor medium. 

The opt ical  fibers are specially manu- 

Innocula were 

u 0.2-  

u 

i 

system (xenon Lmp) 

I I I 

ed by increasing the density and an optimum is 
reached. To control the density constantly is 
thus found to be an h p r t a n t  operation fo r  
minimum energy loss. Figure 13 shows tha t  the 
rate of  chlorella density change changes line- 
a r ly  w i t h  respect to the visible l i g h t  trans- 
mission energy. By approximating this linear 
relationship, higher value data p i n t s  w e r e  
plotted. 

=214.0 Lh 
( 81.1 % I  

5264.0 yh 

Tenp.- 26.0 .C 
3 e 0.4 

0 5 10 15 
Density of (;hlorella m ~ L C  Snlution : P lg/LI 

Fig. 12  Relationship between rate of chlo- 
rella density change and density 
of chlorella i n  basic solution. 

Total Gas F l w  
=264.0 Lh 
(100.0 % I  

20 25 30 
Tenperatwe of Chlorella Suspensiar I'Cl 

Fig. 11 Effect of tenperature of chlorella 
growth rate. 

Experhntal  mta 

50 100 
V i s ~ l e  Fay Trwmssum mergy p l ~  titer ( 1 W l  

Fig.13 Relationship between rate of chlo- 
rella density change and vis ible  
ray transmission energy per liter. 
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Dioreactor Testing with Gas Exchange System 

hterial 
Inner Dianeter Imnl 
Wemal Dianeter[mnl 
Wall mickmss Imnl 

rmn2] 

Apparatus and mthcds. In this tes t ing d r a n e  for gas 
exchange, the silicone-rubber hollcw f iber  d u l e  w a s  used 
because this one did not s h w  loadings and a change w i t h  
passage of operation t h .  
(8.4*10-6 [m/s])  is higher than polypropylene one. 
h r a n e  uni t  case is made of glass and can be a u t o c l a d .  
This d r a b e  device was  designed by L a  Foret Engineering, 
and mufac tured  by Fuji-Systens Co.. 
are sbwn i n  Figure 14. 

The operation conditions of gas exchange system are s h  
i n  Table 1. 
5W, and 3W i n  repeated cycles. The incident l igh t  inten- 
s i t y  i n  a lw earth orbit typically consists of alter- 
nating periods of th i r ty  minutes of darkness and sixty 
minutes of light. 
controllable source of i l lmina t ion  because of the simi- 
l a r i t y  of their vis ible  spectrum to that of the sun. 
Xenon lanps coupled w i t h  parabolic mirrors to produce a 
parallel flux can use the s a  chromatic aberration f i l -  
ter ing and fiber-optic ducting as  that of sunlight. Be- 
cause the lanps are separated from the bioreactor by the 
fiber-optic cables, w a s t e  heat is not a concern. 

The chlorella solution recycled throqh the bioreactor and 
rmbrane device for  gas exchange. 
Dco2 were controlled through the pressure and flow rates of 
the 032 and N2 supplies. 
production could not be analyzed directly.  
level  of 02 production and chlorella production were cal- 
culated by the r a t e  of Dco;! change. 

'fie value of si l icone KL 
The 

Its specifications 

Input p e r  levels of the Xenon larrp were 9W, 

Xenon lanps are used as an a r t i f i c i a l ,  

The levels of D3 and 

In  this test, the level of 02 
Therefore, the 

.EbkA Conparision between Si l imne  and Polypropylene. 

Silicane Fubber 
0.60 

0.90 
0.15 

0.082 

a d o r e l l a  Solution 
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1) mrane thickness 25p conversion, 25OC, an3/m2.atm.24h 

During the l igh t  periods Do concentration increased while tha t  of D(1102 decreased. 
Results. 
tion. 
The opposite occurred during the dark periods. 
f r o m  Figure 15. 
repeated. 
of 02 production. 

Figure 15 shws O r b i t  cycle l igh ts  alternation's e f fec t  on Dco, and Do concentra- 

The photosynthetic reaction was demnstrated 
During each i l lmina t ion  cycle, the Do and Dco2 concentration pattern was 

Figure 16 shows the relationship between vis ible  ray transmission energy and rate 
The p e r f o m c e  of the mnbrane gas exchanger was  constant through the 

long duration of the experiment. 

10 I- I 

0 90 180 270 160 

0.81 

4 

A 
8 

I I I 
0 5 10 

Visible  Ray Trananrssion mqy : Eo IW! 

fh l rni t i l  1-8 TJi;rlrw tlm-,-: Illimirrnirr timl Fig.16 Relationship between rate  of 02 
Fig. 15 O r b i t  cycle alternating l i g h t ' s  production and vis ible  ray 

transmission energy. e f fec t  on Do32 and Do concentration. 

49 



The bioreactor with sunlight supply system and gas exchange system presented here has 
proved feasible i n  ground tests and shms much promise for  space use as  a CEISS device. 
Our chief conclusions concerning the  specification of total system needed for  a l i f e  support 
System for a rn i n  a space station are the fo l lming  (Table 2 ) .  
(1) Sunlight supply system : area of solar ray receiving lens : 6.29-9.37 n?, electrical 

p e r  conslnrption : 37-56 W. 
(2) Bioreactor system : v o l m  of chlorella solution : 50 L, radiative surface per l i ter  : 

0.58 d / L ,  s ize  of bioreactor tank : 0.4 q d  x 1.0 m. 
(3) Gas exchange system : effective d r a n e  area of silicone-rubber h o l l m  d u l e  : 1.33 d .  
Chlorella photosynthetic efficiency is 7%, which is higher than tha t  one of high plant (0.1- 
1 .0%) .  
space station. 

Microalgal bioreactor system w i l l  be best system for  a l i f e  s u p p r t  system i n  a 

Table 2 -red per fomce and simulated specification of total system. , 

1. 

2. 

3. 

4. 

5. 
6. 

a) eqerinental data b) predicated data 
1) Average mss of 02 needed p r  day for a rrtvl in a space station is 686 g /5/. 
2) The rate of  
3) Definition of the fornula 

cunsrnrpticn as chlorella respitation (basal netatolism) is 108 o f  photosynthetic b i m s s .  

( 6 )  
* 
AQI : chimq in total nuss of chlorella [q] 
A : Solar mnstant valm : 1,35JlW/dl k : visrble spc tm energy fraction : 48111 

EO ' 8 6 0 l ~ d / W I  I51 , EO = A . k . SL . T 
E& : energy p~ mit b i m s s  chlorella : 5.6lkcal/ql 

4 )  The electrical  p~ mnslnption of HIPWAN pee one square mter of lens is 5 . 9 3 l W d I  / 6 / .  
5 )  The rate of Xemn lanp electrical  p e r  change for vis ible  ray transmission enerw is lOl8J. 
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ABSTRACT 

A CELSS (Controlled Ecological Life Support System) is a device that utilizes photosynthetic organisms and 
light energy to regenerate waste materials into oxygen and food for a crew in space. The results of theoretical 
and practical studies conducted by investigators within the CELSS program suggest that a bioregenerative life 
support system can be a useful and effective method of regenerating consumable materials for crew sustenance. 
Experimental data suggests that the operation of a CELSS in space will be practical if plants can be made 
to behave predictably in the space environment. Much of the work currently conducted within the CELSS 
program centers on the biological components of the CELSS system. The work is particularly directed at ways 
of achieving high efficiency and long term stability of a l l  components of the system. Included are explorations of 
the conversion of non-edible cellulose to edible materials, nitrogen fixation by biological and chemical methods. 
and methods of waste processing. It is the intent of the presentation to provide a description of the extent to 
which a bioregenerative life support system can meet the constraints of the space environment, and to assess 
the degree to which system efficiency and stability can be increased during the next decade. 

INTRODUCTION 

The Controlled Ecological Life Support System (CELSS) program is a research effort of the National Aeronautics 
and Space Administration (NASA) that has the goal of providing the research and technology base required 
fo develop a bioregenerative life support system for use in extraterrestrial environments. Such environments 
include orbiting space stations. the lunar surface, transits to the outer planets, and bases on Mars and the 
asteroids. Recently, the National Commission on Space released its report /¶/ which contains an exhilarating 
plan for American space exploration during the next half-century. The Commission recognized seven critical 
technologies that are essential for achieving their proposed space efforts: one of the seven is the development of 
long duration "closed-ecosystems". The approach of  the CELSS program to fulfill this need is to explore first 
the development of  a practical ground-based bioregenerative life support system. usable in the relatively near 
term. but to maintain close and active involvement with the planners who are developing concepts for larger. 
more complex systems /2/ suitable for colonies on the Moon or other planets /3.4/. 

Bioregeneration is a feasible method of life support for those missions with large crews. or that are long-term 
and that cannot be resupplied easily or economically /5/. The CELSS concept is based on the natural processes 
of recycling that occur in the terrestrial environment. It is assumed that by artificially creating similar cycles of 
materials within small, closed systems. a usable ecosystem can be produced which is capable of supporting a 
crew. However, a CELSS is not directly analogous to the terrestrial ecosystem because its volume. and the sizes 
of its materials reservoirs are minute. and the rates of material cycling are much faster / 6 / .  Such characteristics 
dictate that the system be highly engineered and controlled. 

A very large amount of scientific investigation and technological development will be required before a CELSS 
can be built for use in space. However, the directions that investigations must follow are reasonably clear. and 
such work is proceeding at laboratories around the world. The CELSS program has recently begun to explore 
the problems associated with scaling-up laboratory studies to sizes appropriate for the support of one person 
/7.8/. These larger scale investigations will utilize data generated in continuing laboratory studies. but they 
will also allow assessment of practical problems of life support. This paper will outline current views of critical 
scientific issues and will summarize plans for investigating the problems associated with large human-sized 
CELSS facilities. This COSPAR Workshop also includes expositions of recent data and concepts by investigators 
of the NASA CELSS program. on the growth of higher plants for CELSS (presented by F. Salisbury and by T. 
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Tibbitts); on the use of  algae in a CELSS (presented by Packer, by Radmer. and by Smernoff). and on food 
processing problems (presented by Karel). 

RESEARCH ACTIVITIES AND DRIVERS 

Many of the basic CELSS science investigations deal with the transformation of  materials. The areas of 
fundamental research are guided by the need to understand the effect of environmental parameters on ma- 
terials transformations. Specific examples are the effect of atmospheric C02 concentration on the growth rate 
of wheat plants (the transformation of C 0 2  to  wheat kernels). or the effect of temperature on the conversion 
of waste materials to C02. nitrogen compounds, and water (transformation of organic materials to  C02 and 
water). 

CELSS basic science can be considered as falling into distinct research areas which require significantly different 
scientific approaches. These are: 

Ground based research 

Flight investigations 

It is assumed that ground experimentation will precede al l  flight experiments. and that flight experiments will 
seek specifically to address only questions concerning the effects of the space environment: principally gravity 
forces different from terrestrial and an altered radiation environment. Both ground-based and flight research 
must accomodate investigations that use two different approaches: 

Single variable analysis 

System analysis 

Sinele variable analysis involves the experiments in which a l l  variables except one are held constant and response 
to the remaining variable is examined. An example is the exploration o f  plant growth as a function of light 
intensity, or temperature. or C 0 2  concentration. 

System analvsis explores the coupling effects of variables, and will be significant not only for understanding the 
operation of the complete mechanical operation of  a CELSS. but also for understanding biological activities. 
For example, the rate of C 0 2  uptake by plants is coupled to temperature. light intensity. C02 concentration. 
growth phase, humidity, day length, nutrient composition, and other variables. System analysis is important to 
a l l  CELSS science because of the need to maintain stable operation of all systems and to  maximize efficiency. 

It is frequently observed that system functions, particularly complex ones in which all behaviors are not well- 
defined (e.g organisms) exhibit behaviors that are not predictable a priori /9/. While such behaviors may present 
no practical difficulties to  the operation of a CELSS, it is prudent to demand that such systems be observed 
carefully for indications of instability /IO/. and that methods for overcoming possible instabilities be evaluated. 

PRACTICAL ISSUES 

The fact that the CELSS program can identify an end-item - a CELSS operating in an extraterrestrial envi- 
ronment - provides a focus for the program's research, but also allows the introduction of  constraints which 
effectively narrow the scope of the scientific investigations. The primary constraints reflect the fact that. no 
matter where the operating site of  a CELSS is found (in space, or on the lunar or martian surfaces), the system 
must be constructed to function within the mass, volume and power limitations of  space flight. 

These fundamental constraints require the use of  efficiency of  oDeration as a primary measure of the practicality 
of components. As a consequence, certain of  the applied science directions to  be followed can be identified. For 
example. even crude evaluations of CELSS efficiency allow placement of subsystems for animal food production 
and for chemical synthesis of  food at lower priority levels. compared to subsystems for higher plant or algae 
growth. 

Another significant influence on the direction of  scientific studies is the sequence that will be followed in the 
development of a CELSS. from laboratory investigations through ground-based system demonstrations. flight 
experiments, man-tested facilities, to the construction and flight of a CELSS module for use in  space. A t  the 
present time this sequence assumes that after investigations of  scale-up. and preliminary component integration, 
a manned test facility should be constructed. This would be followed by a human-scale. functional mock-up. 
followed in turn by a module for use in  space. Concurrently with ground-based developments. experiments 
conducted in space will be devised to answer questions about the behavior of components and small systems 
in the space environment. 
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Development of a fully operable CELSS useful in space is the ultimate goal of  the CELSS program. however. it 
is very likely that technology that is fully developed at the component level may be found useful for flight before 
a CELSS is completed. Examples are devices for the growth of salad plants to  supplement the diet of a space 
station crew, or the use of  a super-critical water reactor for waste disposal or air regeneration in space stat iw. 

CRITICAL SCIENTIFIC AND TECHNOLOGICAL RESEARCH ISSUES 

Several areas of investigation fall into the category of critical issues. primarily because solutions to these prob- 
lems are essential for consideration of a CELSS as a usable system. and because current information is insufficient 
to evaluate them properly. Examples of such critical issues that require investigation are: 

EfFiciency: minimizing the mass. power and volume required for the growth of  organisms to  
provide complete life support capabilities within the constraints of a mission: 

Stability: understanding the behavior of essential organisms to allow predictable reliability of 
system operation over time periods of  2 t o  10 years: 

Space radiation: evaluating and minimizing i ts effects on growing organisms: 

Gravity: understanding its effects on growing organisms sufficiently to allow the operation of a 
CELSS. with the possibility of  reasonable centrifuge assist. within the gravity environment of 
the mission. 

Human Labor Reauirements: reduction of human labor requirements to  a minimum through the 
use of automation and robotics. and simplification of man-machine interactions through the use 
of expert systems and mathematical models predictive of  future system states. 

Each of these issues is discussed in more detail below with the intention of identifying areas which require 
technology development. 

Emciencv 

The projected efficiencyof a CELSS in operation in space will depend on many factors. For example: the mass of 
the equipment required to  operate the system: the mass of water required to  operate the biological subsystems: 
the volume that the system occupies. and the extent t o  which volume can be reduced by packing: the extent 
t o  which materials can be recycled, thus reducing resupply or stowage requirements: the power demands of the 
system. and the extent to which electrical power requirements can be reduced by introducing alternate lighting 
systems. 

One of the elements in a CELSS to  which the system is most sensitive is the food production subsystem. As an 
example, current estimates /ll/ suggest that 18 t o  20 m2 of growing wheat. when harvested and planted daily. 
will produce enough edible biomass to  supply 2800 calories per day for human consumption. If the area required 
could be reduced to 15 m2, a reduction of 17 to 25%. the mass of plant growth equipment, water, lighting 
equipment including solar panel equipment. and heat rejection equipment. could also be reduced proportionately. 
Alternatively, the amount of  food available for crew use could be increased by the same amount. It is thus of 
great interest t o  explore various means to  increase food production efficiency. 

Efficiency increases in food production may be sought in many areas. including increasing the ratio of  edible to 
non-edible biomass of plants: increasing the yield of individual plants: selecting highly productive crop plants: 
decreasing the time required for plant maturation: and converting inedible biomass to  edible materials. Increases 
in photosynthetic efficiency may be useful, although the gains in system efficiency would be less marked than 
for other improvements. It should be noted that comments made by scientists from the Soviet Union suggest 
that the productivity of wheat can be increased. through selection of  cultivars and identification of  optimal 
environmental conditions. t o  a level equivalent to use of only 6 to  7 m2 /12/. 

While efficiency is currently measured in laboratory settings, using small plots, or small numbers of  plants. there 
is a likelihood that much larger planting areas may be required in an operating CELSS. It is of  considerable 
interest. therefore, that an increased scale of operation be explored, and that larger, integrated systems be 
tested. 

The concept of stability has both simple and complex aspects. Applied to  a working system. the concept implies 
that the system will function. with proper maintenance. for as long as is necessary. Mechanical systems generally 
have the advantage that they can be turned on or off as appropriate: however. some mechanical systems must 
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operate continuously and indefinitely. An example of  the latter might be the cooling system o f  a nuclear power 
plant. To address the reality that a failure might occur requires introduction either of  redundancy or o f  some 
reliable measure of  failure rate that can be factored into the estimate of  reliability that is required. 

Biological systems are also referred t o  as "stable". but the meaning is slightly different because it includes 
the knowledge that a biological system (perhaps a single organism) will age and wil l enter into a sequence of  
"stages" in i ts life cycle. Groups of  organisms (fields of  wheat, forests) are recognized as stable within well 
defined limits (e.g. unti l maturity). From the perspective of  ecology, stability is a term that may be applied 
to a group of  very diverse organisms, ranging from microbes to  mammals. that are defined as members of  an 
ecosystem, but again wi th the recognition that the term also includes the concept o f  succession of  species. 
variations in populations within limits, and possibly as describing stages within evolutionary sequences. 

Stability in  a CELSS refers to  the function of the system. The system is a complex one, and includes mechanical. 
chemical. physical, and biological components. By far, the components of such a system that are potentially the 
most unpredictable, unreliable and unstable are the biological ones. Recognition of  this issue calls for thorough 
consideration of CELSS stability as a major research issue. 

Of particular significance is the reliable and predictable growth of crops. A plant operates as a system that. 
over time, develops through what is usually seen as a sequence o f  phases, but what is. in fact. a continuum of 
many activities. Many of the activities can be observed to  develop function, sustain the function for a period of  
time, and then cease the function. In higher plants the key to the sequence o f  these functions seems to  l ie  in 
the major process of  reproduction. Each of the processes are directly or indirectly affected by the environmental 
conditions. 

The purpose o f  the CELSS research program is not t o  understand in detail the individual functions of a plant: 
rather. it is t o  assure that the functions occur in a reliable and predictable way. The hypothesis that develops 
from such considerations is that by maintaining gJ environmental conditions at known and appropriate levels at 
all times, the use of plants as the prime elements of a CELSS can allow stable, predictable and reliable system 
operation. 

The basis for this hypothesis is that each of  the functions of  a plant can be considered t o  operate as a non- 
biological chemical reaction: when reactants are supplied at a constant rate, and products are removed at a 
constant rate. the reaction will proceed in a predictable fashion. 

Mating biological systems, containing their own innate control mechanisms (and that can be manipulated with 
generally unknown consequences), wi th physical and chemical systems (that can be manipulated with known 
consequences) will be difficult, but  not impossible. It is expected that understanding the extent of  the problem. 
which is one o f  the goals of  CELSS science. will permit practical solutions to  potential problems. 

%ace radiation and Gravity 

The effect of  continuous. accumulating. and increased levels of  radiation on seed intended for establishing crops 
is presently unknown. It can be anticipated that extensive investigations must be done t o  establish that seed 
grown in one crop is suitable for planting a second. The doses of radiation will vary significantly wi th the mission: 
a low Earth orbit space station CELSS will be subject t o  less damaging radiation than wil l one in geosynchronous 
orbit. or a CELSS on the lunar surface. Protection of  growing plants from radiation is possible. bu t  the increased 
mass necessary for radiation absorbers must be weighed against the detrimental effects. Initially it is likely that 
planting seed for a CELSS will be grown on Earth and transported to  space in radiation absorbing containers. 

The combined effects o f  radiation and micro-gravity has been suggested for study in a group of  organisms. 
and plants may offer a good study vehicle. The effect o f  lowered gravity on plant and crop growth is perhaps 
the most important CELSS-in-space issue that should be studied in the next decade. The issues involved are 
complex and will be studied in  concert wi th wider investigations of gravitational biology and with NASA's Space 
Biology program. The interactive influence of  radiation must also be explored. 

Human Labor Requirements 

The primary human labor requirement in  a CELSS will be associated with plant cultivation. Most o f  the activities. 
however, can be automated, including planting and harvesting of  crops. Food processing and preparation are 
also activities that can be extensively automated. In some cases, automation will be relatively easily achieved: 
in  other cases. considerable data analysis will be needed. as will the introduction of  robotic mechanisms. These 
issues are under study within the CELSS program /13/. 
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AP P ROAC H 

Scientific investigations will continue to focus on methods of increasing the efficiency of higher plant growth. 
For example, new varieties of crops that mature much more rapidly will be tested: lighting and temperature 
regimes that promote growth rates will be explored: and environmental regimes that enhance growth will be 
studied under well-controlled conditions. Waste management and food processing investigations will become of 
greater importance as the CELSS research program continues. 

The NASA CELSS program has recently begun to develop what it terms a Breadboard Project. The project is 
NASA's initial approach to assessing problems associated with large bioregenerative life support systems. The 
CELSS Breadboard Project will provide hardware, systems, and techniques for the production of biomass and 
oxygen, the preparation of food. and the processing of  waste in a controlled recycling system. This project will 
fabricate. test, and operate a breadboard facility to accomplish a proof-of-concept evaluation. It will characterize 
system operations and mass and energy budgets. 

The project will center around a modified steel chamber. 3.6 m in diameter by 6.7 m tall (volume: approximately 
68 m3) for the growth of plants. The chamber will be placed in operation in  late 1986 and will initially study 
the growth of  wheat with the intention of  determining how efficiencies obtained in the laboratory can be du- 
plicated on a larger scale. The chamber will provide a unique facility for integrating and testing technologies, 
such as hydroponic plant culture systems, food harvesting and processing equipment, atmospheric and water 
regeneration techniques. and lighting systems. 

The effort is proceeding under the guidance of a number of CELSS scientists, expert in the fields of food 
production. food processing. and waste management. As the project develops. it will approach regeneration by 
closure of the chamber to  the entrance and exit of materials. and by increasingly efficient recycling materials. The 
experience gained in the development and use of the facility will factor into the design of  a manned verification 
unit and eventually into flight equipment. 

This combined approach. including research and breadboard tests. will assure that technical questions raised 
over the course of  the program will have a proper scientific base in their answers. 

REFERENCES 

1. Pbneerina the Space Frontier. Report t o  the President by the National Commission on Space. Bantam Books. 
New York. pp. 10-11. 1986. 

2. The Biosphere Catalog. Snyder. T.P.. ed.. Synergetic Press, London, 254p. 1985. 

3. MacElroy. R.D.. Klein, H.P. and Averner. M.M.. "The evolution of CELSS for Lunar bases". in Lunar Bases and 
Space Activities of the 21st Century. W.W. Mendell. ed.. Lunar and Planetary Institute. Houston. pp. 623-634. 
1986. 

4. MacElroy. R.D. and Smernoff. D.T.. Use of  Martian Resources in a Controlled Ecological Life Support System. 
J. Brit. Interplanetary SOC.. in press, 1986. 

5. Gustan. E. and Vinopal. T.. CELSS Transportation Analysis, NASA CR 166420. 1982. 
6. MacElroy. R.D.. and Bredt. J.. "Current concepts and future directions of CELSS" in Adv. in %ace Research. 
H. Oser. et ai. eds.. Vol. 4. Number 12. Pergamon Press, pp. 221-230. 1984. 

7. Knott. W.M. "Plans for CELSS test bed project". in Controlled Ecolonical Life SuDDort Svstems: CELSS'85 
Workshop. R.D. MacElroy. et. ai. eds.. NASA TM-88215. pp. 109-118. 1986. 

8. Prince. R.P. and Knott. W.M.. "Plant growth chamber 'M' design" in Controlled Ecolonical Life Support 
Systems: CELSS'85 Workshop. R.D. MacElroy. et. al. eds.. NASA TM-88215. pp. 119-128. 1986. 

9.Stahr. J.D.. Auslander. Spear. R.C. and Young. G.E.. An approach to  the preliminary evaluation of CELSS 
scenarios and control strategies, NASA CR-166368. 1982. 

10. Young, G. A design methodology for non-linear systems containing parameter uncertainty: application of 
non-linear controller design. NASA CR-166358. 1982. 

11. Bugbee. B.G. and Salisbury. F.B.. "Studies on Maximum Yield of Wheat for the Controlled Environments of  
Space". in Controlled Ecological Life Support Systems: CELSS'85 Workshop, R.D. MacElroy. et. al. eds.. NASA 

12. Polonskiy. V.I. and Lisovskiy. G.M. Techniques for creating rapid growth strains of  wheat for human life 
support systems. Kosmicheskaya Biologiya i Aviakosmocheskaya Meditsina. 20(2):96. 1986. [Translation of an 
abstract describing the paper cited] 

13. Oleson. M.W. and R.L. Olson. Controlled Ecological Life Support Systems (CELSS) Conceptual Design 
Option Study. NASA CR-177421. 1986. 

TM-88215. pp. 447-486. 1986. 

55 



N 8 8 - 1 2 2 6 0  
A Modular BLSS Simulation Model 

John D. Rummel* and Tyler Volk** 

*NASA-Ames Research Center, M S  239-4. Moffett  Field. CA 94035. U.S.A. 

**Department o f  Applied Science. New York University. New York. NY 10003. U.S.A. 

ABSTRACT 

The coordination o f  material flows in Earth’s biosphere is largely made possible by the buffering effect of huge 
material reservoirs. Without similarly-sized buffers, a bioregenerative life support system (BLSS) for extrater- 
restrial use wil l be faced w i th  coordination problems more acute than those in  any ecosystem found on earth. A 
related problem in BLSS design is providing an interface between the various life-support processors. one that 
will allow for their coordination while sti l l  allowing for system expansion. Here we present a modular model of 
a BLSS that interfaces system processors only wi th the material storage reservoirs, allowing those reservoirs 
to act as the principal buffers in the system and thus minimizing difficulties w i th  processor coordination. The 
modular nature o f  the model allows independent development of  the detailed submodels that  exist within the 
model framework. Using this model. BLSS dynamics were investigated under normal conditions and under var- 
ious failure modes. Partial and complete failures o f  various components. such as the waste processor or the 
plants themselves. drive transient responses in the model system. allowing us t o  examine the effectiveness of the 
system reservoirs as buffers. The results from simulations o f  this sort wil l help t o  determine control strategies 
and BLSS design requirements. A n  evolved version of  this model could be used as an interactive control aid in  
a future BLSS. 

INTRODUCTION 

A life support system that uses biological processes t o  recycle food. air and water holds the ult imate promise of 
enabling the human race t o  successfully become established outside the Earth’s biosphere. Such a system will 
also provide an economic advantage for a variety of space missions contemplated for the immediate future /l/. 
In order t o  fulfill i t s  promise, a bioregenerative life support system (BLSS) must be safe. reliable. and flexible. 
Building a BLSS with these qualities wil l require a detailed knowledge o f  such systems. so a predictive tool that 
will allow a myriad o f  investigations into BLSS design wil l be useful. In this paper we will present a model that 
can be used to  investigate the workings,of a BLSS. 

The many problems faced when designing a BLSS have been explained before in this journal /2/. so we will not 
dwell on them. It should be noted. however, that  there is an immediate economic pressure t o  make a BLSS as 
small as possible. so any near-term BLSS will be considerably different from the life support system that we 
are all most familiar with. the Earth’s biosphere. Thus we will abandon the luxury o f  the large buffers (e.g.. the 
oceans and the atmosphere) that  play such a significant role in maintaining the Earth as a living planet. This 
scale change wil l make it necessary t o  know as much about the BLSS as a whole as about i t s  component parts. 

Other workers have previously used models t o  study bioregenerative life support systems /3, 4. 5/. These 
models were often limited t o  a specific system design, or were aimed specifically a t  understanding the nature of 
the control strategies available in a BLSS. Our aim here is t o  establish an approach to  BLSS modelling that can 
grow along with the changing concepts of BLSS design. We would like t o  lay a modelling foundation that could 
be as applicable t o  an Earth-orbit BLSS as it would be to  a system found in a Lunar base. Hence. the model 
we propose should be viewed as a fluid. hierarchical structure. where changes a t  one level do no t  necessarily 
involve changes a t  other levels in the model. 
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THE MODEL 

CornDonents of a Bioreaenerative Life SuDDort Svstem 

A BLSS can De said to consist of two basic elements: processors (also know as flow elements or transducers) and 
storages /5/.  The processors change the state of materials in the system. and move them from one storage area 
to another. In the same way that an earth ecosystem is composed of autotrophic and heterotrophic components 
/6/. a BLSS must contain processors that fix simple inorganic materials into complex substances that are then 
broken down by the processors that derive energy from them. The storages in a BLSS are equivalent to the 
vast reservoirs of inorganic materials found on Earth. but because a BLSS will have only a limited amount of 
reservoir capacity in the system. the level of control needed over the storages in a BLSS will be much greater. 

To begin our modelling of  a BLSS we defined a system that is made up of five processors and eight storage 
reservoirs. Only three of the processors have easy biological equivalents in an Earth ecosystem. the Crew and 
the Waste Processor represent heterotrophic components while the Plants in the system are autotrophs. The 
Gas Separator(s) and the Nutrient Mixer are simply a means to maintain a greater amount of control over the 
reservoirs in the system. The storage elements in the system are either mixed storages (the Crew and PGM 
Atmospheres. the Food Storage. the Waste Storage. and the Nutrient Solution Reservoir) or storages for pure 
compounds ( 0 2 .  CO2. H 2 0 .  and H N 0 3 ) .  These particular reservoirs were chosen to represent the storage types 
that would most likely be found in an operable BLSS. with the constraint that our model would initially only 
track the Carbon. Hydrogen. Oxygen, and Nitrogen in the system. 

Fig. 1. Two BLSS model structures. In (a) there are two separate atmospheres for the PGM 
and the crew compartment. In (b) the plants and the people share'a common atmosphere. 

Structure of the Model 

The principal philosophy that guided the structure of the BLSS presented here is that the system should be 
modular: Le.. each processor subsystem within the model should be able to work (and be modelled) indepen- 
dently of the others. The corollary condition was therefore established that each processor should interface only 
with storage reservoirs. and not with other processors. Our adaptation of this ,philosophy is owed. in part. to 
conversations held with Columbano /7/ at Ames Research Center. 

Though the model is intended to represent the flows and transformations that are seen in a BLSS at the 
macroscopic level. all such transformations were calculated at the atomic level. Only through this means were 
we able to maintain the high degree of  precision in our calculations (on the order of 10 g, needed to conserve 
the elemental masses represented in the model. Our error level is far below the expected leakage rate of a real 
bioregenerative system in space. The derivation of the stoichiometry associated with each of the processes in 
the model is not discussed here. but is given in a companion paper /8/. 
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The basic structure of two of the BLSS's we studied are shown in Figure 1. The system elements in the figure 
are portrayed in the energy language of Odum /9/. The BLSS simulation Model was implemented as a Pascal 
program running on a VAX 11-785 computer at Ames Research Center. Each of the processors in the system 
was implemented as a separate Pascal procedure. allowing us to maintain the system's modular design within 
the program itself. As a result. modifications to the system structure are very easy to make without changing the 
processors themselves (compare Figure l a  with lb) .  A brief description of  each of  the model BLSS components 
is given below. along with notes on how they were implemented. 

The plants. These processors are found inside of  the Plant Growth Module (PGM) shown in Figure 1. For 
the first iteration of  our model we ignored Biblical strictures and postulated that the crew can live on bread 
alone. so the plants grown are wheat plants. These wheat plants interact with the PGM Atmosphere. where 
they take up or release C 0 2  and 02. depending on the lighting conditions. and where they release H2O through 
transpiration. The plants ais0 take up nutrient solution from the Nutrient Solution Reservoir. At harvest time. 
the edible portion of the wheat is moved to the Food Storage, while the inedible portion of the wheat and the 
excess edible portion. if any. is sent to the Waste Storage. 

The growth of  wheat is modelled after data provided to us by Salisbury and Bugbee / lo/.  Because we did not 
consider temperature variations, wheat growth was postulated to be dependent only on the lighting conditions. 
and on the concentrations of  C 0 2  and NO3 in the PGM atmosphere. The model for wheat growth is given by 
the following three equations: 

edible mas#,+, = edible mass, +allocation x Agrowth (2) 

inedible mass,+, = inedible mass, + (1 -allocation) x Agrowth (3) 

C02 and NO3 concentrations are related to  the total growth rate by the use of  Michaelis-Menten kinetics coupled 
to a logistic growth formulation. using the intrinsic growth rate, r. and a cultivar-specific target size for a single 
wheat plant. maximum mass (equation (1)). Furthermore, the net growth o f  each wheat plant derives only from 
the inedible portion of the plant (leaves. stalks. etc.). Edible portions are assumed to  be able to offset their own 
respiration by photosynthesis. After a preset time the edible and inedible portions of  the plant each receive a 
constant allocation of  the production from the inedible mass (equations (2) and (3)). Before that time is reached 
only the inedible portion of the plant grows. 

These equations can represent the growth of  a single wheat plant or of a batch of identical wheat plants. In the 
model. plant growth is tracked on a per-plant basis. Plants start out from seeds taken from the Food Storage 
and are allowed to "germinate" (convert from edible to inedible mass proportions) before being planted in the 
PGM. The growing period we used for this paper lasted the 55 days from transplanting into the PGM until the 
harvest of  the mature crop. 

NO doubt some fallacies exist within this model of the plants, but using similar conditions to those reported 
by Salisbury and Bugbee / lo/  the model duplicates very closely the growth of  actual wheat plants (Figure 2). 
Representative results were also gained under sub-optimal conditions and while the "plants" were respiring in the 
dark. Even so. we do not propose this submodel as a detailed model of a wheat plant. For our immediate purposes. 
however. it appears to suffice. Future BLSS model development will pay careful attention to  improvements in 
the plant submodels employed. 

The nutrient mixer. This processor is also located in the PGM. Its simple function is to refill the Nutrient 
Solution Reservoir with water and with nitrate (in the form of nitric acid). Thus it interfaces with the "03 
Reservoir and with the H 2 0  Reservoir. First it refills the Nutrient Solution Reservoir with the proper amount of 
water. and then it adds enough nitric acid to maintain the reservoir at the proper nitrate setpoint. 
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Wheat Growth Curve - Yecora Rojo 
Model vs. Data, 1200 plants 
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Fig. 2. Wheat growth in 1 m2 from both actual data and the plant-growth submodel used in 
the BLSS Simulation Model. Growing conditions in the model were constant light. I000 pl/l 

C02. and 4.0 m M  NO;. 

The crew. The Crew lives in the crew module. eat harvested food from the Plants (found in Food Storage). and 
drink water from the HzO Reservoir. After the food is metabolized. the Crew adds human waste and waste water 
to the Waste Storage. Crewmembers typically exchange COz. HzO vapor, and O2 with the Crew Atmosphere. 
The crewmembers can have individual sleeping and eating schedules. Each person eats three meals a day and 
uses drinking water only while awake. Wash water is used over the entire 24 hour day. All crewmembers are 
assumed to have identical metabolisms. with no metabolic provision being made for a net change in the mass 
of the Crew. The life support needs of the crewmembers were gleaned from a number of different sources /ll. 
12. 13/. but where necessary, a conservative estimate was taken over a more stringent one. The mass of the 
materials used by each crewman per day are given in Table 1. 

The waste Drocessor. This processor acts to  break down waste materials into their useful inorganic compo- 
nents. The waste processor takes in material from the Waste Storage and oxygen from the 0 2  Reservoir. and 
returns water to the HzO Reservoir, carbon dioxide to  the COz Reservoir. and nitric acid to  the H N 0 3  Reservoir. 
Our conception of the waste processor is based on Super Critical Wet Oxidation /14/. but a number of  other 
processes are also available /15/. We have only implemented one level of waste processing in the current version 
of the model. with all wastes going through the same processor. Perhaps the most blatant simplification in this 
first version of our BLSS simulation model is that the waste processor converts 100% of the wastes into useable 
substances. This includes the recapture of all of the nitrogen as nitrate. One of the first improvements we will 
make in the model will be to  add in a realistic level of denitrification. both in the waste processor and in the 
plant growth module nutrient solution. 

60 



TABLE 1 BLSS Crew Mass Flows (g/person/day) 

t 

lnputs 
H2O: 

Drinking/Food Preparation Water 

Water in Food 

Wash/Flush Water 

Food: 

Edible Dry Wheat 

02: 

To Metabolize Wheat 

OUtplJtS 

H2O: 

Water in Urine, Feces 
Metabolic Water (Vapor) 

Perspiration Water (Vapor) 

Wash/Flush Water 

Solids: 

Feces, Urine, Sweat Solids 

CO,: 

From Metabolized Wheat 

4577.3 
123.3 

1aooo.o 

855.0 

804.6 

3025.5 
406.0 
1680.0 

i8ooo.o 

161.4 

1092.3 

The cas separator. In order to  maintain atmospheric gases at their setpoints. the gas separator adds or 
removes 02.  C02. and H 2 0  vapor from the PGM or Crew Atmosphere. These gases are supplied from or returned 
to their respective reservoirs. No specific technology was envisioned for this apparatus. Future investigations 
with the model will also consider a system without such a device. 

The system reservoirs. In the model each reservoir is implemented as either a complex (for the mixed storages) 
or a simple Pascal variable. In a real system the reservoirs would consist of a storage tank (or a pressure hull 
in the case o f  the atmospheres) and the accompanying distribution piping leading to  it. AS such. each reservoir 
can be thought of  as a "bus" to  which .the appropriate processors can be attached. 

SAMPLE RESULTS 

In order to  demonstrate the Modular BLSS Simulation Model. a number of  runs were undertaken. Each of  the 
runs discussed below were based on the same basic system conditions. A crew of 6 was specified. living in a 
280 m3 atmosphere. For the crew the air temperature was 2W. the relative humidity 50%. the 0 2  level 20%. 
and the C02 level set at 350 p1/1. Food and air consumption for the crew is listed in Table 1. 

All crop plantings were based on providing slightly more than 855 g/person/day over the 55 days from planting to 
harvest. As a result, a total of 247.500 wheat plants were grown in each run. to provide an estimated production 
surplus of  42.5 g/person/day. The atmospheric conditions were the same for the plants and the crew. with the 
exceptions that the PGM relative humidity was maintained at 70%. and the C02 level was maintained at 1000 
pl/l. Lighting for the plants was maintained for 24 hrs/day. 

The waste processor also ran for 24 hrs/day (to minimize preheat penalty). with a maximum capacity of  8.5 
kg/hr wet waste. This value was sufficient t o  meet the total daily needs of the system. plus a small excess 
capacity. 
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The pure storage reservoirs were initially filled with arbitrarily high levels of materials. enough to  guarantee 
sufficient supplies throughout the fluctuations of a normal year in the BLSS. For the runs below. the H 2 0  
Reservoir initiaily held 10.000 kg. the C 0 2  reservoir held 6.000 kg. and the O2 and “ 0 ,  reservoirs were 
each filled with 1,000 kg. By tracing the maximum and minimum levels reached by a reservoir in any run. the 
necessary reservoir capacities could be determined by reference to these initial starting levels. A t  the beginning of 
all runs the waste reservoir was empty. and the atmospheres and the Nutrient Reservoir were at there respective 
setpoints. An initial food supply of 340 kg dry wheat was also provided, both as a food reserve and for use as 
seeds (7.4 kg). 
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Fig. 3. Results from two planting schemes. Planting one big batch every 55 days results in the 
graphs shown in (a) for the reservoir levels, and (c) for the dry plant biomass in the system. 
These are contrasted to the results gained from planting and harvesting one batch per day 
(b and d). The food storage level in (d) eventually reaches the initial amount during the fifth 
year of system operation. 
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Fig. 3 (cont.) Results from one-big-batch planting are shown in (e) for the waste reservoir 
and in (g) for the hourly gas exchange rates. Contrasting results from the one-batch-per-day 
scheme are shown in (f) and (h). Note the scale difference between (e) and (f). 

Plantine Considerations 

Two planting methods were compared. The first involved planting all 247.500 plants in one big batch, beginning 
on the first day and repeating the process after every harvest. The second method involved making daily 
plantings of  4500 plants. and after 55 days making one harvest and one planting each day. This small batch 
method therefore used the same number o f  plants as the big batch method. 

The effects of planting one big batch versus 55 small batches can be seen in  Figure 3. It is clear that having a 
daily harvest/planting cycle results in a much more stable situation in the system reservoirs, as well as in the 
COz injection and water condensation apparatus. In fact. in the variant of the model wi th the PGM and Crew 
Atmosphere connected (Figure l b ) .  the small batch system only requires the addition o f  C 0 2  into the single 
atmosphere. Even with that connection the big batch method would require both addition and removal of CO2. 
Hence the mass penalty for C 0 2  removal equipment would not have to be paid in such a system if the correct 
planting scheme is adopted. 
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Waste Processor Failure 

Babcock et al. /4/ used a 10-day waste processor failure to investigate the dynamic interaction of system mass 
and storage sizes in a simple CELSS model. Figure 4 compares the effects of such a failure in a BLSS with one 
big batch planting to the effects in a BLSS with daily plantings. The severity of the effects of this failure on 
the big batch planting varies depending on the timing of the failure. It is obviously worse if the failure occurs 
during harvest time. This consideration does not affect the system with daily plantings/harvests. Because the 
storage reservoirs in these runs have a good deal of excess capacity the plants and the crew are unaffected by 
the waste processor failures shown here. During the failure the system lowered the level of  the H 2 0  Reservoir 
by almost 2.000 kg more than is normal with the big batch planting. and by more than 1.500 kg when the daily 
planting scheme was used. 

Crop Failure 

We have also investigated the system under both planting schemes when all or a portion of the crop fails. 
As with the waste processor failure. in case of  a crop failure the scheme with one big batch planting is much 
more sensitive to the timing of the failure than is the scheme with daily plantings. If the single large crop is 
destroyed right before harvest it is much more devastating than if a young crop is destroyed. Having the small 
daily plantings puts a smaller proportion of the overall crop a t  risk at any one time. After the BLSS has reached 
equilibrium with the daily planting scheme. destroying the whole crop is equivalent to a restart of the system. 
No shortages will take place. With the single big batch planting scheme. crop failures at certain times (e.g.. a t  
45 days after crop planting) will cause the system to run out of food. 

... ._. = 1 ,~ , .. . . . . . . . . . . . . . . .  
I 

~,,. . . . . . . . . . . . .  . . . . . . . . . . . .  .......... ... - ........ ~ ...... 

Fig. 4. Waste processor failure. The waste processor was failed at day GO and restarted a t  
day 70. Reservoir levels from the one-big-batch planting scheme are shown in (a) and (c). 
Results from the one-batch-per-day scheme are shown in (b) and (d). 
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DISCUSSION 

One fact that is apparent in the results of the Modular BLSS Simulation Model is that such a system can be 
designed to be stable with only a minimum amount of dynamic control on the system processors. Control of the 
system is strongly dependent on control of the plants and the waste processor. I f  those processors remain stable 
and are interfaced with sufficient material buffers. then the system itself can remain stable over long periods. 

Because processor stability is maintained. it is also apparent that a planting scheme that maintains a nearly 
constant amount of growing biomass will be more successful than the alternate scheme of large batch cultivation. 
This difference is maintained even under various failure modes that affect the BLSS. While common sense might 
also point to this conclusion. the model presented here allows us to  quantify the advantages of  the one scheme 
over the other. 

The BLSS Simulation Model described here can be of use in investigating additional system. To improve the 
usefulness of the model in assessing different aspects of BLSS design. the model will be modified and improved 
to meet those needs. As was mentioned above, the model will soon be expanded to  include nitrogen cycling 
and the effects of  partial waste-processor returns on the system mass flows. In addition, the plant and crew 
submodels will be improved to improve our investigations into the reservoir-size boundary conditions. Eventually 
the scope of the model will be expanded to  track other elements. including P. S. and an array of micronutrients 
such as K. Ca. and Mg. 
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ABSTRACT 

Oxygen concentration and separation is an essential factor for air recycling in a CELSS. 
Furthermore, if the value o€ the plant assimilatory quotient is not coincident with that 
o €  the animal respiratory quotient, the recovery of O2 from the concentrated C02 
through chemical methods will become necessary to balance the gas contents in a CELSS. 
Therefore, oxygen concentration and separation equipment using Salcomine and 02 recovery 
equipment, such as Sabatier and Bosch reactors, were experimentally developed and tested. 

1. BASIC CONSIDERATION ON GAS RECYCLING 

Fundamental €unctions of gas recycling in CELSS, as shown in Fig. 1. 1, are to separate 
each component, such as 02, Cog, and N2 gases, and to concentrate and store each gas 
in order to supply appropriate gas concentration for human beings, plants and algae. 

2. OXYGEN RECOVERY FROM CONCENTRATED CARBON DIOXIDE 

Many research and development ef€orts have been conducted for the recovery of  oxygen from 
concentrated C02 by the catalytic hydrogenization process. The Bosch reaction utilizes 
an iron catalyst and produces carbon (C) and water (H20) with CO as an intermediate 
product /l/. Product water is further electrolyzed to recover 0 2  for animal respiration 
and H2 for subsequent hydrogenization. The Sabatier reaction utilizes a ruthenium (Ru) 
catalyst and produces methane and water /2/. An additional CH4 cracking process 
providing C and H2 is necessary to make the Sabatier reaction comparable to the Bosch 
reaction /3/. 

Mitsubishi Heavy Industries, Ltd. (MHI) has 
been involved in CELSS research €or several 
years /4/ under the direction oE the National 
Aerospace Laboratory and conducted the 
experimental program to evaluate the basic 
characteristics and performance of the two 
oxygen recovery processes. 

2.1 Once Throuph Tests 

In order to determine the basic characteristics 
of each reaction, once through tests of C02 
reaction with H2 on the catalyst are 
performed. Fig. 2.1 shows the schematic of the 
test set up. 

Bosch Reaction Fig. 2.2 shows the reaction 
rate of C02 v s .  reaction temperature in the 
first Bosch reaction, as well as the reaction 
rate of CO vs. temperature in the second Bosch 
reaction. The different nature of the two 
reaction rate curves suggests a phased process 
concept using two reactors operating at 
different temperature ranges to obtain higher 
pcrtormance in the Bosch C02 cracking process. 

Fig. 1.1 Fundamental function of 
Gas Recycling Sys tein 
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Fig. 2.1 Bosch/Sahatier 
Once Through Test Setup 
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Sabatier Reaction Fig. 2.3 shows the reaction rate 
of C02 vs mole ratio of H2/C02 in the feed gas 
mixture of the first Sabatier reaction. Reaction 
rate of more than 9 9  % is achieved with a little bit 
higher ratio (4.5) than the stoichiometric value. 
As for the second Sabatier reaction, reaction rate 
of CH4 vs. time after start of the reaction is 
presented in Fig. 2.4. Very rapid degradation is 
observed for the catalytic reactions using Pt or Ni, 
while a steady and much higher conversion efficiency 
is observed in pyrolytic reaction on silica wool 
filler. 

2.2 Recycle Test 

A Recycle Test Apparatus was prepared based on the 
once through test results as shown in Fig. 2.5. 
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C 0 2  Reaction Eeficiency vS 

H2/C02 Mole Ratio 
for Sabatier First Reaction 

Fig. 2.4 CH4 Creacking Efficiency vs 
Time for Sabatier Second Reaction 

The supply rate of mixture gas is shown in Fig. 2.6. 
The amounts of processed C02 are 0.15 kg/day 'and 
0.42 kg/day for Bosch and Sabatier, respectively. 
Energy required for the above processes were 
estimated and the Sabatier process showed several 
times less energy use than Bosch process. The 
character of deposit carbon in the Bosch process was 
a loose powder form, while a hard solid block was 
obtained from the Sabatier reactor. This fact has an 
important meaning for maintainance operations to 
periodically extract carbon on orbit. 

Thus, the O2 recovery system with Sabatier methane 
cracking shows a good possibility for application in 
CELSS and Space Station. 
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3 .  OXYGEN SLI'AIL\'I'ION SYSTEM USING SAI.COFIINE 

3.1 

Kawasaki lleavy I n d u s t r i e s  Ltd. (KIII) has  
been involved  i n  CELSS research  under 
c o n t r a c t  w i t h  t h e  Nat iona l  Aerospace 
Laboratory (NAL) /5/. 
Fig .  3 .1  shows t h e  func t ion  of O2 sepa- 
r a t i o n  arid concen t r a t ion  system, con- 
cern ing  t h e  COz and N 2  s epa ra t ion  and 
concen t r a t ion .  In t h e  F ig .  3.1, t h e  i n -  
l e t  gas  i s  mixture  o f  0 2 ,  COz and N z .  A t  
t h e  COz c o n c e n t r a t e r ,  COZ is sepa ra t ed  
and concen t r a t ed ,  and s t o r e d  i n  t h e  
COz gas  b o t t l e .  A t  t h e  OZ c o n c e n t r a t e r ,  F ig .  3 .1  Function of Oxygen Sepa ra t ion  
0 2  i s  sepa ra t ed  antl conccn t r a t cd ,  and and Concent ra t ion  System 
s to rcd  i n  t h e  Oz gas b o t t l e .  The r e s i d u a l  
i s  N2 gas  and t h i s  i s  s t o r e d  i n  
t h r e e  (3) components, CO,, O,, and N, having h igh  p u r i t i e s .  

There a r e  many methods f o r  Cot s e p a r a t i o n  and concen t r a t ion .  ;'he s t u d i e s  repor ted  h e r e  
a r e  focused cn t h e  Oz sepa ra t ion  antl concen t r a t ion  system us ing  Salcomine. 
Salcomine absorbs  t h e  0 2  under normal tempera ture  (lower than about 40°C) and desorbs  t h e  0 2  

under h igh  tempera ture  (h igher  t han  about 80°C). So, when t h e  i n l e t  g : i ~  is in t roduced  i n t o  
t h e  Salcomine c a n i s t e r ,  t h e  inc luded  0 2  i s  absorbed by Salcomine. A f t e r  t h e  Salcoinine ab- 
so rbs  t h e  02,  t h e  Salcomine c a n i s t e r  i s  hea ted  and Salcoinine desorbs  0 2  of high p u r i t y .  
In  t h e  F ig .  3.1,  t h e r e  are t h r e e  (3) c a n i s t e r s  and each c a n i s t e r  i s  opera ted  i n  abso rb ing ,  
desorb ing  and p re -coo l ing  modes r e s p e c t i v e l y .  Thus, cont inuous  02 sepa ra t ing  ope ra t ion  
can be  c a r r i e d  out  by t h e  c y c l i c  exchange of t h e s e  ope ra t ion  modes. 

Functions of Oxygen Separa t ion  Systeni _- 

~ 

~ 

t h e  N 2  gas  b o t t l e .  Thus, i n l e t  g a s  i s  separa ted  i n t o  

3.2 SALCOMINE 

Fig .  3.2 shows t h e  s t r u c t u r a l  formula of t h e  Salcomine and i t s  02 abso rp t ion  and dcso rp t ion .  

/ 6 /  c a r r i e d  ou t  t h e  experimental  s tudy  on t h e  O2 absorb ing  and desorb ing  c h a r a c t e r i s t i c s  and 
t h e i r  v a r i a t i o n s  under repea ted  r e a c t i o n  of t h e  Salcomine, as a p a r t  o f  t h e  development of 
Di f fus ive  Atmosphere Control System (DACS, a kind of a r t i f i c i a l  g i l l ) ,  which e x t r a c t  O2 from 
sea wa te r  d i s s o l v i n g  oxygen. 
llie P resen t  s tudy  i s  based on t h e s e  r e s u l t s  and i s  designed t o  g e t  d a t a  t o  determine t h c  
o~)tirnuiii 0 2  s e p a r a t i n g  and concen t r a t ing  system f o r  CELSS. 
desorb ing  performance tests of Salcomine wi th in  t h e  c a n i s t e r  a r e  c a r r i e d  ou t  t o  g e t  t h e  d a t a  
t o  des ign  a compact, l i g h t  weiglit and lower energy consuming system. 

3 .3  Oxveen Abosrbine and Desorbine Tes t  of SALCObIINE 

There a r e  some s t u d i e s  on the  a p p l i c a t i o n  of Salcomine f o r  0 2  concent ra t ior i .  Cla tsutla 

In t h i s  s tudy ,  02 absorb ing  and 

3.3.1 Tes t  o f  SALCOMINE Proper .  I n  Fig.  3 . 3 ( a ) ,  oxygen con ta in ing  n i t rogen  gas i s  
in t roduced  i n t o  t h e  equipment and Salcomine absorbs t h e  0 2 ,  and i n c r e a s e s  i t s  weight.  And 
then  t h e  Salcomine is  hea ted  and t h e  Salcomine decrease  i t s  weight desorb ing  02. From t h e  
weight change of t h e  Salcomine, t h e  0 2  absorbed and desorbed i s  measured. 
T e s t  r e s u l t s  are shown i n  Fig.  3 .3 (b ) .  0 2  absorb ing  and deso rb ing  c a p a c i t y  o f  Salcomine is  
expressed  wi th  t h e  percentage  o f  oxygen weight t o  t h e  Salcomine. weight (wt%) .  
3 .3 (b ) ,  02 absorb ing  c a p a c i t y  i s  about 4.0 w t %  f o r  20% of 0 2  concen t r a t ion .  

From Pig .  

3 .3 .2  T e s t  o f S F C a l I N E  wi th in  C a n i s t e r .  
t h e  a i r  pump and in t roduced  i n t o  t h e  Salcomi 
absorbed  by Salcomine. 

In F ig .  3 .4 ,  0, 
.ne c a n i s t e r .  In t h c  

con ta in ing  a i r  i s  drawn by 
c a n i s t e r .  0 7  i n  t h e  a i r  i s  

(a) Tes t  Equipment (b) l e s t  I lesu l t s  

Reaction by SALCBIINE Fig.  3 .3  C h a r a c t e r i s t i c  Tes t  o f  SALCOPIINE 
Fig .  3 . 2  Oxygen Absorb and Desorb 

Proper  
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Fig .  3 . 4  Diagram of C a n i s t e r  Contained 
SALCOFIINE Performance Test 

F ig .  3 .5  R e s u l t s  of  C a n i s t e r  Contained 
SALCON I NE Per f  orinanc e Tes t 

And a t  t h e  e x h a u s t  g a s  mani fo ld ,  02 c o n c e n t r a t i o n  i s  measured.  During t h i s  time, The 
Salcomine c a n i s t e r  i s  c o o l e d .  For  t h e  d e s o r b i n g  t e s t ,  t h e  c a n i s t e r  i s  h e a t e d  by hot w a t e r  
(90°C)  and drawn bv t h e  vacuum pump. 0 2  desorbed  from t h e  Salcooiine i s  c o l l c c t e d  i n t o  t h e  
sainpl ing  bag and  ana l  y s e d .  
F i g .  3 .5  shows t h e  r e s u l t s  of t h e  t e s t .  I n i t i a l l y ,  02 c o n c e n t r a t i o n  i n  t h e  o u t l e t  a i r  i s  
a lmost  0"; because  a l l  0 2  i n  t h e  a i r  i s  a b s o r b e d .  A f t e r  a few m i n u i t s ,  t h e  b r e a k - t h r o u g h  oc- 
c u r s  and 0 2  c o n c e n t r a t i o n  rises, and r e a c h e s  t o  21% which i s  equal  t o  t h a t  of t h e  i n l e t  a i r .  
From F i g .  3 . 6 ,  absorbed  02 i s  675CC and t h i s  cor responds  t o  2.7 w t o i  o f  02 a b s o r b i n g  c a p a c i t y .  
On t h e  s t a r t  of  0 2  d e s o r b i n g  t e s t ,  t h e  vacuum pump i s  o p e r a t e d  t o  purge  t h e  a i r  i n s i d e  t h e  
t es t  equipment .  The c a n i s t e r  is  then  h e a t e d .  And i s  drawn by t h e  vacuum pump. The drawn 
g a s  i s  measured 710 C C ,  and 02 c o n c e n t r a t i o n  i n  t h i s  gas  is  measured 51.4";. 
becomes 649 CC. 

So, desorbed  0 2  

4 .  CONCI,USION 

A s  a p a r t  o f  CELSS Cas Recycl ing  System Development, p r e l i m i n a r y  e x p e r i m e n t a l  s t u d i e s  were 
conducted f o r  t h e  p r o c e s s e s  of 0 2  r e c o r v e r y  from c o n c e n t r a t e d  COz and  o f  0 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  from exhaled  g a s  of  a n i m a l ,  p l a n t  e t c .  
S a b a t i e r  p r o c e s s  f o r  t h e  r e g e n e r a b l e  02 r e c o v e r y  from COz shows a good p o s s i b i l i t y  compared 
w i t h  Bosch p r o c e s s  i n  i t s  h i g h e r  e f f i c i e n c y  o f  Oz recovery  and easier h a n d l i n g  of  p r o d u c t  
carbon.  From t h e  02 s e p a r a t i o n  and c o n c e n t r a t i o n  t es t s  u s i n g  Sa icomine ,  oxygen a b s o r b i n g  
and d e s o r b i n g  c h a r a c t e r i s t i c  d a t a  a r e  o b t a i n e d  as t h e  fundamental  d e s i g n  d a t a .  
The above r e s u l t s  can b e  used  i n  t h e  p l a n n i n g  o f  a complete  and s t a b l e  g a s  r e c y c l i i l g  system 
r e q u i r e d  i n  CELSS. 
s i o n  of t h e  human f r o n t i e r  i n  Space.  

We hope t o  c o n t i n u e  our r e s e a r c h  and development  e f f o r t  f o r  t h e  expan- 
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filtration module and the reverse osmosis module were supplied by the Nitto Electric Industrial Co., Ltd. 
(Ultrafiltra-tion Module: NTU-3250-C1Rc [spiral wound type] and Reverse Osmosis Module: NTR-7199-92Ux 
[capillary type]). The modules were remodeled from commercial products into products vith a smaller 
processing capability in order to adjust them to the pumps used. Each filtration process has a different 
processing rate, except the activated charcoal which depends on the permeate rate from the reverse osmosis 
module, so the system is operated in a batch processing manner. 

Experimental studies using this experimental equipment vi11 be made in the near future. Data of a membrane 
of the same type as the membranes used are shovn in Fig. 1, vhere vater flux and salt rejection remained at 
constant high values throughout the 3000-h test /4/. 

ABSORPTION TYPE TllERHOPERVAPORATION 

The thermopervaporation process uses a hydrophobic membrane of porous polytetrafluoroethylene (PTFE) which 
vas chosen because it permeates vapor, not liquids. This membrane is under development in cooperation vith 
Nitto Electric Industrial Co.. Ltd. The permeate flux is proportional to the vapor pressure difference 
(AP) between the feed and the permeated vater, expressed by F = K - A P .  where K is the proportionality 
constant (permeate coefficient) representing the permeate rate. The electrical conductivity of the treated 
vater is belov 10 pS/cm. compared to 48 mS/cm of the feed, and the rejection is more than 99.99 %, 
irrespective of the vapor pressure difference A P . 
In the former type of thermopervaporation /I / ,  the problem arose from hov to collect the condensed vater 
from the cooled plate in micro gravity. It is easy to collect such 
vater on earth due to the existence of gravity. To resolve this 
problem the absorption type thermopervaporation is proposed for easy 
water-gathering, because the permeated vapor is absorbed into the 
product vater. In this system, the feed on the high temperature side 
of the membrane is vaporized, permeated through the membrane pores, and 
then absorbed into the cooled permeate vhich is circulating. 

Experimental Study 

Experimental data from absorption type is compared to the earlier type 
process and is shovn in Fig. 2, in vhich black circles shov the results 
of absorption type thermopervaporation corresponding to a diffusion gap 
of zero. 

The value of K is scattered in the range of 1 to 5 kg/m'day-torr. This 
can be explained by the fact that the bulk temperature difference (AT) 
differs from the temperature difference (AT ') contributing to the real 
vapor transfer through the membrane due to the temperature drop near 
the membrane, as shovn in Fig. 2. Moreover. the rate of vapor transfer 
in the membrane depends on its thickness and porosity. Thus, for the 
thicker the membranes or the smaller the voids, the more resistant the 
membrane becomes to the permeate flux. Thus K is affected by the 
material and structure of the membrane and the operating conditions. 
From these experimental results, at least 1 kg/m'day-torr uas verified. 
Hovever, in this method, the loss in the sensible heat transfer 
increases in comparison vith the former method. Therefore, further 
evaluation is needed to reduce this thermal loss. 

Theoretical Study 

The theoretical study vas made based on a model vith a heat exchanger 
(see Fig. 6). which is provided for enegy recovery in order to reduce 
power consumption. Calculations vere made concerning the necesary heat 
input (Q/Q.), the circulation rate (W) of the feed, the effective 
heat transfer area (Ahe). and the effective membrane area (Am) versus 
the temperature difference (AT) betveen the feed and cooled vater. the 
temperature difference (ATi) betveen the inlet and outlet of the feed, 
and the membrane thickness ( a ) ,  vhere Q. is the heat input in case of 
no heat loss, expressed as Q, = F' XAm = 0.251. (F'Am = 0.25 kg/h. 
F': permeate rate, 1: latent heat). b T i  is assumed to be the same 
as for the cooled vater, since the circulation rate of the feed is the 
same as that of the cooled water and the teeperarure difference in the 
heat transfer in the heat exchanger is fixed at 5 C. In this calcula- 
tion, the folloving parameters are predetermined. thermal conductivity 
of the membrane = 0.0631 kcal/mhhr:, permeate = 0.25 kg/h, feed vater = 
0.28 kg/h. concentrate = 0.03 kg/h. 

Figs. 3 to 5 shov the calculated results. As shovn in Fig. 3, AT is 
best when set to 5 C, specifically from tho vievpoint of minimum 
thermal loss. A temperature Tllin = 90 93 of the feed at inlet is 
desirable for efficiency. 
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Fig. 2. Experimental results of 
thermopervaporation 
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O t h e r  d a t a  i n  F igs .  4 and 5 are o b t a i n e d  us ing  t h e s e  values.  
In  Fig. 5, ATi is chosen as 65 C, being seen a s  s u i t a b l e  from 
t h e  r e s u l t s  i n  Fig. 4. As t h e  r e s u l t s  show, an  example of t h e  
optimum ope ra t ing  cond i t ions  of t h e  absorpt ion type  the rmper -  
v a p o r a t i o n  is demons t r a t ed  by Fig.  6. where a membrane th i ck  
n e s s  of 0.08 mm is s e l e c t e d  because  t h i s  t h i ckness  is e a s i l y  
ava i l ab le .  If 0.2 mm t h i ckness  is selected. t h e  hea t  i npu t  can 
be reduced by 40 % as  seen from t h e  d a t a  i n  Fig. 5. 

".*" -,,I 

Product 

Am: 0.19 m', 6 :  0.08 u, Q: 154 kcal/h,  Ahe: 0.15 m' 

0 . 5  

-c w 
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w 1. 
0 . 0 5  4 s  

0.01 K q q  
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Fig. 4. Inf luence of ATi on Q,  
W and Am 

50 0.5 
Fig. 6. S u i t a b l e  cond i t ions  of theroopervaporat ion process  

c w n c =  W I- 

From t h e s e  s imulated c a l c u l a t i o n s ,  t h e  most important  problem 21 " <  

<El 

0 . 1  f i w  

0.05 = g  
z < is  seen  t o  b e  h e a t  loss  d u e  t o  t h e  s e n s i b l e  hea t  t r a n s f e r .  5: IO 

When t h i s  a p p r o a c h  i s  u s e d  i n  d i f f e r e n t  water r e c y c l i n g  
systems, t h e  optimum ope ra t ing  cond i t ions  have t o  be decided 

k! 
5 
g s  5 

on t h e  b a s i s  of reducing hea t  loss as t h e  primary concern. E 

I 0.01 
5 0.5 VAPOR COMPRESSION DISTILLATION (VCD) 

< w 
CL < 

m * D :  

VCD is a n o t h e r  c a n d i d a t e  as a d i s t i l l a t i o n  process for t h e  
water r e v i t a l i z a t i o n  i n  t h e  space s t a t i o n ,  s i n c e  it offers a 
low specific energy consumption. z .  I 0 . 1  5 ;  

E O  2 0.5 0.05 e 5 
Y " Z  < P r i n c i p l e s  and Fea tu res  of VCD 

F i g .  7 shows  a t y p i c a l  example of VCD used  for seawater 
- 

W = 
desa l ina t ion .  The feed water is w a r d  up prior t o  evapora- 0.1 0.01 
t i o n .  The vapor  g e n e r a t e d  i n  t h e  evapora to r  is compressed o 0 . 2  0 . 4  0 . 6  0.a 1 . 0  

by a blower,  which p l a y s  role of a heat pump t o  upgrade t h e  HMBRANE THICKNESS 6 CUI 
v a p o r ,  a n d  is t h e n  f e d  i n t o  t h e  t u b e s ,  becoming t h e  h e a t  
s o u r c e  for t h e  e v a p o r a t i o n .  Thus,  low specific ene rgy  Fig. 5. Inf luence of S on Q, W, 
c o n s u m p t i o n  is  o b t a i n e d  by t h e  e n e r g y  r e c o v e r y  i n  t h e  A h e  and Am. 
preheat ing and t h e  evaporat ion steps. 

I n  a p p l y i n g  VCD t o  space s t a t i o n s ,  a r t i f i c i a l  g r a v i t y  is needed for ga the r ing  l i qu ids .  Fig. 8 shows a 
concep t  of a VCD u n i t  t o  be operated i n  micro g rav i ty .  The i n s i d e  of t h e  cas ing  is kept  a t  a vacuum by a 
vacuum pump. The two drums, f i x e d  t o  each o the r ,  and t h e  blower are rotated by t h e  motor. The f eed  water 
forms a f i l m  on t h e  s u r f a c e  of t h e  i n n e r  drum due t o  c e n t r i f u g a l  force and evaporates.  The generated vapor 
i n  t h e  i n n e r  drum is compressed,  i n t roduced  i n t o  t h e  gap between t h e  two drums and then  condenses on t h e  
i n n e r  drum s u r f a c e ,  d i s c h a r g i n g  energy for evaporat ion of t h e  feed. The r e s i d u a l  b r i n e  and t h e  condensed 
d i s t i l l a t e  flows along t h e  t ape red  drum s u r f a c e s  and is co l l ec t ed  a t  t h e  troughs.  

CASING "**XI. n * r  

U I U I I M  

Fig. 7. VCD for seawater d e s a l i n a t i o n  

OUTER DRUM INNER DRUM 

Fig. 8. VCD concept for space use  
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Experimental Study 

An experimental model having a 450 mm diameter and 
a 620 m m  length was made to produce one liter of 
water per hour. a chart of which is shown in Fig. 9. 
The feed i7 preheated in the water bath and the 
measured anount is sucked by the distiller which is 
kept in vacuum conditions. The product water and 
the residual brine are extracted by the twin 
element pump. The temperature, the pressure and 
the flow rate are monitored at necessary points. 
A level alarm is installed in the inner drum to 
prevent carry over of the feed water to the blower. 
The distiller employs a single motor for both drum 
rotation and blower drive. Accordingly, the rota- 
tion speed of the motor relates to both the behav- 
ior of the brine film on the inside surface of the 
inner drum and the blower performance. 

LA: Level Alarm 

Indica tor VACUUH PUIP I I 

FI: Flow Indicator 
S: Solenoid Valve 

PRODUCT VATER DISCHARGE VATER 

Fig. 9. Flow chart of the experimental VCD model 

Fig. 10 shows experimental data of the distillate production rate versus 
the temperature difference between the blower inlet and outlet (-). 

test. 
increases, but the rate of increase is a little less than the increase 
rate of the temperature difference between the inlet and outlet of the z -  
blower. 
is superheated due to compression and the temperature difference ,? 
described in Fig. 9 is not the difference of saturation temperature. $ 
becomes large as the distillate production (vapor flow rate) increases, 
and the actual saturation temperature difference across the heat 
transfer surface becomes smaller than the superficial temperature 

Experimental results shown in Fig. 10. (o---*) in the case of desu- 
perheating. are obtained when desuperheating water is introduced into 
the suction of the blower. It shows that the relationship between the 
rate of increase in the distillate production becomes large due to the 

difference as the vapor flow rate increases. 

desuperheating effect. 

EVAPORATION TEXP. 
7.0- -: 29 c 

The temperature in the inner drum was kept at 29 f. 0.3 C during this E 0-Q: 27 c 
The distillate production rate increses as the rotation speed 5 

It is presumed that the temperature at the outlet of the blower giitl, 5-0 

4.0- 

3.0 

Another reason would be that the pressure drop through the vapor path g 9 ’ 

o-6 -  

$ 0.4 
j 
E 

The evaporation temperature can be controlled by adjusting the feed 
water temperature. Fig. 11  shows the distillate production and the 
temperature difference between the blower inlet and outlet versus the 
evaporation temperature. The distillate increases as the evaporation 
temperature increases. The reason for this phenomenon is that the heat 
transfer coefficient increases with increases in the evaporation temper- 
ature. Since the temperature difference decreases with elevation of the 
evaporation temperature, the rate of increase of the heat transfer coef- 
ficient is presumed to be of significance. Another reason may be due to 
a decrease of the pressure drop across the vapor path, in other words, 
increase in the effective temperature difference across the heat trans- 
fer surface due to the increase in the density of the vapor as the 
temperature increases. 

CONCLUSIONS 
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Fig. 10. Effect of drum rotation 

5.5- ORUH ROTATION SPEED 
321 f 8 rpm 

5.0 

w * 

4.0- 
- 0.5, 

Water revitalization for the apace station can be realized by a combina- 
tion of the filtration processes and a distillation process. Detailed 
systematic studies will be performed using ground-based equipment. t- 

There are tvo candidate distillation process; thermopervaporation and 
VCD. The absorption type thermopervaporation was studied through t; 
simulated calculations, so that an optimum condition were obtained. The 
VCD with centrifugation was experimentally confirwd to be a candidate 20 25 30 35 
for space use. EVAPORATION TEflPERATURE (“c) 

Fig. 11. Dependence of distil- 
late and temperature difference 
on evaporation temperature. 
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ABSTRACT 

A mass spec t rometer  and computer system was developed f o r  c o n d u c t i n g  a fundamenta l  s t u d y  on 
g a s  m o n i t o r i n g  i n  C E L S S .  R e s p i r a t i o n  and metabo l ism o f  t h e  hamster  and p h o t o s y n t h e s i s  o f  
t h e  S p i r u l i n a  were measured i n  a c o m b i n a t i o n  system c o n s i s t i n g  o f  a h a m s t e r  chamber  and a 
S p i r u l i n a  c u l t i v a t o r .  They a r e  connected t h r o u g h  a membrane gas exchanger. Some t e c h n i c a l  
problems were examined. 

I n  t h e  mass s p e c t r o m e t r i c  g a s  m o n i t o r i n g ,  a s i m u l t a n e o u s  m u l t i - s a m p l e  measurement was 
developed by  employ ing  a r o t a t i n g  exchange v a l v e .  Long t e r m  p r e c i s e  measuremen t  was ob- 
t a i n e d  by  employ ing  an a u t o m a t i c  c a l i b r a t i o n  system. 

The membrane gas sampl ing  probe proved t o  be u s e f u l  f o r  l o n g  t e r m  measurement. The c u l t i v a -  
t i o n  r a t e  o f  t h e  S p i r u l i n a  was e f f e c t i v e l y  changed by  c o n t r o l l i n g  CO, and l i g h t  supp ly .  The 
e x p e r i m e n t a l  r e s u l t s  a r e  h e l p f u l  f o r  i m p r o v i n g  t h e  h a m s t e r - s p i r u l i n a  system. 

INTRODUCTION 

A f u n d a m e n t a l  s t u d y  o n  g a s  m o n i t o r i n g  i n  CELSS was p e r f o r m e d  u s i n g  a cmputer ized  mass 
s p e c t r o m e t e r  system. O2 g a s  e x c h a n g e  a n d  w a t e r  c o n s u m p t i o n  a r e  o f  b a s i c  i m p o r t a n c e  i n  
CELSS. N Z  f i x a t i o n  a n d  r e l e a s e  a r e  a l s o  o f  c o n c e r n .  S e v e r a l  k i n d s  o f  o r g a n i c  t r a c e  gas 
vapours. some o f  wh ich  a r e  t o x i c ,  s h o u l d  a l s o  be m o n i t o r e d . / l /  

I n  t h i s  work, a mass spec t rometer  computer system was developed f o r  a b a s i c  s t u d y  on CELSS. 
A b r i e f  d e s c r i p t i o n  o f  t h e  measur ing  sys tem,  some m e a s u r i n g  r e s u l t s  on  t h e  h a m s t e r  and 
S p i r u l i n a  system a r e  presented.  A l s o  some t e c h n i c a l  problems w i l l  be d iscussed.  

DISCRIPTION OF THE MEASURING SYSTEM 

The m e a s u r i n g  system i s  i l l u s t r a t e d  i n  f i g .  1. I n l e t  and o u t l e t  gas f lows,  c o n c e n t r a t i o n s  
and tempera tures  o f  t h e  S p i r u l i v a  c u l t i v a t o r ,  h a m s t e r  .chamber a n d  f e r m e n t o r s  a r e  s i m u l -  
t a n e o u s l y  mon i to red .  O2 u p t a k e  Vo, and CO, p r o d u c t i o n  Vco, o f  t h e  an imal  ( i n c l u d i n g  human). 

and p h o t o s y n t h e t i c  Oy p r o d u c t i o n ,  CO, consumpt ion and t h e  r e l a t e d  p h y s i o l o g i c a l  f a c t o r s  a r e  
c a l c u l a t e d  and examined i n  r e a l  t ime. 

Mass Spectrometer-Computer System: The mass spec t rometer  developed i s  a c o m p a c t  m a g n e t i c  
t y p e .  I n  o r d i n a r y  use ,  0.. CO.. A r ,  N y  and H 2 0  a r e  s i m u l t a n e o u s l y  measured b y  t h e  f i x e d  
c o l l e c t o r s ,  CH4. NH3 and C H OH can be m e a s u r e d  u s i n g  e x t e n d e d  c o l l e c t o r s .  The v o l t a g e  
s c a n n i n g  s y s t e m  i s  a v a i l % b $ e  f o r  o t h e r  t r a c e  gas a n a l y s i s .  I n  o r d i n a r y  use. changes o f  
0.005% c o n c e n t r a t i o n  i s  m e a s u r a b l e  i n  l o n g  t e r m  m o n i t o r i n g  b y  e m p l o y i n g  a u t o m a t i c  
c a l i b r a t i o n .  Sample gas i s  compared t o  t h e  r e f e r e n c e  i n  each c y c l e ,  w h i l e  changes of 0.05% 
a day i s  observed i n  d i r e c t  r e a d i n g  o f  t h e  mass spec t rometer . /3 /4 /  
D i r e c t  gas sampl ing  t h r o u g h  a s m a l l  c a p i l l a r y  i s  c o n v e n t i o n a l l y  employed. I n  t h i s  case, t h e  
response o f  t h e  o u t p u t  t o  t h e  change o f  c o n c e n F r a t i o n  i s  as h i g h  as 30 t o  50 ms i n  63% r i s e  
w i t h  sampl ing  r a t e  o f  30 ml /min f o r  d r y  gases. Such a r a p i d  response i s  u s e f u l  i n  t h e  s t u d y  
o f  human r e s p i r a t i o n  p h y s i o l o g y  . /2 /  

The membrane c o a t e d  sampl ing  probe shown i n  F ig .3  i s  a l s o  a v a i l a b l e .  The sampl ing  r a t e  i s  
n e g l e g i b l e  i n  t h i s  case, w h i l e  t h e  r e s p o n s e  i s  as  l o w  as  100 s i n  r i s e  t i m e  o f  9 0 % . / 3 /  
However. t h e  response may be s u f f i c i e n t  f o r  l o n g  t e r m  gas m o n i t o r i n g .  
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Fig.1. Exper imental  arrangement. Metabolism and photosynthes is  were s t u d i e d  
i n  the  hamster and S p i r u l i n a  system 

Computer system: The computer system (CPU: lO/sp.Microecl ipse Hard D i s k  Memory 15 M E )  was 
designed t o  per fo rm the  f o l l o w i n g  func t i ons :  
(1 )  c o n t r o l l i n g  sample s e l e c t i n g  ( o r  exchanging) valve, 
(2 )  d a t a  e n t r y  and storage, 
(3 )  o n l i n e  and o f f l i n e  c a l c u l a t i o n s ,  
( 4 )  d i s p l a y  o f  t h e  measured r e s u l t s  on CRT. p r i n t e r  and 
( 5 )  send t h e  measured in fo rma t ions  t o  the  c u l t u r e  cond i t ioner ,  

10  samples  can be measured r e f e r i n g  t o  the  standard gas by employing t h e  r o t a t i n g  exchange 
va 1 ve. 

p l o t t e r ,  

RESULTS AND DISCUSSION 

Veasurement o f  hamster metabol ism 

The m e t a b o l i s m  o f  t h e  hams te r  was measured by mon i to r i ng  i n l e i  and o u t l e t  gas concentra- 
t i o n s ,  f l o w  and temperatures. The measured r e s u l t s ,  FO,. FCO,, V O I .  VCO, and RQ a r e  shown 
i n  F i g .  2,A-C and carbohydrate(CH0) and FAT consumption and metpbo l ic  energy p roduc t i on  are  
i n  Fig.3.A-E. The Chinese hamster t e s t e d  was 34.%q we igh t  and VO, was 2.25 m l / m i n  (0.065 
ml /g  min) i n  average f o r  an hour. Instantaneous VO, va r ied  f rom 1.32 t o  3.14 ml/min accord- 
i n g  t o  t h e  s t a t e  o f  a c t i v i t y .  The washout t ime cons tan t  o f  t h e  hamster chamber i s  2.7 min. 
The same k i n d  o f  measurement i s  shown i n  Fig.4. Th is  l a t t e r  measurment was performed by 
employing a membrane sampl ing probe. The sampling r a t e  i s  almost n e g l e c t i b l e  compar ing  t o  
t h e  o r d i n a r y  c a p i l l a r y  p robe.  T h i s  p r o b e  is a l s o  a v a i l a b l e  f o r  the  d i r e c t  sampling o f  
d issoved gases. 

Combination o f  hamster chamber and S p i r u l i n a  c u l t i v a t o r  

The exhaust gas from the  hamster chamber and the  water d i l u t e d  gas i n  t h e  S p i r u l i n a  c u l -  
t i v a t o r  a r e  e x c h a n g e d  t h r o u g h  t h e  membr,ane gas exchanger .  FO,, FCOI and FNI  were 
c o n t i n u o u s l y  measured a t  t h e  i n l e t s  and o u t l e t s  o f  t h e  hams te r  chamber and  t h e  g a s  
exchanger .  The r e s u l t  i s  shown i n  Fig.5. The extreme change i n  concen t ra t i on  a t  t he  o u t l e t  
o f  t he  hamster chamber ( i n l e t  o f  the  gas exchanger) was s t a b i l i z e d  by the  b u f f e r  e f f e c t  o f  
the  water  b r o t h  i n  the  S p i r u l i n a  c u l t i v a t o r .  I n  t h i s  case, oxygen p roduc t i on  r a t e  ( a c t i v i t y  
of photosynthes is )  was improved t o  0.4 m l /m in .  f o r  a l i t e r  o f  t h e  b r o t h ,  b y  s u p p l y i n g  
e x p i r e d  Co, o f  the  hamster, from 0.08 ml /min / l  l i t e r  b r o t h  0.08 m l /m in / l  l i t e r  was observed 
f o r  the  room a i r  supply. 
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Fig.5. Continuous measurement o f  gas exchange i n  the  h a m s t e r  and S p i r u l i n a  
system.The i n l e t  and o u t l e t  gas  concentrat ions o f  hamster chamber and t h e  
gas exchanges of S p i r u l i n a  system were s imul taneously  measured. 

C o n s i d e r a b l e  improvement o f  0, genera t i on  was observed by supp ly ing  e x p i r e d  COS i ns tead  o f  
room a i r .  0, genera t i on  i s .  t o  some extent ,  c o n t r o l l e d  by t h e  r a t e  o f  s u p p l y e d  CO,. When 
l i g h t s  were complete ly  tu rned  o f f ,  0. ou tpu t  complet ly  ceased i n  90 min. T h i s  l a g  t i m e  may 
be e q u i v a l e n t  t o  the washout t ime o f  t h e  S p i r u l i n a  c u l t i v a t o r  i t s e l f .  Concerning t h e  mass 
s p e c t r o m e t r i c  measurement,  t h e  m u l t i - g a s  s a m p l i n g  sys tem and t h e  automat ic  c a l i b r a t i o n  
proved t o  be u s e f u l  f o r  l ong  te rm p r e c i s e  gas mon i to r i ng  i n  CELSS. However, t h i s  method i s  
p o s s i b l e  t o  be employed f o r  t h e  o r d i n a r y  c a p p i l l a r y  sampl ing probe, and a cons ide rab le  
sampl ing r a t e  i s  needed ( a t  l e a s t  lOml/min) i n  the  complete ly  c losed  sma l l  s i z e  s i m u l a t i o n  
system, t h e  membrane p r o b e  may be more u s e f u l  because o f  i t s  n e g l e q i b l e  smal l  sampl ing 
ra te .  F u r t h e r  t e c h n i c a l  improvement, however, i s  needed t o  make i t  p r a c t i c a l  . 
The c o n s i d e r a t i o n s  m e n t i o n e d  w i l l  h e l p  us t o  improve  t h e  d e s i g n  and c o n t r o l  o f  t h e  
hams te r -sp i ru l i na  system. 
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ABSTRACT 

The wet-oxidation c a t a l y s i s  of Au, Pd, P t ,  Rh o r  Ru on a ceramic honeycomb c a r r i e r  w a s  t raced  
i n  d e t a i l  by 1 6  t o  20 r e p e t i t i v e  b a t c h  t e s t s  each. As a r e s u l t ,  P t  o r  Pd on a honeycomb 
c a r r i e r  was shown t o  c a t a l y z e  c o m p l e t e  n i t r o g e n  g a s i f i c a t i o n  a s  N2. Though t h e  c a t a l y s t s  
which r e a l i z e  both complete n i t rogen  g a s i f i c a t i o n  and complete oxida t ion  could not  be found, 
t h e  Ru+Rh c a t a l y s t  was found t o  be most promising. Ru honeycomb catalyzed both n i t r i f i c a t i o n  
and n i t rogen  g a s i f i c a t i o n .  

PREFACE 

Wet-oxidation i s  t h e  r e a c t i o n  i n  which so luble  o r  suspended organic  m a t e r i a l s  a r e  oxidized i n  
a pressure v e s s e l  a t  a temperature  of 120 t o  374s: and a residence t ime of s e v e r a l  minutes t o  
h o u r s  i n  t h e  p r e s e n c e  o f  oxygen and l i q u i d  water .  The r e a c t i o n  can  be c a r r i e d  o u t  bo th  i n  a 
batch system and i n  a continuous system. 

The main advantage of wet-oxidation, when appl ied  t o  t h e  waste management system f o r  CELSS 
(closed-ecological-life-support-system) i n  a spaceship, i s  i n  t h a t ,  as a type of oxida t ion  
reac t ions ,  it can produce carbon dioxide,  which i s  e s s e n t i a l  t o  p l a n t  photosynthesis ,  from 
t h e  raw material of organic  waste. I n  a wider sense, as it is  a minera l iza t ion  reac t ion ,  i t  
can a l s o  play a p a r t  as a r e - d i s t r i b u t i o n  c e n t e r  of elements  t o  each u n i t  of t h e  CELSS. The 
o ther  advantages of wet-oxidation a r e  (1) no biomass reproduct ion,  (2) t h e  s t a b i l i t y  of t h e  
reac t ion ,  (3 )  t h e  s t o i c h i o m e t r i c a l l y  requi red  amount of oxygen t o  be introduced,  ( 4 )  s h o r t  
r e t e n t i o n  t i m e  and small  i n s u l a t i o n  s p a c e ,  (5) no a d d i t i v e s ,  (6 )  no b a c t e r i a  o r  v i r u s ,  ( 7 )  
h e a t  r e c o v e r y  and s o  on. Among t h e s e  a d v a n t a g e s ,  t h e  f i r s t  p o i n t  i s  t h e  most i m p o r t a n t  and 
t h e  4 th  poin t  i s  a l s o  important  i n  t h e  i n i t i a l  development s tage  of CELSS. 

But wet-oxidation has a l s o  disadvantages. In  a previous r e p o r t  / I / ,  t h e  au thor  showed t h a t :  
(1)  In  wet-oxidation without  c a t a l y s t s ,  non-oxidizable a c e t i c  a c i d  i s  i n e v i t a b l l y  produced 

as a by-product and complete oxida t ion  cannot be c a r r i e d  out. This prevents  the  wet-oxidation 
system from playing a p a r t  as t h e  r e - d i s t r i b u t i o n  c e n t e r  of  C02,and elements  i n  CELSS. 

(2) In  wet-oxidation, t h e  organic  n i t rogen  i n  raw m a t e r i a l  is transformed exc lus ive ly  t o  
ammonia and n o t  t o  n i t r o g e n  g a s  ( N 2 )  o r  n i t r a t e  form,  b o t h  o f  which a r e  t h e  main c h e m i c a l  
forms of n i t rogen  needed f o r  CELSS. 
In  addi t ion ,  the  au thors  showed t h e  p o s s i b i l i t y  t h a t  these  disadvantages may be overcome by 
t h e  use of  c a t a l y s t s .  

I n  t h e  a p p l i c a t i o n  of w e t - o x i d a t i o n  as a w a s t e  management s y s t e m  f o r  CELSS, c o m p l e t e  
oxida t ion  and chemical form c o n t r o l  of ni t rogen  a r e  necessary. From t h i s  po in t  of view, t h e  
a u t h o r s  w i l l  show i n  t h i s  p a p e r  t h e  w e t - o x i d a t i o n  c a t a l y s i s  of  Au, Pd, P t ,  Rh o r  Xu on a 
ceramic honeycomb c a r r i e r ,  which were proven t o  be u s e f u l  as c a t a l y s t s  i n  t h e  pre l iminary  
experiment /2/. 

EXPERIMENTAL METHOD 

R e a c t o r  and raw material: Each experiment was c a r r i e d  out  as a batch t e s t  using an autoclave 
with a volume of 580 m l .  The f i l t r a t e  of wet-oxidized-sewage-sludge obtained from t h e  w e t -  
o x i d a t i o n  f a c i l i t y  of Yokohama-City-Northside-Sewage-Treatment-Plant was used as the  raw 
mater ia l .  The reason why so luble  raw m a t e r i a l  was used i n s t e a d  of suspended m a t e r i a l  i s  t h a t  
suspended m a t e r i a l s  g e n e r a l l y  p o i s o n  t h e  a c t i v e  p o i n t s  on t h e  s u r f a c e  of  a c a t a l y s t ,  and 
t h a t  i t  appeared t o  make i t  e a s i e r  t o  s e l e c t  the  bes t  c a t a l y s t s .  

A f t e r  t h e  raw m a t e r i a l  was i n t r o d u c e d  t o  t h e  a u t o c l a v e ,  i t  was h e a t e d  up. The t e m p e r a t u r e  
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reached the  designated value i n  30 min. The r eac t ion  t imes  ind ica t ed  h e r e i n a f t e r  r e f e r  t o  the  
t ime a t  the  des igna ted  tempera ture  and do no t  include t h e  t ime needed f o r  heating. A t  t he  end 
of t he  des i r ed  r e a c t i o n  t ime, t h e  au toc lave  was drenched i n  water t o  s t o p  the reac t ion .  

Expe r imen t  1: The c a t a l y t i c  p r o p e r t i e s  o f  Au, Pd, P t ,  Rh and  Ru, each  o f  which  i s  s u p p o r t e d  
on the  ceramic honeycomb, were examined and t h e  changes of t he  p r o p e r t i e s  w i th  r e p e t i t i o n  of 
b a t c h  t e s t s  were t r a c e d .  20 b a t c h  t e s t s  were  c a r r i e d  o u t  w i t h  each  c a t a l y s t .  I n  each  t e s t ,  
f r e s h  r a w  ma te r i a l  was in t roduced  t o  t h e  reac tor .  By us ing  c a r r i e r s ,  t h e  s u r f a c e  a r e a  o f  each 
compound i s  increased  and thus  the  number of a c t i v e  s i t e s  on it increases .  In  add i t ion ,  t h e  
s e p e r a t i o n  o f  t h e  r e a c t o r  o u t p u t  from t h e  c a t a l y s t  i s  a l s o  made e a s i e r .  Moreover,  t h e  
c a t a l y s t s  can be used r epea ted ly  and t h e  e f fus ion  of c a t a l y s t ' f r o m  t h e  r e a c t o r  is  minimized. 

A P t  c a t a l l y s t  wi th  a c e l l  number of 32.5/cm2, a c ross -sec t ion  area of 5x5 cm and a he ight  of 
4 cm was used. The q u a n t i t y  of t h e  P t  c a r r i e d  was 1.5 g per  l i t e r  o f  t he  apparent  volume of a 
honeycomb. Hhen t e s t e d ,  i t  w a s  l a i d  on t h e  bot tom of t h e  r e a c t o r .  For c a t a l y s t s  e x c e p t  P t ,  
t h e  c e l l  number was 28.4/cm2 and t h e i r  shape w a s  c y l i n d r i c a l  w i th  a d iameter  o f  60 m m  and a 
h e i g h t  of 50 m. The q u a n t i t y  o f  t h e  n o b l e  m e t a l  c a r r i e d  was a b o u t  2 g / l  of t h e  a p p a r e n t  
volume of t he  honeycomb. I t  had a hole  wi th  a d iameter  of 8 m m  a t  t h e  c ross -sec t iona l  cen ter .  
The v e r t i c a l  s h a f t  of t he  stirrer wi thout  a p rope l l e r  was used f o r  suspending t h e  c a t a l y s t  
through t h e  8 m m  hole mentioned above. The stirrer s h a f t  was not  moved i n  t h e  experiments. 

Each batch t e s t  was c a r r i e d  ou t  a t  a tempera ture  of 26OoC, a p res su re  of 75 kgf/cm2 (7.35 MP) 
and  a time o f  60 min. The s t o i c h i o m e t r i c a l l y  r e q u i r e d  amount o f  oxygen was added  t o  t h e  
r e a c t o r  i n  case  of t he  P t  c a t a l y s t  and 1.5 times of i t s  amount was in t roduced  i n  t h e  case  of 
t h e  o the r  ca t a lys t s .  

Expe r imen t  2:  The combined effects of elements were examined us ing  t h e  Ru and Rh c a t a l y s t s .  
Thei r  shape were t h e  same as those  of Ru, Rh, P t  and Pd i n  Experiment 1. The t o t a l  q u a n t i t y  
of Ru and Rh c a r r i e d  was 3 g / l  of t h e  volume of ca t a lys t s .  The weight r a t i o  of Ru t o  Rh was 1 
t o  3, 1 t o  1 and  3 t o  1. 16 b a t c h  t e s t s  were c a r r i e d  out .  The r e a c t o r  t e m p e r a t u r e ,  p r e s s u r e  
and  t i m e  were  a l s o  t h e  same as t h o s e  i n  Exper imen t  1. 1.5 t i m e s  t h e  amount o f  oxygen t o  
oxid ize  r a w  ma te r i a l  comple te ly  
t h e  r eac to r .  

w a s  added t o  

RESULTS 

E x p e r i m e n t  1: F i g u r e s  1 and  2 show t h e  
r e l a t i o n  between t h e  r e p e t i t i o n  t imes  and COD 
i n  t h e  r e a c t o r  o u t p u t  when Ru, Rh, Pd or P t  
on a honeycomb c a r r i e r  was used. COD of  t h e  
raw material was 14.4 g / l  and  COD of t h e  
r e a c t o r  ou tput  wi thout  c a t a l y s t  ( con t ro l )  was 
5.87 g/i. 

I n  case  o f  Au, it was e n t i r e l y  r e l eased  from 
t h e  honeycomb c a r r i e r  dur ing  t h e  f i r s t  ba tch  
t e s t .  COD a n d  K j e l d a h l  n i t r o g e n  i n  t h e  
r e a c t o r  o u t p u t  was shown t o  be  t h e  same as 
those  of t h e  cont ro l .  The bare  ceramic honey- 
comb without Au was pu t  i n  t h e  r e a c t o r  with 
t h e  same r a w  m a t e r i a l  as i n  Experiment 1 and 
w e t - o x i d i  zed under  t h e  sa m e e x p e r i m e n t a l  
c o n d i t i o n s .  As a r e s u l t ,  it was d i s c o v e r e d  
t h a t  t h e  c e r a m i c  c a r r i e r  i t s e l f  w i l l  n o t  
c a t a l y z e  e i t h e r  o x i d a t i o n  or c h e m i c a l  form 
t r ans fo rma t ion  of nitrogen. 

I n  t h e  case o f  Rh, COD of  t h e  r e a c t o r  o u t p u t  
was a lmost  cons tan t  r ega rd le s s  of t h e  number 
of t i m e s  r e p e a t e d  and  showed a v a l u e  a b o u t  
h a l f  t h a t  of t h e  c o n t r o l ,  t h a t  i s ,  a b o u t  3 
g/ l .  A s  COD of the  raw sewage sludge t r e a t e d  
i n  t h e  w e t - o x i d a t i o n  f a c i l i t y  o f  Yokohama 
C i t y  was a b o u t  40 g / l ,  t h i s  v a l u e  o f  3 g / l  
a c c o u n t s  f o r  7.5% o f  t h e  COD o f  t h e  raw 
sewage s lude  of Yolcohama City. In  t h e  case  of 
Ru, COD i s  t h e  smallest a t  f i r s t  among t h e  4 
c a t a l y s t s ,  t h e n  i n c r e a s e s  g r a d u a l l y  w i t h  
r e p e t i t i o n  and approaches t h e  cont ro l .  In  t h e  
c a s e  o f  Pd, COD i s  s e c o n d a r i l y  t h e  s m a l l e s t  
a t  f i r s t  and t h e n  i n c r e a s e s  w i t h  r e p e t i t i o n  
and COD approaches a cons t an t  va lue ,  approxi- 
mately about 314 of t he  cont ro l .  I n  t h e  case  
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Fig. 1. The e f f e c t s  of t h e  Rh or t h e  Ru 
c a t a l y s t  on t h e  COD r educ t ion  
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Fig. 2. The e f f e c t s  of t h e  P t  or t he  Pd 
c a t a l y s t  on t h e  COD reduct ion  
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o f  P t ,  C O D  r e p e a t s  t h e  i n c r e a s e s  a n d  
decreases  wi th  t h e  r e p e t i t i o n  of t h e  batch 
t e s t s ,  b u t  i t s  change  o c c u r s  n e a r  t h e  v a l u e  
o f  t he  cont ro l .  Therefore,  i t  was proven t h a t  
P t  honeycomb, i n  t h i s  e x p e r i m e n t ,  d o e s  n o t  
c a t a l i  ze o x i d a t i o n .  

F igures  3 and 4 show t h e  n i t rogen  q u a n t i t y  i n  
t h e  l i q u i d  o f  t h e  r e a c t o r  o u t p u t  when Rh o r  
Ru honeycomb was used ,  r e s p e c t i v e l y .  The 
t o t a l  n i t rogen  of t h e  c o n t r o l  was 1480 vg/l .  
I n  t h e  c a s e  o f  Rh, t h e  q u a n t i t y  o f  n i t r a t e  
n i t rogen  i s  cons t an t  and small, r e g a r d l e s s  of 
t h e  r e p e t i t i o n  number. On t h e  o t h e r  hand, t h e  
q u a n t i t y  of Kje ldahl  n i t rogen  was very small 
a t  f i r s t ,  t h e n  i n c r e a s e s  and  a p p r o a c h e s  a 
cons t an t  va lue  af ter  being repea ted  f i v e  
t imes.  The cons t an t  va lue  occupied about a 
h a l f  o f  t h e  c o n t r o l .  The d i f f e r e n c e  be tween  
t h e  c o n t r o l  and  t h e  sum o f  K j e l d a h l  and  
n i t r a t e  n i t rogen  i s  cons idered  t o  be g a s i f i e d  
a s  n i t r o g e n  g a s  (IJ2). I n  t h e  c a s e  o f  Ru, 
K j e l d a h l  n i t r o g e n  i s  v e r y  smal l  i n  q u a n t i t y  
a n d  n i t r a t e  n i t r o g e n  i s  v e r y  l a r g e  i n  
q u a n t i t y .  Though n i t r a t e  n i t r o g e n  was s o  
smal l  i n  q u a n t i t y  d u r i n g  t h e  f i r s t  b a t c h  
t e s t ,  b u t  i n c r e a s e d  s u d d e n l y  a f t e r  b e i n g  
r e p e a t e d  t w o  t imes,  and  t h e r e a f t e r ,  main- 
t a i n e d  a v a l u e  o f  a b o u t  h a l f  o f  t h e  c o n t r o l .  
I n  t h e  c a s e  o f  Pd, t h e  q u a n t i t y  o f  k j e l d a h l  
n i t r o g e n  i n  t h e  l i q u i d  r a n g e d  f rom 1.8 t o  
35.3 mg/l and t h a t  of n i t r a t e  n i t rogen  ranged 
f rom 13.8 t o  88.5 mg/l. On t h e  o t h e r  hand ,  i n  
t h e  c a s e  o f  P t ,  K j e l d a h l  n i t r o g e n  r anged  
be tween  29.0 and  192 mg/ l  i n  q u a n t i t y  and  
n i t r a t e  n i t rogen  was no t  de t ec t ed .  I n  both 
cases ,  n i t rogen  i n  t h e  raw material was 
transformed i n t o  n i t rogen  gas  ( N 2 ) .  

Experiment 2: F i g u r e  5 show t h e  r e l a t i o n  
be tween  COD i n  t h e  l i q u i d  o f  t h e  r e a c t o r  
ou tpu t  and r e p e t i t i o n  number when t h e  weight 
r a t i o  o f  Ru t o  Rh i s  1 t o  1. C O D  o f  t h e  raw 
material and t h e  c o n t r o l  are both t h e  same as 
those  i n  Experiment 1. I n  any honeycomb ca ta -  
l y s t  o f  t h i s  e x p e r i m e n t ,  C O D s  behave  a l i k e .  
The small COD d u r i n g  t h e  f i r s t  b a t c h  t e s t ,  
f o l l o w e d  by t h e  sudden  i n c r e a s e  a f t e r  t h a t ,  
i s  s imilar  t o  t h e  c a s e  o f  t h e  Ru c a t a l y s t  i n  
Experiment 1. The cons is tancy  o f  COD after 3 
o r  L r e p e t i t i o n s  i s  s imi l a r  t o  t h e  c a s e  o f  
t h e  Rh c a t a l y s t  i n  Experiment 1. 

F igure  6 shows t h e  changes i n  t h e  n i t r o g e n  
q u a n t i t y  i n  t h e  l i q u i d  of t h e  r e a c t o r  ou tpu t  
w i t h  r e p e t i t i o n .  I n  t h i s  f i g u r e ,  t h e  r e s u l t s  
when Ru/Rh is  1/1 are shown. Contrary t o  t h e  
c a s e  i n  w h i c h  Ru o r  Rh was s e p a r a t e l y  
s u p p o r t e d  o n  a c e r a m i c  honeycomb, b o t h  
Kje ldahl  n i t rogen  and n i t r a t e  n i t r o g e n  were 
very  small i n  quant i ty .  Most of t h e  n i t rogen  
i n  t h e  raw material  was d e t e c t e d  i n  t h e  g a s  
a s  N 2 .  When Ru/Rh i s  1 / 3 ,  t h e  K j e l d a h l  
n i t r o g e n  r a n g e d  f rom 0.3 t o  26.2 mg/ l  and  
n i t r a t e  n i t r o g e n  ranged from 112 t o  211 mg/l. 
Uhen Ru/Rh i s  3 /1 ,  t h e  K j e l d a h l  n i t r o g e n  
r a n g e d  f r o m  0.3 t o  21.8 mg/ l  and n i t r a t e  
n i t rogen  ranged from 2L6 t o  391 mg/l. I n  any 
case, t h e  K j e l d a h l  n i t r o g e n  w a s  v e r y  s m a l l  
compared  t o  t o t a l  n i  t ropen .  The l a r g e r  t h e  
r a t i o  of Ru t o  Rh, the  l a r g e r  t h e  n i t r a t e  
n i t rogen  q u a n t i t y  became. 
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Fig .  3. The e f f e c t s  o f  t h e  Rh c a t a l y s t  
on t h e  chemical form o f  n i t rogen  
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Fig .  4. The e f f e c t s  of t he  Ru c a t a l y s t  
on t h e  chemical form of n i t rogen  
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Fig. 5 .  The e f f e c t s  o f  RhtRu c a t a l y s t  
on t h e  COD r educ t ion  (Ru/Rh = 1/11 
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Fig. 6. The e f f e c t s  o f  RhtRu c a t a l y s t  
on t h e  chemical form of n i t rogen  

81 



no c a t a l y s t  Rh Ru Pd P t  
oxidat ion - ttt t t - 
nit rogen form “L NHL+ N2 NO3+ N2 N2 N2 

DISCUSSION 

Summary of the experiments : Table 1 shows the summary of  t h e  experiments. I t  was discovered 
t h a t  c o m p l e t e  n i t r o g e n  g a s i f i c a t i o n  as N2, which w i l l  be used as a component of a i r  i n  a 
spaceship,  i s  c a r r i e d  out  by the use of P t  o r  Pd honeycomb c a t a l y s t s ,  al though i n  each case 
the  COD reduct ion i s  low and/or unstable  with r epe t i t i on .  A c a t a l y s t  which would accomplish 
both ni t rogen g a s i f i c a t i o n  and complete oxidat ion could not  be found, but a promising one was 
found (RutRh). If t h e  main n i t r o g e n  form needed i n  CELSS i s  N 2 ,  t h e n  t h i s  c a t a l y s t  i s  
considered t o  be a good candidate  f o r  use i n  CELSS. COD reduct ion was higher  and more s t a b l e  
than i n  the  mse of Pd ur Pt. The t ramdormable c a t a l y s t  of t he  organic ni t rogen t o  n i t r a t e  
fo rm,  which p l a n t s  i n  hydroponic  s o l u t i o n  u t i l i z e  t h e  most,  c o u l d  be found ( R u ) ,  b u t  t h e  
n i t r i f i e d  n i t rogen  occupied about ha l f  of the con t ro l  ni t rogen and the rest was g a s i f i e d  as 
N2. 

If t h e  wet-oxidation f a c i l i t y  f o r  CELSS i s  made under the  present  condi t ions,  t he  two-step 
w e t - o x i d a t i o n  w i l l  be a d o p t a b l e .  I n  t h e  f i rs t  s t e p ,  w e t - o x i d a t i o n  i s  c a r r i e d  o u t  w i t h o u t  
c a t a l y s t .  The o r g a n i c  s u b s t a n c e s  i n  t h e  raw m a t e r i a l  i s  o x i d i z e d  t o  some e x t e n t ,  and t h e  
suspended m a t t e r  which o f t e n  p o i s o n s  a c a t a l y s t i s  i s  d i s s o l v e d .  I n  t h e  second s t e p ,  wet- 
oxidat ion i s  c a r r i e d  out  with ca t a lys t s .  The organic mat ter  remaining a t  the f i r s t  s t e p  i s  
oxidized completely and the  chemical form of ni t rogen is control led.  

I n  t h e  near f u t u r e ,  t h e  c h e m i c a l  form of  n i t r o g e n  i n  t h e  r e a c t o r  o u t p u t  w i l l  be f u l l y  
con t ro l l ed  by t h e  use of noble metal ca t a lys t s .  The l a r g e s t  problem t o  be overcome i s  t h a t  
o x i d a t i o n  w i l l  n o t  o c c u r  comple t e ly .  To s o l v e  t h i s  problem i n  a s h o r t  t i m e  span ,  
countermeasures such as an inc rease  i n  t h e  c a t a l y s t  quan t i ty ,  r eac t ion  temperature,  r eac t ion  
time etc .  w i l l  be taken, which w i l l  p a r t i a l l y  solve t h i s  d i f f i c u l t y .  Generally speaking, t he  
d u r a b i l i t y  o f  a c a t a l y s t  ma in ly  depends on t h e  s o l u b i l i z a t i o n  o r  t h e  r e l e a s e  of  c a t a l y t i c  
compounds from i t s  c a r r i e r  and,  on t h e  o t h e r  hand, t h e  p r o p e r t y  of a c a t a l y t i c  r e a c t i o n  
mainly depends on t h e  combination of elements. Therefore, i n  a long time span, measures such 
as t h e  exchange of c a r r i e r  material t o  s i l i c a  o r  t i t a n i a ,  the add i t ion  of another  element t o  
Ru and Ah, t h e  change o f  t h e  combina t ion  of c a t a l y t i c  compounds and s o  on a r e  t o  be 
researched h e r e a f t e r .  

The s u b j e c t s  t o  be solved: The sub jec t s  of wet-oxidation i n  t h e  app l i ca t ion  t o  CELSS a r e  as 
follows. The first is t o  f i n d  ou t  t h e  c a t a l y s t s  with which both complete oxidat ion occurs and 
the  chemical form of ni t rogen i s  control lable .  The second sub jec t  i s  the  c o r r e c t  measurement 
of t he  material balance. I n  add i t ion  t o  carbon and ni t rogen,  elements t o  be t raced a r e  P, K, 
C a ,  Mg and S, which are  macro n u t r i e n t s  o f  p l a n t s ,  Fe, Mn, E, Cu, Zn, Mo and C 1 ,  which are  
m i c r o  n u t r i e n t s  o f  p l a n t s ,  and A l ,  S i ,  C r ,  N i ,  Hg, Pb, Cd and As, some of which a r e  h a r m f u l  
t o  p l a n t s  or t h e  human body. The t h i r d  i s  t o  examine and e v a l u a t e  t h e  q u a n t i t y  of t h e  
c a t a l y s t  effused from t h e  wet-oxidation system, though it is  thought t o  be much sma l l e r  than 
i n  t h e  case o f  coppe r  compounds. The f o u r t h  i s  t h e  measurement and e v a l u t i o n  o f  a ldehyde ,  
a l c h o l ,  c a r b o x y l i c  a c i d s  and o t h e r  compounds w i t h  low m o l e c u l a r  w e i g h t s  and low b o i l i n g  
p o i n t s  which are produced i n  w e t - o x i d a t i o n  as end p r o d u c t s  i n  a d d i t i o n  t o  a c e t i c  a c i d .  If 
these  compounds are produced i n  s i g n i f i c a n t  quan t i t i e s ,  then the  necess i ty  t o  prevent t hese  
compounds from being produced or t o  remove them from the  l i q u i d  o r  gas w i l l  be of importance. 

On t h e  o t h e r  hand, r e s e a r c h  on making up a p r a c t i c a l  w e t - o x i d a t i o n  f a c i l i t y  f o r  CELSS h a s  
been delayed.  I n  i t s  c o n s t r u c t i o n ,  it i s  n o t i c e d  f i r s t  t h a t  t h i s  sys t em w i l l  be used under  
the  condi t ion of zero gravity.  Problems such as leakage, e lus ion  and wear w i l l  r e s u l t  from 
t h e  h igh  p r e s s u r e  and t e m p e r a t u r e  and a more in -dep th  s t u d y  i s  needed f o r  t h e  s o l u t i o n  of 
t hese  problems. As f o r  the material of t he  reactor ,  f o r  instance,  t h e  wet-oxidation f a c i l i t y  
on t h e  e a r t h  f i r s t  used SUS 316, t h e n  t i t a n i u m  was g r a d u a l l y  adopted.  The b e s t  material  i n  
space i s  s t i l l  unknown. Examination of t he  e f f ec t iveness  of such new materials as ceramics 
have y e t  t o  be f u l l y  tes ted.  The i n v e s t i g a t i o n  of  t h e  system composition of wet-oxidation i n  
CELSS and of  t h e  m a t e r i a l s  and mechanisms t o  be choosen i n  each  p a r t  needs t o  have a more 
i n t e n s i f i e d  s t u d y  c a r r i e d  o u t  on it i n  t h e  f u t u r e .  T h i s  s t u d y  w i l l  be a c h i e v e d  w i t h  more 
e f f o r t  than t h a t  on wet-oxidation r e a c t i o n  i tself  which the  au the r s  have been researching. 

I n  add i t ion ,  a high r a t e  and s t a b l e  oxidat ion was not achieved. 
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Interactions between ecological elements must be better understood in order to construct 
an ecological life support system in space. A n  index was devised to describe the 
complexity of material cyclings within a given ecosystem. It was then applied to the 
cyclings of bioelements in various systems of material cyclings including the whole Earth 
and national economies. The results show interesting characteristics of natural and man- 
made systems. 

INTRODUCXION 

In order to construct an ecologically based life support system in space, we must first 
understand the interactions of ecological elements in ecosystems on the Earth. Without 
knowledge of these interactions, a mere combination of the elements may not result in 
anything resembling what we originally intended to create. Its necessity becomes more 
manifest when we try to envision construction of a completely closed, regenerative life 
support system that can accommodate tens of thousands of people. 

Then, do we have the understanding? I am afraid that we do not. We do not know, either 
in theory or in practice, how the elements in an ecosystem interact. The environmental 
problems we face today illustrate the inadequacy of the understanding /l/. 

Natural ecosystems develop continuously through a process called succession. The 
culmination of the succession is a stabilized ecosystem in which maximum protection from 
perturbations is achieved. There, nutrient cyclings are more or less closed, while they 
are open before reaching the stabilized condition. 

Closed nutrient cycling is not very productive / 2 / .  In the past, man has generally been 
interested in obtaining maximum production from ecosystems by developing and maintaining 
early successional types of ecosystems. This tendency is deeply rooted in the makeup of 
our science and society, and is a principal cause for the present environmental problems 
of anthropogenic origin. 

This nature of ecosystems presents a conflict we have to face in constructing a closed, 
ecological life support system. Because we would like it to have a high production rate 
for life support materials such as molecular oxygen, food, clean water, and fresh air on 
one hand, and also would like it to be closed and stable on the other hand. We need to 
recognize, if we are to be successful in establishing an ecologically based life support 
system, that we are going to have to deal with a system with which we are not very 
familiar. Therefore, it is of paramount importance to have a perspective viewpoint on 
what, materialwise, natural ecosystems do and how man-made systems are different from 
natural ones. 

sysmns OF MATERIAL CYCLINGS, NATURAL AND ARTIFICIAL 

In an ecological system there are various elements that transfer, transform, and/or store 
physicochemical resources such as oxygen, organic compounds, water, and carbon dioxide. 
In order to put various systems of material cyclings in perspective, these elements are 
grouped according to their activity. For instance, a pine tree in a natural forest may be 
reqarded as an element that transforms water and carbon dioxide to molecular oxygen and 
organic matter. Likewise, a factory that burns oil is an element that transforms organic 
carbon to inorganic carbon. Unlike the tree, the location of the factory and the kind of 
products it yields are largely determined by reasons unrelated to ecological and 
biological reasons. However, its very existence certainly affects the carbon and other 
material cyclings. Details of the classifying method are given elsewhere / 3 ,4 / .  
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Fig. 1. Natural and man-made phosphorus cycles. Names indicate representative 
elements that are responsible for the transforming activity. Imbalance between 
inputs to and outputs from each transforming activity results 1 )  from the 
accumulation or the loss of phosphorus from the ecosystem and/or 2 )  from an 
incomplete account of the phosphorus budget. Shape of arrowhead distinguishes the 
kind of phosphorus: - for a flow of organic phosphorus and 2 for a flow of 
inorganic phosphorus. Fig. la the cycle in the trophogenic zone of a eutrophic 
lake: the numbers indicate phosphorus flux relative to the amount of incoming 
inorganic phosphate; thick arrows stand for a flux 10 times larger than the 
incoming phosphate; the basis for the figure is from Rigler /S / .  Fig. lb UK 
phosphorus economy: all numbers refer to thousands of tons P/year; data are based 
on Bowman /6/; the annual flow of 75 kilotons P or more is indicated by a thick 
arrow, while that between 33 and 2 kilotons P by a thin arrow; flows less than 2 
kilotons P are not shown. 

Figure 1 compares the phosphorus cycle in the trophogenic zone of a eutrophic lake (la) 
with the phosphorus economy of the United Kingdom (lb). In this particular model 
eutrophic lake, one unit of inorganic phosphorus enters the ecosystem and the same 
quantity of phosphorus sediments in the form of zooplankton feces. The amount of 
phosphorus that moves along with the four paths that constitute the phytocycle is one 
order of magnitude higher than those incoming and outgoing. The phosphorus cycling in the 
zone, therefore, can be considered closed. 

The extent of the closure is higher in some ecosystems. For example, results compiled by 
Paul and Voroney for typical natural grasslands show that they have no output of 
phosphorus and that the accumulation of phosphorus in the soil is 0.05 gP/m2/year, while 
the flow of phosphorus is 4.36 gP/m2/year from inorganic to organic and 4.41 gP/m2/year 
from organic to inorganic /?/. This demonstrates not only closure but also a balance in 
the amount of material flow in natural ecosystems. 

In clear contrast with the natural phosphorus cycling, the UK phosphorus economy is open 
and uneven. Every year, more than 100 kilotons of inorganic phosphorus is imported and 
used for agriculture, and 75 kilotons of organic phosphorus comes from overseas. Organic 
phosphorus excreted by domestic animals and humans goes largely to natural, soil 
microorganisms. Although soil microorganisms return 94 kilotons of phosphorus in the form 
of inorganic phosphate to agricultural crops, man's heavy reliance on phosphorus 
mineralization by natural microorganisms might be imposing a stress to natural soil 
ecosystems. In fact, the phosphorus economy of Japan /8/ shows that 110 kilotons P is the 
annual load from livestock and humans to natural soil microorganisms and the return to 
agriculture is 2 2  kilotons/year. This imbalance must be a cause for the wide-spread 
eutrophication of waters in Japan. 

The closure and the balance of material flows within a natural ecosystem have been also 
reported for nitrogen cyclings within mature ecosystems such as tallgrass prairie /9/ and 
northern hardwood forest / l o / ,  while both sociogeochemical cyclings of carbon and of 
nitrogen exhibit the openness and the unevenness /ll/. 
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AN INDEX OF m m 1 A L  CYCLING 

Earlier, Mizutani and Wada / 3 /  proposed an index, H to quantitatively analyze the 
activity of life on the Earth. The index is a mod?;ication of Shannon's index of 
diversity, and the modification was specifically made to illustrate the importance of 
material flow and conversion in ecosystems. They made a preliminary analysis of global 
carbon cycling to evaluate the impact of man on the cycling. The earlier index was 
interested only in flows between groups within the system. However, in an actual 
ecosystem, inputs to and outputs from it also have a significant influence on the 
ecosystem. These flows must be especially important in the case of human intervention and 
of apparently open, natural ecosystems such as rivers, estuaries and rookeries /12,13/. 

Therefore, it is proposed to include inputs and outputs in the index. The revised 
equation for the H-index is: 

f(i,j) N N  
Ha = - C p(i,j) log2p(i,j) and p(i,j) = 

N' N' i=l j=1 
C C f(i',j') 

i'=l jl=1 

where a stands for a physicochemical species (or a group of species) of interest, 
N for the number of groups of elements involved in the activities of transforming 
species a in an ecosystem, N' for the number of the groups including inflows and 
outflows, and f(i,j) for the quantity of species a flowing from group i to group 
j. A path within one group is defined as nonexistent: i.e., f(k,k)=O for any k. 

As N varies depending on each system of material cycling, so does the number of possible 
paths within it. In order to make a comparison between different systems, the index Ha is 
divided by the maximum number the index can theoretically take. 

Ha 
..Th 

The index after this normalization is: Ea = - 
%iX 

Th Th where Hmax is the maximum and is given by: Hmax = log2 P 
where P is the number of paths present in the system. 

The normalized index would be zero, when no flows between the groups in the system exist. 
And it becomes unity. when the material cycling within the system is completely closed and 
the amount of material flowing through each path is equal. 

TABLE 1 Systems of Material Cycling and their H-index 

Ha SPECIES SYSTEM 

CARBON WHOLE EARTH without human activity 0.92 
with human activity 0.53 

mospnoRus GRASSLAND 
with grazing 

DECIDUOUS FOREST 
EUTROPHIC LAKE 
ECONOMY IN U.K. 
ECONOMY IN JAPAN 

WHOLE EARTH without human activity 

HARDWOOD FOREST 

TALLGRASS PRAIRIE 

with human activity 

after deforestation 

with grazing 
plus fertilizer 
plus irrigation 

SWAMP 
MACARONI PENGUIN ROOKERY 
KING PENGUIN ROOKERY 
PADDY FIELD without fertilizer 

MKYO BAY without human activity 
with fertilizer 

with human activity 

0.94 
0.88 
0.95 
0.96 
0.63 
0.56 

0.73 
0.61 
0.87 
0.72 
0.99 
0.76 
0.73 
0.69 
0.67 
0.15 
0.11 
0.13 
0.28 
0.23 
0.22 

Ha was calculated from various published results. 
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RESULTS 

The normalized H-index makes it possible to compare with one another apparently different 
systems of material cyclings such as the eutrophic lake and the UK phosphorus economy. 

Results of a preliminary analysis of various material cycling systems taken from the 
literature are shown in Table 1. It is summarized as follows: a) For mature, natural 
ecosystems, Ha is generally near unity; b) Human interventions to such systems decrease 
Ha; c) Each species has its awn characteristic behavior of Ha; d) H of man-made systems 
is far below unity, probably because man is generally interested onfy in a portion of the 
whole material cyclings; e) For a paddy field that is an artificial, productive ecosystem, 
fertilization increases Ha and crop yield, while, for a natural prairie, human 
intervention decreases Ha; and f) For intrinsically open, natural ecosystems such as Tokyo 
Bay and seabird rookeries, Ea is low even without human intervention. 

The index, Ha, thus appears to characterize the nature of material cyclings within a 
system. It 1s a comprehensive measure for the productivity of a material cycling system, 
and, therefore, can be used to correlate the diversity of material flows with the 
stability and the productivity of ecosystems. It may be further applied to the 
development of an ecologically based life support system in space, and give a way to 
evaluate its ecological elements and its overall design. 
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DESIGN OF AN ELEMENTAL ANALYSIS SYSTEM FOR CELSS RESEARCH 

Steven H. Schwartzkopf 

Plant Growth Laboratory. University of California, Davis. Davis. California 95616 (USA) 

ABSTRACT 

The results of experiments conducted with higher plants in tightly sealed growth chambers provide definite 
evidence that the physical closure of a chamber has significant effects on many aspects of a plant's biology. 
One of these effects is seen in the change in rates of uptake. distribution, and re-release of nutrient elements 
by the plant (mass balance). Experimental data indicates that these rates are different from those recorded for 
plants grown in open field agriculture. or in open growth chambers. Since higher plants are a crucial component 
of a CELSS. it is important that the consequences of these rate differences be understood with regard to the 
growth and yield of the plants. This paper will focus on the description of a system for elemental analysis which 
can be used to monitor the mass balance of nutrient elements in CELSS experiments. Additionally. data on the 
uptake of nutrient elements by higher plants grown in a growth chamber will be presented. 

INTRODUCTION 

As Carl Sprengel pointed out over 100 years ago. the productivity of a plant can be inhibited by the shortage of a 
single nutrient element ("Liebig's" Law of the Minimum), even when a l l  the other elements are in ample supply. 
In CELSS applications. where high plant productivity is desirable. it is necessary to  monitor and maintain the 
concentrations of all the nutrient elements to  prevent this limitation from occurring. Additionally. because plants 
may take up more than they require of elements that are in high concentrations (i.e. luxury consumption). with 
potential effects on nutritional quality. it is important t o  ensure that excessively high concentrations are not 
reached. For this presentation. we will concentrate on describing an elemental analysis system developed for 
CELSS research use. 

METHODS 

Initially. we evaluated four different methods for the monitoring of nutrient elements in hydroponic/aeroponic 
plant growth systems. These included atomic absorption/flame photometry (AA/FP). inductively coupled plasma 
(ICP). continuous flow analysis (CFA) and ion chromatography (IC). 

The advantages of IC over the other monitoring techniques include: 
1) Low purchase price: Approximately 525.000 for an anion/cation system. 
2) Low operating costs: Reagents are inexpensive. and the only elements that 
require replacement in general use are the columns. 
3) Very easy to  operate: No extensive training is required to  run the IC. 
4) Small sample size: Only about 0.1 m l  sample is required for analysis. 

5) May be automated: Auto-samplers are available now, but if a pressurized nutrient 
line is available, all that is required is to add a solenoid valve between the IC and 
the nutrient line. 

The first step in development of the nutrient analysis system was characterization of the IC. Figure 1 illus- 
trates a typical chromatogram. Preliminary analysis indicated that using peak height as an indicator of ionic 
concentration was equal to or better than using integrated peak area. Because peak height is easier to measure 
and significantly less complicated to  obtain via a computerized data acquisition system. we chose to use peak 

87 



2 

2 min. . 
4 

3 h 
H 

Fig. 1. Typical ion chromatogram. 1. injection mark: H. water "peak": 1. chloride: 2. nitrate: 
3. phosphate: 4. sulfate. 

height for ionic concentration measurements. Standard solutions were mixed. and standard curves of concen- 
tration versus detector voltage were constructed. These standard curves were then used to determine the ionic 
concentrations in nutrient solution samples collected during a plant growth experiment. 

The data presented below was collected during an experiment in which plant growth and uptake of anions 
from the nutrient solution were monitored. A first crop of lettuce plants were grown in modified, half-strength 
Hoaglands' solution. For the experiment described below, a second crop of lettuce plants was then grown in the 
same solution. but supplementedwith a solution obtained from wet-oxidation of the lettuce heads from the first 
crop. This group was compared with a control group grown in a fresh batch of half-strength modified Hoaglands' 
solution. 

The nutriculture system used in the experiment described here is housed in a 3 m2 controlled environment room. 
and has been described by Schwartzkopf. et  al. 1986. Temperature was 25/20 C day/night. relative humidity 
was 70%. light averaged 600 pmol/m2/s. nutrient solution temperature was 23 C. pH was 6.4. and atmospheric 
COP was kept a t  ambient concentration. 

RESULTS 

Figure 2 is a composite of the standard curves constructed with the IC. Ionic solution concentrations ranged 
from full strength. modified Hoaglands' to pure, deionized water. As this figure indicates. the IC is a very precise 
instrument. Standard deviations ranged from I to 5% of the value of the mean for each of the four anions. 

Figure 3 is a composite showing the concentrations of the anionic species during the course of the experiment. 
This graph shows the accumulation of chloride in the control and wet-ox solutions. The accumulation of chloride 
was due to the addition of 0.1 M HCI to maintain pH. The apparent increase in nitrate. sulfate and phosphate 
during the first two weeks was due to a malfunction in the automated makeup water system. which allowed the 
nutrient solution volume to decrease by about 20%. thus producing an apparent increase in the concentrations 
of these three anions. Nitrate uptake was slightly faster in the wet-ox grown plants than in the control plants. 
Coupled with the lower initial nitrate concentration. this reduced the nitrate level in the wet-ox solution to a 
barely measurable concentration by the 24th day of the experiment. Phosphate concentrations followed nearly the 
same pattern in both groups, and final concentrations were equal. despite the fact that  the overall concentration 
of phosphate in the wet-ox solution was about half that  of the control. Sulfate, on the other hand. not only 
followed the same general course of the control, but was equivalent in concentrations a s  well. 

Finally. upon harvesting the lettuce. no statistically significant differences were found between the dry weights of 
the two groups of plants (Table 1). A blind taste test was conducted with this lettuce, and 40 volunteer subjects 
found the wet-ox grown lettuce too bitter to eat! We are beginning tissue analysis to determine what caused 
this bitterness. but it may be due to a nutrient limitation during the last few days of growth. possibly nitrate. 
as shown in Figure 3 (W. Berry. personal communication). This result emphasizes both the need for nutrient 
element analysis and the control of mass balance. in order to preserve the nutritional quality of foodstuffs grown 
in a CELSS. ! 
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TABLE 1 Dry Weights of Tops and Roots of 5 Week Old Lettuce Plants 

Wet-Ox Control 
- TOP z 2.80 2.27 
S 0.80 0.63 

Root 5 

S 

0.39 
0.078 

0.48 
0.093 

CONCLUSION 

The use of ion chromatography for analysis of nutrient solution ion concentrations is an accurate. relatively 
rapid monitoring method. Initial evaluation indicates that the technique is well suited to the analysis of nutrient 
solution samples from hydroponic plant growth experiments for CELSS applications. 
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An Overview of Japanese CELSS Research Activities 
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ABSTRACT 

Many research activities regarding Controlled Ecological Life Support System ( CELSS ) have 
been conducted and continued all over the world since the 1960’s and the conce t of CELSS is 
now changing from Science Fiction to Scientific Reality. Development of CELSE technology is 
inevitable for future long duration stays of human beings in space, for lunar base 
construction and for manned mars flight programs. CELSS functions can be divided into two 
categories , Environment Control and Material Recycling. 
Temperature, humidity, total atmospheric pressure and partial pressure of oxygen and carbon 
dioxide, necessary for all living things, are to be controlled by the environment control 
function. This function can be performed by technologies already developed and used as  the 
Environment Control Life Support System ( ECLSS ) of Space Shuttle and Space Station. As 
for material recycling, matured technologies have not yet been established for fully satisfying 
the specific metabolic requirements of each living thing including human beings. 
Therefore, research activities for establishing CELSS technology should be focused on 
material recycling technolo ies using biological systems such as plants and animals and 
physico-chemical systems, fx example, a gas recycling system, a water purifying and 
recycling system and a waste management system. 
Based on these considerations, Japanese research activities have been conducted and will be 
continued under the tentative guideline of CELSS research activities as shown in documents f 
lf,l2f. 
The status of the over all activities are discussed in this paper. 

INTRODUCTION 

The appropriate quantities of oxygen, food and water should be continuously supplied to 
human beings in order to provide metabolic requirements and all waste materials such as 
carbon dioxide gas, induced contaminant gas, feces, and urine are to be taken away from 
their living space to sustain hygienic requirements. 
Both the oxygen and food requirements for animals, including human beings, i s  well known, 
are originally produced from the photosynthetic reactions of plants and algae. 
Suitable conditions for each plant and algae are automatically controlled by the functions of 
nature itself on the earth, i. e., the carbon dioxide concentration needed for plant growth is 
regulated by the reservoir function of sea-water, and the necessary quantities of water for all 
bio-species are supplied through the evaporation of sea-water, atmospheric circulation, rain 
and the water flow on and under ground. Tem erature is automatically controlled by the 
energy balance between solar energy input an{ thermal radiation from the earth. Waste 
materials such as feces and urine of animals and the non-edible parts of lants are 

protozoa and natural oxidation. 
In an artificial space like the inside of ressurized modules, nalural convections and 

occur and a large cultivating area and volurlle for plant and algae would be required to 
sup ly enough food and oxygen gas to human beings, if the plant and algae were cultivated 
un B er  environinental conditions siniilar to the natural conditions on the earth. 
Under the rocesses of development and evolution, almost all plants, as  is well known, have 
accumulatef a latent ability to adapt to different conditions from the present carbon dioxide 
concentration on the earth, and i t  is preferable to introduce a higher carbon dioxide 
concentration system for cultivating plants and algae eficiently in CELSS. 

decomposed to inorganic components and minerals for fertilizer by the funclions o P microbes, 

regulations of materials such as carbon dioxi s e gas, water and soon can not be expected to 
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In order to maintain different gas conditions for autotrophs ( plants & algae 1 and for 
heterotrophs ( animals & human beings ) the introduction of a Gas ltecycliiig System is 
essential in CELSS. 
As for recycling of waste and foods, applicability of the bio-systems lo llie narrow artificial 
space has various problems as  follows ; 
(1) IIow to reduce methane gas emitted from the wasle management system. 
(2) How to avoid the leakage of pathogenic bacteria from system. 
(3) How to manage the organic sludge after the fermentation is over. 
Therefore the physico-chemical system such a s  wet oxidation waste-manegement system is to 
be adopted, rather than the bio-system, as the main candidate for CELSS subsystem. 
From these considerations. the system configuration of CELSS, as shown in Fig. l., has been 
tentatively determined through the conceptual study described in Document 13 I. 
Almost all Japanese CELSS research activities have been conducted under the consideration 
of this system configuration in order to determine how to construct and control tlie total 
system including bio-systems and physico-chemical systems for establishing stable material 
recycli ngs. 

Gas Recycling System 
To supply an  atmosphere of different gas concenlrations to the plant cultivating facility, to 
the animal vivariuiii or the living quarters of human beings, all exhausted gases from plank, 
algae, animals and huriiaii beings are to be collected and sent into the gas recycling system. 
In the as  recycling system, each gas (oxygen, carbon dioxide and nitrogen) are to be 
separatei, concentrated and stored in gas containers for mixing and resupply suitable gas 
concentrations, through gas manifolds, to the plant cultivating facility, to the animal 
vivarium or to the living quarters of human beings. Therefore, the gas recycling system has to 
have, at least, the following functions; carbon dioxide separalion and concentration, oxygen 
gas separation and concentration and gas content regulation and re-supply I 4  I. 
As for the separation and concentration of carbon dioxide gas, three types of the carbon 
dioxide absorption and desorption system have been developed and tested for application to 
tlie environment control system of the Japanese Experiment Module ( JEM ), to be attached to 
the Space Station. 
Two systems using different kinds of tlie absorption and desorption agents, one agent is  
composed of micro porous beads coated wilh polyethylene-imine and anolher is composed of an 
ion exchange resin with an amine base, have been tested to evaluate the performance 
characteristics of each system developed independenty by Kawasaki Heavy Industries, Ltd. ( 
KHI ) / 5 / and Mitsubislii Heavy Industries, Ltd. ( MHI ). Sumitoino Heavy Industries has 
conducted their own experiments to compare the performance characteristics of two systems 
using the solid amine ( ion exchange resin ) and using a molecular sieve / 7 I. Mitsubishi 
Electric Corp. ( MELCO ) has roposed a new idea for the absorption and desorption of carbon 
dioxide using a super cooledl molecular sieve and is now conducling a conceptual system 
design study using this newidea J8J. 
On tlie ollier hand, Professor Nakabayaslii of Tokyo Medical & Dental University, with the 
assistance of Fujikura Kasei Co. Lld., has conducted research for obtainin an  excellent, and 

porous beads and various kinds of amines I 9  1. Table 1, shows the carbon dioxide absorption 
characteristics of various agents developed through his research activities. 
As mentioned above, various inlensive studies regarding the, carbon dioxide separation and 
concentration have been conducted during the past two years by individual companies under 
the guideline of our CELSS research activities. The necessary technologies for 8 carbon 
dioxide separation and concentration system seem to be almost established and should be 
completed in the near future. 
As for oxygen gas separation and concentration, the system design study and experimental 
test for developing an  oxygen separation and concentration system using salcomine agent 
have been conducted by Kawasaki Heavy Industries under contract to the National Aerospace 
Laboratory, Fig. 2., I 10 I. 
Fig. 3. shows the canister to be used for the carbon dioxide or oxygen concentration. This type 
of canister has distinclive features, for example, the heating and cooling, required for 
desorption and absorptioa,can be easily done because of the large surface area of gas contact. 
Additionally, there is an  absorbent holder mechanism associated with the canister. 
Based on these study results the integrated design studies for obtaining gas recycling system 
are under way in tlie National Aerospace Laboratory I l l  1. 

Cas exchange funclions between IieLeroLrophic and autotropllic bio-species will be established 
under the support of this gas recycling system in CELSS. 
Excess quanlilies of oxygen or carbon dioxide, due to the imbalance between the assinlilalion 
quotient and respiralion quotient, may be generaled in lhe total loop of gas recycllng. Excess 

more suitable, absorption and desorption agent by a copolymerization met R od between macro 
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oxygen can be consumed easily :ind quickly by oxidizing Lhe carbon in this loop. Otherwise, 
the generation of excess carbon dioxide beconies a serious problem for keeping a stnblc 
ecology Ilecause the excess qua tilily ofas  carbon dioxide can no1 be quicltly lransrerctl to 
oxygen using llie pliotosynlhelic rcaclion ol' plants and algae. 
'I'herefore, subsidiary oxygen recovery systems using physico-chemiciil inetliods such ;IS 
Sabatier reaction and I or Bosch renclion are to be developed fOl eniergency use. As for 
Sabatier and Bosch reactors, fundamen1:il experiments aboul reaction mechanisms and syslem 
design studies are now conducted by MI11 1121, Fig. 4 

Water Recycling Sysleni 

According lo tlie melabolic requirements of every bio-species, Lhe appropriate quaillily of high 
quality drinking water should be supplied to sustain tlie life of the bio-species. In addition lo 
sucli nie Labol ic req uireiiic t i  ts, hygiene req ui  renien 1s for h u I I I~  ti beings a re a Is0 nccccssary . 
Generally, the hygiene water qualily requirenienls, sucli as COD or UOL) elc. are not  ;IS 
strict as the metabolic requireriienls. 
Therefore, llie syslein sliould be cornposed of two main loops, the fillralion recycling loop and 
the phase change purification loop. The fillration recycling loop is lo be assembled using the 
permeate membranes such a s  ullra fine and reverse osmosis filter membranes. Permeabilities 
of membranes depend on llie material characteristics of tlie membranes themselves. 
Professor Ohya of Yokohama NR tional University has Conducted research to find the 
preferable meinbrane inaterinls for the ultra and reverse osmosis fillralions of wasle water, in 
order to assist the design of the filtration recycling loop. 
Hilachi Ltd. and Sasakura Engineering Co. Ltd. have also worked on designing and testing 
the water recycling subsystems under conlracts to the National Aerospace Laboratory 1 1 3  I, / 
14 I. 
As for the filtralion recycling loop, a Bread Board Model, :is sliown in Fig. 5., has already 
been developed and evaluated. As for tlie phase change purification loop, a Bread Board Model 
of a VCD ( Vapor Compression Distillation Unit  ), as shown in Fig. 6., has also been 
developed and the experimental tests for finding optimum driving points are now under way 
in tlie Nalional Aerospace Laboralory and tlie Sasakura Engineering Co. Ltd. Another type of 
phase change purification nielhod, which uses hydrophobic porous menibranes to evaporate 
llie water, called Lhe tliertiiopervaporation nielhod, has been studied experiinenlally by IIilachi, 
Ltd / 15 I. 

Waste Management System 

The wet oxidation method for decomposing waste and non-edible parts of p l ank  and animals 
is  one of tlie most preferable candidates for the CELSS waste management system. 
However, low - grade carboxylic acids, such as acetic acid, remain, in the residual liquid after 
the oxidation process is  terminated. 
In order to avoid the generation ofcarboxylic acid, catalysts such as ruthenium are essential 
lo be introduced in tlie reaclor. l'he problem is how to get stable calalysls for long - term 
operation. Dr. Takahashi, Niigata University, in corporalion with the National Aerospace 
Laboratory, has  conducted research for elucidating the oxidation mechanism and for obtaining 
more stable catalysts, / 16 I, /17 /. In addition to this sludy, Dr. Watanabc, National Instilute 
for Environmenlal Studies, has proposed another method for eliminating carboxylic acid using 
photosynthetic bacleria, / 18 I. 

Plant  and Algae Pliysiology and Cultivalion 'l'echnologies 
To realize the econoniic cultivation of plants and algae in space, i t  is  necessary to deleimine 
the Intent pliysiological abilities of p l ank  and algae, and lo  develop a more econornical 
nutrienl solulion supply system. Dr. lnada and Mr. 'Yakanashi, Nalional Institule of Agro- 
Resources, and Dr. Takalsuji and Dr. Kanelto, IIilachi, Ltd. are now studying periodical 
lighting effecls on the photosynlliesis of plants such as  rice, mug, bean, konialsuna, lettuce 
and pimento lo obtain d a h  concerning gas exchange, growth rate, and harvest index, using 
their own pliylotron as shown in Fig. 7., /19/, 1201, 1211. 

Dr. Ohmasa, National Instilute for Environniental Studies, and Professor Nishi, Science 
University of 'L'okyo, are now slurlying the information sysletn of patliogenicnl diagnosis and 
an instrument systern for deterrnining the quaillilies of exhausLed oxygell and assimilaled 
carbon dioxide., / 23 I, / 24 /. 
As for algae, 111.. Matsumoto and Professor Ohya, Yokohama National Universily, Dr. 
Naganiune and Dr. Entlo, The 1nstilut.e of Physical and Chemical Research, and Mr. Oguclii 
and his colleagues a t  the National Aerospace Laboralory are now studying a gas exchange 
module cornposed O f  porous riieiiibranes, to be used for algae cultivation, autolnatic CUlliValiOll 
inetliods and Llic total inlegralion metliod for developing an algae cullivalor for space-use. 
/25/ ,  / 2 6 / ,  1271. 
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Animal and Fish Physiology and  Breeding Technologies 

Anima1 and Fish Ureeditig becomes essentiai for s u p p l y i ~ ~ ~  aiiimal protein to h i r ~ i i : ~ n  beings 
i n  space. Animals  and  fish have the sanie hetetropliic characteristics as human beings i i t i c l  
thus  co!isunie oxygen and  exhaus t  carbon dioxide. The waste of an imals  iind fish generatr  
a t i i ~ ~ i o n i a  antl Iiarinful gases  siich as indole, skatole etc. 'I'herefore, the  g a s  exchange 
characterislics of each ani inal  a n d  fish a r e  to be accurately deterrnined to balance the  oxygen 
and  carbon dioxide g a s  exchange between the autotrophic and  the heterotrophic bio-species 
and  the harmful  gases a r e  to be removed a n d  reduced. 
Dr. Muramatsu,  National Inst i tute  of Animal Industries, a n d  Professor Nishi, Science 
University of Tokyo are s tudying the instrumentation system for acquiring the metabolic g?s 
exchange d a t a  / 23 I ,  / 28 /. Mr. Sudo of ICI-I1 is  now studying how to el iminate  the a ~ i i ~ n o n t a  
gas  from the vivarium. Dr. 'I'aniura a n d  Dr. Suzuki, National Food Research Inst i tute ,  a r e  
now investigating lhe  nut r ien t  values  of each plant to the an imals  and the h u m a n  beings for 
determining wlial kinds of plants  a r e  desireable i n  space / 29 I. 
In addition, Mr. oguchi ,  Nal ional  Aerospace Laboratory, i s  now developiiig a n d  testing a 
closed lype of aquar ium for demonstrat ing seini-closed ecology experiments, with the 
colaboration of Milsubishi Rayon Co, Ltd., a s  shown in Fig. 8 .  

Success of long r u n  p lan t  cultivation experiments conducted by the  Soviet Union has been 
frequenlly reported. IJnfortunately, detailed da ta  about  the effects of micro-gravity on tlie 
physiology of plants  a re  scarcely presented. 
In  the ear ly  s tage of CELSS experiments, micro gravity facilities, such as the Space Stat ion 
module, would be useful for verifying the CELSS concept, because artificial gravity facilities 
such as a l u n a r  base o r  space colony will not be developed unt i l  around 201U to 2050. 
Therefore, gravitational effects on t h e  physiology and  morphology of plants  a n d  aniriials 
should be studied onboard Shut t le  or  Space Station. 
Professor 110, Nagoya University, Dr. Yamashi ta ,  Institute of Space a n d  Astronautical Science, 
arid Professor Yatazawa, Nagoya Itistilute of Technology, a r e  now conducting research on the  
gravitational effects on p lan t  growth using the  Biaxial Clinostat a s  shown i n  Fig. 9., 1301. 
Thei r  s tudies  a re  now being concentrated to : 
(a) 
(b)  
(c) 
(d) 
Dr. Ishikawa, Kyorin University, has studied the gravitational effect o n  the geotropic 
phenomena by measuring the  electric potential of cell membranes in  the  elongating par t  of 
bean roots. Dr. Mizutani and  h is  colleagues, Mitsubishi-I<asei Insl i tute  of Life Science, a r e  
conducting basic research about  the gravitational effects on development a n d  morpl~ogenesis  of 
various bio-species's organs. I 3 1  I ,  I 3 2  I. 

Bio-reactor i n  CELSS 
Food production using plaiit pholosynlhesis is not a lways efficient a n d  econoniical because the  
reaction ra te  i n  organs is restricted by various factors and  because every bio-species have 
inherent  unstable characteristics. In order to overcorile such inconveniences, i t  seems bet ter  to 
adopt the bio-reactor for producing foods from carbon dioxide i n  atmosphere instead of the  
utilization of plant. Professor Ohshima,  Tokyo Institute of Technology, has been investigating 
how to construct tlie bio-reactor for fixing carbon dioxide a n d  producing food using various 
enzymes, I33 I. 

As already mentioned, almost all Japanese  CELSS research activities have been conducted 
along the  guidelines produced from concept s tudy of CELSS / 11. 
However, th i s  guide line is tentat ive because detailed information about  the  techllical 
problems could not  be obtained a t  the  initiation of this  concepl study. Therefore, this guide 
line should be revised based upon tlie results of research activities now being conducted. T h i s  
revision s tudy is to be s tar ted i n  the very near  future, perhaps a t  t h e  end of this  year ,  antl 
continuing for two years. In parallel with this  s tudy the research activities for solving ench 
technical problem, in  order to develop llie equipment  and  facililies needed for conducting the 
closed recycling test, should be perfornied a n d  continued. After this  study, g r o u ~ l d  based 
closed experiments for evaluat ing the control strategy of CISLSS are  to be conducted dur ing  
two or lhree years. Tentat ive s tudy plans a r e  shown in Fig. 10. 'I'he progress of these plans 
would be affected by the aniount  of govert~irient investmen t. 

'I'he over a l l  images of Japanese  C E l S S  activities now being conducted and the  slretch of next  
research p h n s  have Iieen Ixiefly reviewed a n d  discussed. 'Hie in1por.ta11t tIii11g Lo do now is  10 
ge l  adequate  research funds a n d  lo expand the  research coininunily. 

Gravitational Effects on P l a n t  a n d  Aniinal 

p?larization of llie axial  organs ( s t e m ,  root) ,  
differentiation and  development of tissues and  organs, 
morphogenesis of an evidently specific form of organs, 
inlerference of gravi ty  with cell division and  cell development. 

Future  Study Plan 

Concl usioii 
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Multilateral and / or Bilateral International Corporations seem to be very useful for 
accelerating research investment and for expanding the community. 
Therefore, the initiation of niutual conirnunications for promoting international corporation 
seems to be very important and preferable. 
The author wishes to acknowledge the support of the members of the Japanese CELSS 
research group and their technical information exchanges. 
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Fig. 1. System Configulation of CELSS 

Table 1. C 0 2  saturated adsorption amount of C 0 2  

adsorbent containing various amine compounds 

Amine compound M w  Solvent C02 adsorbed 

Diethy lenetriamine 
Polyethyoeneimine 

Polyallylamined 

Diethylenetriamine 
Polyethyleneimine 

ll 

ll 

103 
600 

10000 
70000 

10000 
60000 

103 
300 
600 

10000 

Water I Ethanol 
ll 

" 

Ethanol 

None 

I 

1.68 ( Wt % ) 

2.70 
3.35 
2.23 
2.55 
6.42 
6.85 
7.08 
7.05 

2.28 

Macroporus polymer beads : DVB I GMA = 50 150Wt% 
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Fig. 8. Semi-Closed Ecology Experiment ( NAL ) Fig. 9. Biaxial Clinostat ( ISAS ) 
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ETUDE DES RELATIONS ENTRE PllOfOSYNTliESE RESPIRATION TRANSPlllATlON 
ET NUTItITION M I N E R A L E  CllEZ LE BLE 

M. Andrk* 11. Ducloux*, C. Richaud., D. Massimino*, A. Daguenet., J. MasSimino*, 
A. GerbauA **. 

lnstitut de Recherche Fondamentole CEA. Dkparternent de Uiologic, Service de 
Radioagronomie CEN Cadarache F 131UB Sair,t-Paul-lez-Durance. ** I N R A ,  Laboratoire 
de Chimie Biologique et  de Photophysiologie F 78850 Thiverval-Crignon. 

RESUME 

La croissance du Blk Triticum oestivum 3 6th dtudide en environnement contr61d et fermd pendant une 
pkriode de 70 jours. Les dchanges gazeux (Photosynthdse, Respiration) hydriques (Transpiration) e t  lo 
consommation en kldments mindraux (Azote, Phosphore, Potassium) ont ktd mesurks en continu. On 
prdsentera les relations dynamiques observdes entre les diffkrentes fonctions physiologiques, d'urie port 
sous ]'influence de la croissance et d'autre part en rkponse h des modifications de I'environnement. 
L'influence de la teneur en CO2 pendant la croissance (teneur normale ou doublhe) sera mise en kvidence. 

INTRODUCTION 

L'ktude chez les plantes supdrieures des relations qunntitatives et cindtiques entre les grandes fonctions 
physiologiques comme l'assimilation de CO2, la respiration, la transpiratioii e t  l'obsorption des dlkments 
minkraux sont trds rarement dtudikes simultondment. La principale raison e n  est la complexitk (et le 
coirt) des Cquipements nkcessoires qui contraint eri pratique h des expkriences sur plant-iles ou orgones 
(feuilles) ou bien h ktudier les relations par couple de fonctions par exemple Photosynthke/Transpiration ; 
PhotosynIhdse/Respiration) : plus rarement Photosynth&se/Nutrition. La dispersion des rdsultats obtenus 
sur des plantes et dons des conditions diffkrentes rend problkmotique l'intdgration des connnissances 
sur les plantes supkrieures adultes, en particulier dans les r6gulotions entre parties adriennes et  raciries. 

Par exemple la question reste pour une large part posde de l'effet de stimulation de la croissance par 
le CO2 sur les activitks de nutrition minkrale /I/.  De mame le r6le de la rdgulation stomatique dans 
les relations entre Photosynthise et Transpiration est l'objet de controverses entre un laboretoire 
amkricain /2/ et une kquipe australienne /3/. Cette dernidre observe, dans des expdriences sur feuille, 
que la rkgulation stomatique est asservie h la photosynthdse plut6t qu'h un dtat physique interne ou 
externe, ce qui conduit h une proportionnalitd entre Photosynthdse et  conductance stomatique ou encore 
en condition climatique constante entre Photosynthdse et Transpiration.. Ceci est observe sur feuille 
mime en cas de limitation hydrique /14/ ; ce rdsultat est paradoxal, car e n  contradiction avec l'effet 
bien connu d'une amklioretion de I'efficience de l'eau en cas de limitation hydrique, vkrifike rdcemment 
sur le blk dans le laboratoire /5, 6/. 

Quoiqu'il en soit des connaissances de base dans ces domaines, 1'Ctude des relations physiologiques entre 
les fonctions kvoqukes plus haut devient une nCcessitk pratique pour prkvoir e t  rkaliser In  culture des 
vdgktaux en cycle dcologique fermd du programme CELSS (Controlled Ecological Life Support System) 
intdgrd dans les recherchesspatieks. Par la culture de plantes il devra permettre de lever les limitations 
de distance ou de durke des futures explorations spatiales en produisant une part croissonte de nourriture 
et d'oxyghe nlcessaire a la vie de 1'Cquipage /7/. 

Notre recherche rejoint les prkoccupotions de ce programme et  nous prksenlons ici l'dtude des relations 
Ionctionnelles entre grandes activitCs physiologiques en rkgime stable ou perturb6 comme base d'une 
recherche ultkrieure sur le r6le de la photorespiration. Le paramdtre variable dans cette dtude est 
principnlement la Concentration err CO2 connue pour stimukr la photosyntlidse mais aussi, e t  
parall&lement, rhprimer la photorespiration. 

MATERIEL ET METHODES 

Les expkriences sont rkaliskes dans le s y s t h e  C23A prdckdemment d6crit /E's/. 

Procfdure de plantation. Apr&s 12 heures d'irnbibition dnns l'eau, nous avons mis  h germer des graines 
de bl6 (l'riticum aestivum L. var. Copitole) daris les conditions de notre laboratoire ( t e m p h t u r e  envirolr 
20°C). entre des feuilles de papier filtre. Nous avions colibrk les graines au prkaloble avec le cnlibreur 
de semences dkcrit par Silvy / lo/ .  Les germinations n'ont pas subi de vernalisation. Les PlanleS SOnt 



donc restfcs dons la phnse veg6lative pendant toute la durhe des exphriences, la veri616 ctioisie dlftiit 
de plus I r k  peu altcriinlive. Nous nvons repiqud des plnnlulcs de 3 jours dons des pots Rivifrn de 1,45 
lilres (11 x I1 x 12 CII I )  : 1 plant pnr pot pour In foible densild utilis6e ici. Nous OVOIIS clioisi d e  foirc 
ce  repiquage efin d'homogdnhiser la population au dhporl. Comme substrot nous nvons utilish du s n b k  
qui rendnit possible des mesures d'obsorptioti min6role don1 le prolocole sern prhcisf ult6rieurenlcnt. 
A f i n  d'dviler au maximum l'dvaporotion e t  le ddveloppemenl d'algues, les pols son1 recouverts de plastique 
noir. 

Conditions climatiques. Nous avons plncd les pots sdpnr6s comme ddcrit dans le poregrnphe prdc6deilt 
dens deux cellules jurnelles (surface utile de 0,s m 2  par chambre) a raison de 20 pots par chambre. La 
concentration en CO2 est  rCgulde a 330 
charnbre de lrailernent. Le reste  des conditions clirnaliques est commun aux deux cellules. 

Trois lampes Osram HQl-T 400 \ V / D \ V  assurent un 6clnirement moyen de 600 90 LIE S-I rn-' i Une 
hauteur de 30 cm. Nous avons oblenu une bonne homog6nditd d'dcloirenient entre  les deux chombres. 
Pour la temp6rature e t  lo ventilation ce m S m e  type de conditions a 616 rielis6 prdcddemmenl mettnnt 
en dvidence une similitude satisfaisante entre les deux chnmbres. Nous ovons &labor6 de nouvelles Cartes 
pour I'dclairement pour tenir compte e t  corriger l 'effet de I'usure des lampes. Nous avons utilis6 U l l e  
photop6ricde de 14 heures de lumi6re e t  de 10 heures d'obscuritd. Le temp6rature est rdguld h 2 4 O C  
pendant le jour e t  18OC pendant la nuit. Le refroidisseur (Cf. figure 1) est mointenu une lenip6r8tUre 
de point de ros6e de 13'C pendant le jour el de 16OC pendant la nuit imposont respectivement une 
liuniidite relative de 50 e t  85%. 

5 ut 1-1 dans la chambre ldmoin et a 660 5 ul 1-1 dans le 

FiRure J 
Rdgulations d e  tempdrature et de la teneur en COq des charnbres C23A 

sur la gauche d e  Is figure : r6guletion d e  
t e m p h t u r e  
TS : sonde de lempdrature 
R : rdgulaleur a moteur pneumalique 
Pnl : rnoteur pneumatique 
V : ventilateur 
FL : volet sdparent l'air qui contourne de 

celui qui traverse le refroidisseur 
tIE : Cchangeur de chaleur 
CB : bain de refroidissement maintenant 

I'dchangeur d e  chaleur h la lem- 
pdrature du point de rose'e 

CW : eau d e  condensation 

sur la droite d e  lo figure : r6gulation d e  la teneur en CO2 
P1 : ponipe initinnl lo cirulation d'air dons le circuit d'onalyse 
IR : enolyseur d e  COq h Infra-rouge (type tiartrnann et 

Braun U R A S  2T) 
P 2 :  pompe h vide nettoyant la  chnrnbre d'onalyse de J R  

entre  cheque mesure. Ceci est ndcessaire puisque 
I'analyseur est utilisd alternativement pour les 
atmosph6res de diffdrentes chambres C23A. 

MS : spectrom6tre de masse 
1 : dleclrovanne d'injection de C02 dans le  circuit de retour 
2 : rdservoir tampon 
3 : rdguloteur de pression dans 2 
4 : dlectrovanne d'injection d e  CO2 dons le r6servoir tampon 
Ghl  : bouteille d'injeclion contenant un mdlonge d e  20% 

P3 : pompe de pi6geage de C02 
F : filtre 6 charbon actif 
SL : pi6ge 
Fbl : ddbit-m&tre 

CO2 e t  80% N 2  

CO2 contenant de lo chaux sodbe 
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Arrosoge. L'arrosoge journalier dfpasse largemelit les hesoins de lo trctnspiration, gfrifraleirieiit d'un 
facteur 2. L'arrosage est r6pnrtit en 2, 3 ou 4 fois pnr 24 h. I1 est rfnlis6 pnr un systhne volumhtrique 
pr6cis qui distribue une quontitb connue de solution dens clinque pot. Nous utilisons lo solution nutritive 
tloogland n.2 I 1  11. 

Tronspirotion. I,'eau de condensotion au nivenu de l'hcliongeur de chaleur (Cf. figure 1) est en rbolit6 
I'Cvopotranspirotion du couvert. Elle est pesbe quotidieiinement avant l e  dCbut de lo photopfriode. Pour 
obtenir I s  transpiration nous avons corrig6 cette quantitb de l'bvaporation des pots dCtermin6e au ddbut 
de I'exp6rience. Bien que cette valeur ait pu varier au cours de l'expkrience, l'erreur faite sur la 
transpiration diminue au fur et a mesure que les bchenges de vapeur d'enu eugmentent. 

Mesures des (changes gazeux. La mesure de la concentration de C02 et sa rdgulotion est rhalis6e ?I 
partir d'un analyseur unique et d'un systhme de mesure et rdgulation centralis6 19, 121. La consonimation 
de C02 par photosynthke et son dbgagement par respiration nocturne son1 d6duites des op6retions 
de compensation de ces plibnom8nes : injections calibr6es de CO2 pendunt le jour, pi6peoge de COz 
pendnnt la nuit. Un ordinateur (T6lbm6conique T160U) onticipe l o  cotnp?nsotion des 6chnngcs gezcitx 
entre deux mesures cons6cutives faites toutes les 10 inn. Les donn6es d'fchonges gazeux et les porntii6lres 
physiques son1 stockbs sur un disque mognbtique et moyennbs cheque heure, ctiaque jour et choque nuit 
19, 131- 
Les courbes de croissance son1 obtenues em additionnant les bilans jomnaliers, 14P-l0R, ob P et R son1 
les vitesses moyennes de Photosynthhse e t  Respiration. 

Absorption min6rale. La m6thode est basde sur l e  lessivoge journalier des pots par l e  haut avec la solution 
nutritive neuve (quantitb connue d'b16ments minkraux) e t  la rbcupbration par l e  bas de la solution eyont 
dl6 au contact des plantes. La solution r6cupCrie est pes6e quotidiennernent et 6 partir d'une quontitb 
aliquote sont d6terminbes les concentrations en NO1, Ni l4,  PO4 et K . Par difference entre la quanti16 
d'616ments apportbs et &cupbrbs, nous devrions donc obtenir l'ebsorplion minerole par les plontes. 
Cependant, ceci n'est valable que lorsque la reserve du pot est nbgligeoble pnr repport au volume d'errosoge, 
condition non r6alisbe dens nos expbriences. Nous devons donc tenir compte du volume du pot, ou plus exoc- 
lenient de la vorialion du contenu en 616ments minfrnux dens le pot d'un jour 
Tous les dosages son1 rbalisbs avec un analyseur automatique (Technicon, 95330 Domont, France). 
L'appareil comprend un distributeur d'bchantillons canaux pour cinq analyses sirnultanbes. 11 est pilot6 
par ordinateur 114, 151. 

M6thode des chambres de culture jumelles. Pour renforcer les possibilitbs de comparaison quantitotive 
entre deux traitements (ici le C02) les deux chambres de culture son1 aliment6es par un mime circuit 
Clectrique, une mime distribution de CO2, un mime systhme de production d'eau froide et  d'alimentation 
en solution nutritive - l a  rhgulotion de C02 (comnie pour la pluport des ctiainbres de culture du 
laboratoire) utilise un analyseur de C02 unique - les sCcurit6s (&bit d'eau, temp6roture dbfaut de C02 
ou de lurnihre) on1 des cons6quences symitriques sur les deux lots de plantes et accroit la signification 
des compnraisons entre elles. 

l'autre. 

RESULTATS ET DISCUSSION 

I - Profil des Bchanges au cours du temps 

Photosynthhse. La figure 2 prdsente le profi l des vitesses de Photosynthhse nette en C02 pendant la 
phase lumineuse concentration en C02. La densitd des plantes ( ta i l  faible et leur croissonce n'a 6th 
limitde par la compdtition entre plantes que trLs lard. La plateau de Photosynthese est obtenu vers 
50 jours alors que pour une densit6 5 fois plus forte il 6tait 6tabli vers 30 jours 15, 61. Pour des deux 
types de densitb l'indice foliaire Btait comparable a ce stade et  voisin de 2. A la f in de la culture (75j) 
il h i t  de l'ordre de 10. 
Dens la p6riode de Photosynthke en plateau, qui est typique du fonctionnement d'un couvert ferm6, 
on remarque deux perturbations (jours 48  et 59) ceushes par de braves limitetions hydriques qui seront 
analys6es plus loin. D'une faqon gbnbrale les variations, mime faibles, son1 t r k  bien correlbes entre 
les deux courbes. Les variations brusques (jours 35 et 38) r6sultent des variations de densitb cons6cutives 
aux prblhvements. La comp6tition entre plontes se faisait dbj& sentir puisque la pliotosynthhse, que 
I'on a exprim6e par plant, est 1Cgbrernent acc616r6e. 

Respiration nocturne. La figure 3 donne la vitesse de respiretion. Les profils suivent ceiix de l e  
photosynthke avec une diffbrence. La respiration continue P croitre alors que la  photosynthhse est 
en plateau. Les voriations sont bien correlbes entre les deux lots et avec la  photosynthhse mais dons 
ce cas avec de plus faibles amplitudes. 

Transpiration. Les mesures de Transpiration (Fig. 4) r6sultent des mesures journalikes des condensnts 
et Son1 reiativement moins rbgulihres. Ceci est d6 principalement au fait que, pour ces expbriences, 
les relevds ne son1 pas encore eutomatis6s et n6cessitaierit une opbration manuelle de pesbe. Elles ne 
pouvaient pos toujours Otre feites ponctuellenient 6 l o  f in d'un nyctbmhre et  si lo pede  6 t o i t  retardfe 
la transpiration du jour dcoulb btait mojorie au dblriment de celle du jour courant. On pourrait oussi 
noter l'incidence des jours de fin de semairie pour lesquels une mime moyenne est affect6e a 3 jours 
consbcutifs. 11 reste une bonne correspondence entre troitements et  avec la  phosynthke. 
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FiRure 2 - Vitesse de photosynthase mesurde 
Jour* i r e s  scmirsur deux cultures de blC en phase vdg6totive, 
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Conditions de cul lure : Les derisitds son1 respeclivetnent dc 40 plonts m-2 a11 semis, de 22 plonts m-2 

nu 35Qme jour e t  14 plants m-2 au 38bme. L'indice lo l in i re  des deux couverts d ta i t  respectivenlerlt 
de 1.5 et  1,8 nu 396me jour e t  de 9,4 et  10,3 au 7 5 h e  jour pour les deux couverts. 

Figure 5 - Vitesse d'absorption de NO3 
pour les deux cultures de bl6. 

106  



Nutrition min6role. Les bilnns nutritifs journoliers de NOj, N l l 4 .  K et PO4 ont 6th  mesurfs niois scule In 
courhe ut- NO3 n 616 repr6sent6e 1:iK.b pour les deux trnilrmeiits. I,e r6sirllcit le plus frrippnnt est I'6gnlltf 
pratique des consomiiiritioiis olors que les photosynth8ses sont 1ri.s dil'ffretites. Uti nifnie rfsultot n 6t6 
ohtcnir pour uiic culture 
Une limitotion exphriinentnle ne peut Etre Cvoqube pour expliquer ce rfsultnt 1) L'nlimentntion eri solutioii 
nutritive est syst6mntiquenietit de I'ordre de deux fois I n  transpirotion, 11) Le solution pcrcolnnt dnns 
le soble et recueillie pour onolyses n'est CpuisCe que d'environ 80% et offrc une concentrution mii i iniuin 
de l'ordre de 2 mhl qui est loin d'Etre lirnitante. 

:Ce type de rhsultot est transposoble aux Clfments K et PO4 6voqufs plus loitt - le cos de N i l 4  est 
parliculier -saut dans lo pertie initiele, avant le jour 15, la consommntion de N I 1 4  est tolnle et  lo 
consommation joirrnaliere suit stricternent le profil des epports de solution. 11 n'y a donc pas de 
signification physiologique. Ce fait avait dhja 6t6 observi chez le mais /15/. 

11 - Croissnnce en bioinesse carbonhe 

IA reconstitution des courbes de croissnnce pnrtir des bilons joumaliers de CO2 o dhjh 616 6tudihe 
dons le premiere phase de croissonce, jusqu'ou 356rne jour, en compernison avec lo culture B forte dcnsil6 
/15, 61. La figure 6 prbsente les resultats obtenus jusqu'ou jour 7 0  incluant une longue phose de croissaiice 
en couvert ferrnh. Nous insisterons ici sur la prbcision et  la richesse des informations que I'on peut obtenir 
pur la maitrise des 6changes de CO2 en charnbres jumelles. (Fig.6) 

forte deiisitf 161. 

m l  h-1 p l - 1  
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2000 30001 . 

Photosynthese  
KO2 cumulel 
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x20 ; ?  

0 20 40 60 80 
Jours apres  semis 

Fi tire 6 - Courbe de croissance exprimhe en cumul de COP assirnil&, pour les deux cultures sous 330 
et'S60 VI 1-l. On note lo grande dynarnique de rnesure de croissonce (de 1 B 100) e l  la conslonce du 
rapport entre les deux courbes (+) qui est eornpris entre 1.4 e t  1,6. Entre les jours 42  e t  64 la rnoyenrie 
des veleurs jourimlikres de ce rapport est de 1,392 0,005. 
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On observe la gratidc dyiiamique des niesurcs qui couvrc une dclielle d'au nioins I 6 100. En cotilrosfc 
avec ce t te  lorge vorinliori on note : 1 )  la constonce Rhiifrnle du rnpport entre  Ics deux cultures 6 660 
et  330 d1-l de C 0 2  qui (volue erilre 1,4 e t  1,6. C'est u n  rhsultnt iniportont de l'dtude / S /  qui dfrilontrc 
Io permonence dolls le lemps de I'effet d e  slimuloliori d e  croissnnce por le C02. 2 )  Ln prdcision relntive 
possible est surprenonle. Pendunt des pdriodes de 24  jours consdcutifs une compareison de croissnnce 
peut it:e apprdcide 6 rnieux que 1% pr& (1,394 + 0,005). I1 faut considhrer que celo est  dO non seulenienl 
b une bonne synihtrie d a w  les conditions ex$rinientales mais aussi B un parfoit synchroiiisme du 
ddveloppement des deux lots de plantes. En effet  une avnnce de croissnnce d'un ou deux jours aurnit 
provoqude une voriotion importante du rapport. Par exeniple l'dcnrt serait de 25% par jour de ddphnsoge 
dans la phriode des 30 premiers jours aprhs semis. D'ailleurs le 16ghre variation des jours 25 est attribufe 
6 I'avance dnns la croissance foliaire du lot 61evh en C 0 2  enrichi ce t  effet  est rdsorbd lorsque lo surfnce 
totele devient grmde (indice folioire > Z), I'assimilation du couvert fermd devenant de plus en plus 
inddpendanle de la surface. I1 ne reste  que I'effet du C 0 2  sur la Photosynthhse 6 surface donnde. I l l )  
Le temps d'htablissemeiit du couvert, t r k  voriable selon le type de culture, pourrnit jouer de fayon 
dhcisive pour amplifier l'effet du C 0 2  en ajoutaril I'effet d'accroissemerit de 1n surface folioire 6 celrii 
de stimulation de la Photosynllike. Dons notre cos le temps d'htoblissemeut du couvert fernih esl de 
prhs de 40  jours soit environ le double de celui d e  In culture b haute densite. Cclo n'a pos niodifih lc  
rhsultnt final. 1V) Une nutre observntion d'ordre plus thhorique concerne UII crithre d'nnolyse d e  croissorirc 
I r k  utilish /16/ le taux de croissorice relative (Relative growth Rote ou 1lt i l l)  RGIl  = dw/wdt (1) ou 
w est l e  poids sec produit et t le temps. 011 peut identifier le  cumul de C 0 2  nssimilb 6 la biornnsse - ce 
qui es t  justifih surtout si on consid6re la bonne corrhlation entre  consommation d'hldrnents niinhraux 
mnjeurs e t  Photosynthhse dtudide plus loin -. Thns le  donioirie illustr6 por In  figure S Ics llCR calcul6s 
pour les deux cultures sont pratiquement identiques alors que Yon constate une diffdrence de croissance 
d e  pres d e  50%. 

Cependent les deux lots &tent identiques au ddpurt, au s tade graine, i l  [aut qu'h u n  certoin moment 
apporaisse une diffhrence qui doit modifier le R G R .  Effectivement une anolyse plus fine e t  plus prhcoce 
/5/ montre que c'est dans la premibre dfcnde que le RCR est Idghremenl diffCrent e t  crhe la difference 
conservde per Io suite avec une hgalisntioii du RCR. Cet te  dgalisation est dvidemment lo conshquence 
de l'affinitd entre  les deux courbes. 

En effet  que1 que soit w1 = f ( t ) ,  si w 2  = k.f(t)  alors RGRl = dwl/wldt  = f ' ( t ) / f ( t )  ; 
RCR2 = kf'(t) /kf(t)= R G l l l  ce qui dhrnoritre les lirnites voire le  peu de pertinence du R G R  dons les 
comporaisons d e  croissance. V) Certains auteurs / I /  (p.89) ont dmis l'hypothke. basde sur des theories 
de rroissances vegetales , que I'effet du C02 pourrait engendrer de grande difference de production 
d e  biomasse par amplification "exponentielle" au cows du temps de la difference de photosynthke. C e  
serait effectivemerit le cas si la R G R  dtait continuellement plus klevde chez le lot enrichi en CO2. On 
constate que ce n'est pns le cos c!iez le blh dons nos conditions de for te  ou faiblc densitd. Ces rhsultats 
contredisenl dgolernent I'hypothhse inverse, tirde d'un afrniblissement de la stirnulotion due h l 'effet 
du CO2 au c o w s  du temps 1171. 

I l l  - Relations en t re  les activitds physiologiques 

a)  En phnse quasi-stationnaire ou homfostotique. Les relations observdes pendont In croissnnce entre  
les diffhrentes activiths physiologiques mesurobles Respiration, Transpiration, Nutrition e t  la 
Photosynthhse sont porlfes  figures 7 6 11. Pour chacune d'elles on note une phose de proportionnolild 
s t r ic te  a v e r  la  photosynthhe e t  une pdriode pour laquelle ces activitds augmentent plus vile que lo 
photosynthbse. C'est particulihrement le cas d e  la  respiration e t  dans une moindre mesure de la  
transpiration. 

L'explication est  i rechercher dans le fait que la photosynthhse est limitde, B indice foliaire 61evh, p m  
la surface dclairde proche de la surface au sol de la culture. La Transpiration el surtout la Respiration 
continuent 6 augmenter ovec la surface rdelle des feuilles. Dans le cas de la respiration il serait possible 
comme pour l e  Mais / l e /  de faire la part d'une respiration de croissance proportionnelle la photosynthhse 
e t  la par t  d'une respiration de maintenonce qui augmente avec la biomasse accumulke. Les coefficients 
de corrhlation sorit tr&s voisins de ceux observds sur une culture 6 hnute deiisitd / 6/*.La vitesse d e  
respiration nocturne est 25% de la vitesse d e  photosynthhse e t  les consommations d e  NO3,  PO4 , 
ti , sont respectivernent de 27, 1.7, 9.9, rnmol/mole d e  CO2. La transpiration est dans nos conditions 
de 100 rnole/mmole COz. 

b) Effet d e  la concentretion en C02. L'effet du CO2 n'est pns le meme sur la photosynthhse e t  sur les  
autres activitds mesurhes ici. Pour une rncrne photosynlhbe on note une rhduction de 20% d e  la 
respiration et d e  19% de la transpiration ce qui peut Clre un avantage. Par contre la nutrition es t  
diffdrenle, de l'ordre d e  20 i 30% plus faible 6 bilan de CO2 dgal. Erret signal6 dans les cultures en 
C02 enrichi / I /  qui peut Ctre prhoccupanl pour les cultures en conditions spotioles rhelisdes a priori 
sous CO2 trhs enrichi pour augmenter le reridenient L'essentiel est de savoir si ce t  e f f e t  est de nature 
6 cornpromettre la qunntitd ou la qualith des produits conimestibles. 

'Signalons uiie erreur dans les figures V - 4  e t  5, /5/ e t  In figure 8. /6/ oh il faut lire les voleurs d e  
pliotosyntlihse en ml ~0211-1 plante-1 e t  lion en nig ~ 0 2 1 1 - 1  plante-1. 
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Figures 1 3  17 - Effet  de  la l imitation 
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c) Relotions observfes en regime perturb6. On se propose d'examiner le cos de la limitnlion hydrique 
du jour 5 9  pour lequel I'apport journolier de solution nutritive a 6th occidentellernenl rftluit au niveau 
de - 1 ~  transplratlon- journnliere -normale. Comme In  tronspiration lntervient mojoritoiremeiit pendonl 
la phase 6clfiir6e (14 h) celo n conduit a u n e  limitation effective de 1 4 / 2 4  pendunt cette pfriode soil 
une controinte d'environ 60% de la tronspiration. L'apport nocturne a percol6 et s'esl nioiiitenu B 25% 
de la trarispiration initiale en permettent de poursuivre la mesure de la consommation minirole. 

Pholosynthke e t  Tronspiretion. Les figures 128 e t  12b dicrivent les variations des P el  T qui ne son1 
comparnbles ni en amplitude ni en phose ou en durfe. Pour les deux cultures la riduction dc troiispirntisn 
est plus faible mais plus longue que celle de la photosynthke. 

Ceci est e n  contradiction avec les r6sultats de Wong et  col. /3, 4 /  qui observent dans de nombreux cas 
et en particulier lors de stress hydriques une relation lindoire entre la photosynth6se e t  la conductance 
stomotique c'est h dire, en condition constante, entre Photosynthbse et  Transpiretion. 011 R choisi de 
reprfsenter fig. 13 un type de relatioii non IinCoit-e observ6e en rfgime perturbf. 1)uris notre cos Is 
tronspiration est d'obord rfdiiite sons modificotion iniportonte de photosynthkc qui esI alors 
profond6ment diminu6e i tronspirotion constante. Ln restourotion suit un chemin inverse. Au bilnn 011 

note une perte de photosyntli6se cuniulde de 115% d'une pliotosyiitli6se journolihre normnle et  de 145% 
de la transpiration journaliGre, soit qui est en feveur d'une l6gPre emelioration de I'efficocitb de I'eau. 

Respiration. La figure 1 4  montre la r6ponse de le respirntion qui est fgolenicnl 6loignfe de la fonction 
observee en r6girne hom6ostntique. Son activit6 est beeucoup moins perturbie que lo photosynthese 
ce qui est  traduit par un parcours situ6 au dessus de cette fonction. On note un retour a la normnle 
par valeur superieure indiquant proboblement une activit6 de restaurntion. 

Nutrition. Les diff6rentes r6ponses des consoinmotions miiifrnles sont illustrfes fig.15, 16, 17. Elles 
presenterit des caroct6ristiques tr6s voisines entre elles. Leur significotion est renforc6e por la similitude 
d'effet sur l'exp6rience 6 C02 flevf. On peut distinguer 1) une b a k e  d'activit6 plus ropide que celle 
de la photosynlh6se avec un retour hgolement plus ropide. Cet effel est traduit pnr un porcours en boucle. 
Le sens de rotation du parcours indique une avonce de phase de la vnriotion de nutrition por rapport 
h la photosynthke. 11 n'y a pas au bilnn une trhs nette variation du rapport nutrition/photosynth$se ce 
qui est manifest6 par un parcours situ6 de part e t  d'outre de la fonction du regime stotionnaire. 

Une enelyse sirnilsire de la perturbation provoqu6e par une reduction de lunii6re chez le hlnis / 19 /  
montrerait une r6ponse en retard de phase des variations de nutrition pur rapport la pliotosynth6se. 
On n e  peut donc pas gine'raliser ce type de comportement qui n'est qu'uri exernple de rfgulations 
complexes qui interviennent entre parties aeriennes et  racines. 11 faut simplement retenir ici que les 
variations de nutrition minkrole ne suivent strictement ni la pho1osynthk.e ni la trnnspiration en rfgime 
variable ni la loi Blablie en  regime quasi stationnaire. 

CONCLUSION 

Ces experiences apportent trois types de contributions. 1) Dans la recherche en instrumentation et  en 
mithode, une illustrotion est donn6e des possibilit6s de mesure quontitotive autoniatisee sur niat6riel 
vivant avec des pr6cisions dans I'ennlyse de croissnnce qui son1 coniparables nux mesures physiques 
sur la mati6re inenim6e. 11) Sur le plan physiologique une d6monstration est faite de la possibilitf de 
forte diff6rence de vitesse de croissance sans difference appr6cioble de vitesse de croissance relative. 
C'est pr6cis6ment le cas de l'effet de I'augmentetion de concentration en C02 qui est constant au cows 
du tenips dans lo phase v6g6tntive 6tudi6e ici. Les deus autres types d'effet avaric6s por certoins auteurs 
d'un effet "exponenliel" s'accroissant avec le temps ou B I'inverse d'un effet s'att6nuont par "adoptetion" 
au C02 son1 exclus dans nos conditions pour le bl6. 

Dans l'analyse des relations entre les grandes activit6s physiologiques on montre qu'en regime 
homdostatique de croissance les relotions suivent des lois simples pratiquement lindaires. 

L'effet du CO2 se lraduit par une augmentation du ropport assimilation de carbone sur nutrition minerale 
qui peut avoir un effet important sur la qualit6 des produits commestibles form&. 

En regime non stationnaire, dons le cas d'une limitation hydrique transitoire les varietions des ectivitfs 
physiologiques s'6cartent radicnlement des fonctions prdchdentes, chacune (Respiration, Transpiration, 
Nutrition) ayant sa r6ponse propre. 

a) Photosynthke e t  Transpirotion ne verient pas ensemble ce qui met en question lo gin6ralisntion des 
rfsullak de Wong et col. 1985, sur les variations concomitantes entre conductonce stomotique e t  
photosynth6se. Le type de r6ponse se traduit par une em6lioration transitoire de I'efficience de I'eau. 

b) Les consommations de NOa, POq et  K ne suiverit  ni la photosynthbse ni la tronspiration. Leur VariRtiOll 
par ropport i! la ptiotosynthbsc est une fonction coniplexe que l'oii peut traduire par une r6Ponse 
d'amplitude voisine de le variotion de photosynthke meis en avonce de phose par rapport ?J cette derni6re. 

c) Cette npproche peut contribuer 6 pr6voir les types de r6gulotion a mettre en oeuvre dnns un SyStbme 
de cultures en  cycle 6cologique fern16 dtudif en vue des missions spatieles perinanentes 011 10ilitoiIieS. 
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UTILIZATION OF POTATOES I N  BIOREGENERATIVE LIFE SUPPORT SYSTEMS 
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ABSTRACT 

Data on t h e  t u b e r i z a t i o n ,  h a r v e s t  i ndex ,  and morphology o f  2 cvs  o f  wh i t e  p o t a t o  (Solanlllli 
tuberosuin L . )  grown a t  12, 1 6 ,  2 0 ,  24 and 2 S o C ,  250, 400 and 550 L imo1 
photon f l u s  ( P P F ) ,  350,  1000 and 1600 p 1  1-l C 0 2  w i l l  be p r e s e n t e d .  
g i n - 2  d a y - l  o f  e d i b l e  t u b e r s  from a s o l i d  s t a n d  o f  p o t a t o e s  grown f o r  15 weeks w i t h  
con t inuous  i r r a d i a t i o n  a t  400 pmoi s-l m-2, 1 6 O C  and LOO0 p 1  1-l CO2 h a s  been  o b t a i n e d .  
Th i s  e q u a t e s  t o  an  a r e a  o f  3 4 . 3  in2 b e i n g  r e q u i r e d  t o  p rov ide  2800 k c a l  o f  p o t a t o e s  
f o r  a human d i e t .  
which e q u a t e s  t o  an  a r e a  o f  23 .6  m2 t o  providq 2800 k c a l .  
i n d i c a t e  t h a t  p r o d u c t i v i t i e s  i n  t h i s  range shou ld  he r e a l i z e d  from p o t a t o e s .  G l y c o a l k a l o i ~ l  
l e v e l s  i n  t u b e r s  o f  con t ro l l ed -env i ronmen t -g rown  p l a n t s  are w i t h i n  t h e  r ange  o f  l e v e l s  found 
i n  t u b e r s  o f  f i e l d  grown p l a n t s ,  The use  and l i m i t a t i o n  o f  r e c i r c u l a t i n g  s o l u t i o n  c u l t u r e s  
f o r  p o t a t o  growth is  d i s c u s s e d .  

m - 2  photosyntlict1:ic 
A p r o d u c t i v i t y  of  2 1 . 9  

e r  dav 
S e p a r a t e d  p l a n t s  r e c e i v i n g  s i d e  l i g h t i n g  have produced 3 2 . 8  g in -$  day-' 

S t u d i e s  w i t h  s i d e  l i g h t i n g  

BACKGROUND 

The wh i t e  p o t a t o ,  Solanum tuherosuin L . ,  i s  one of  e i g h t  p l a n t  s p e c i e s  i d e n t i f i e d  i n  t h e  U S .  
f o r  pr imary c o n s i d e r a t i o n  as u s e f u l  c r o p s  /1/ f o r  a b i o g e n e r a t i v e  o r  c o n t r o l l e d  eco log ica l  
l i f e  s u p p o r t  system (CELSS). The o t h e r s  a r e  wheat ,  r i c e ,  p e a n u t ,  soybean ,  sweet  p o t a t o ,  
suga r  b e e t  and l e t t u c e .  P o t a t o e s  are unique among t h e s e  c rop  s p e c i e s  i n  t h a t  t he  e d i b l e  
p o r t i o n s  o f  t h e  p l a n t  develop a s  t u b e r s  below t h e  s o i l  s u r f a c e  on underground,  h o r i z o n t a l l y -  
growing s te ins .  The p o t a t o  was s e l e c t e d  f o r  i n c l u s i o n  i n  a space  l i f e  s u p p o r t  system because 
o f  s e v e r a l  d e s i r a b l e  c h a r a c t e r i s t i c s .  

P r o d u c t i v i t v :  
p r o d u c t i v i t y  o f  d i g e s t i b l e  food p e r  u n i t  a r e a  p e r  u n i t  t ime ,  a l e v e l  t h a t  is a s  h igh  a s  any 
o t h e r  s p e c i e s  i n  t h i s  s e l e c t e d  group e x c e p t  suga r  b e e t s  (Tab le  1 ) .  The c a l c u l a t i o n s  shown 
i n  Table  1 were based  on maximum h a r v e s t e d  y i e l d  d a t a  f o r  d i f f e r e n t  c o u n t r i e s  o f  t he  world 
/ 2 /  u t i 1 i z i . n g  a t y p i c a l  f i e l d  growing p e r i o d  and a d j u s t i n g  f o r  t h e  wa te r  c o n t e n t ,  f o r  t he  
p o r t i o n  of  t h e  produce t h a t  i s  n o t  e a t e n ,  and f o r  t h e  p o r t i o n  t h a t  is n o t  d i g e s t i b l e  / 3 / .  

Harvest  i ndex :  Of s i g n i f i c a n t  importance i n  a CELSS is  t h e  f a c t  t h a t  p o t a t o e s  have a v e r y  
h igh  h a r v e s t  i n d e x ,  80% (Table  1). T h i s  means t h a t  80% o f  t h e  d r y  m a t t e r  accumulated by a 
mature p o t a t o  p l a n t  i s  a l l o c a t e d  t o  t u b e r s  and on ly  20% t o  t h e  i n e d i b l e  s t ems ,  l e a v e s  and 
r o o t s .  Thus,  t h e  e x p e n d i t u r e  o f  energy r e q u i r e d  f o r  r e c y c l i n g  t h e  i n e d i b l e  p o r t i o n s  o f  a 
p o t a t o  p l a n t  w i l l  be s i g n i f i c a n t l y  l e s s  t han  f o r  s p e c i e s  t h a t  have a lower h a r v e s t  index.  
T y p i c a l l y  t h e  h a r v e s t  index o f  s p e c i e s  f o r  which v e g e t a t i v e  t i s s u e s  a r e  consumed is  h igh  
( e g .  p o t a t o ,  l e t t u c e ,  sweet p o t a t o ) ,  whereas t h e  h a r v e s t  index o f  s p e c i e s  f o r  which 
r e p r o d u c t i v e  t i s s u e s ,  a s  s e e d s  and f r u i t s  ( e . g .  wheat ,  r i c e ,  p e a n u t s ) ,  a r e  consumed i s  
u s u a l l y  s i g n i f i c a n t l y  l e s s .  I t  i s  impor t an t  t o  n o t e ,  however,  t h a t  t h e  h a r v e s t  ir ides does 
n o t  n e c e s s a r i l y  r e p r e s e n t  t h e  t o t a l  u s a b l e  p o r t i o n  f o r  most c r o p s .  as a p o r t i o n  o f  t he  
h - ~ n ~ r s t r d  produc t  is o f t e n  d i s c a r d e d  i n  t h e  form of  husks o r  p e e l i n g ;  t h i s  unusnhlr p n r t i ~ ~ l l  
can be a s  h i g h  a s  25% f o r  r i c e  and p e a n u t s .  A l s o ,  t h e  h a r v e s t e d  p o r t i o n  t h a t  is  consumed 
i n c l u d e s  a f r a c t i o n  o f  n o n - d i g e s t i b l e  d r y  matter. Th i s  is  h i g h e s t  i n  s u g a r  b e e t s  and 
l e t t u c e  . 

Foremost among t h e s e  c h a r a c t e r i s t i c s  o f  t h e  p o t a t o  is i ts  v e r y  h igh  

The e d i b l e  p o r t i o n  o f  p o t a t o e s ,  t he  t u b e r s ,  c o n s i s t s  most ly  o f  t h e  c a r b o h y d r a t e .  s t a r c h .  
However abou t  9% of the  d r y  weight  of t u b e r s  is  p r o t e i n .  
ba l ance  O E  all r e q u i r e d  aiiiino a c i d s  and a r e  h i g h  i n  l y s i n e  compared t o  most o f  t h e  o t h e r  
s e l e c t e d  c r o p s .  In f a c t ,  t h e  q u a n t i t y  o f  p r o t e i n  p r e s e n t  i n  p o t a t o e s  i s  s u f f i c i e n t  t o  
s a t i s r y  t h e  t o t a l  p r o t e i i i  rcquircinent  o f  a pe r son  i f  a l l  t h e  d i e t a r y  energy requireii ir i i ts  
were met w i t h  p o t a t o e s .  

These p r o t e i n s  have a r easonab le  



TABLE 1 P r o d u c t i v i t y  o f  various food crops proposed for  u t i l i z a t i o n  i n  CELSS. 

E d i b l e  O i q e s t i b l e  rood 
F i e l d  Crowino o r  Usable Watcr E d i b l e  U;-y 

Engl ish L a t i n  Production Per iod Port ion Coiitent P o r t i o n  Iki II L 
Name Name -wr  IaayG- 7s)- -73- -w- +aim 

Wheat -- T r i t i c u m  sativum 738 100 95 14.0 90.0 5.91 

Brown 
Rice Oryza s a t i v a  709 110 75 14.4 89.5 4.12 

Sugar 
Beets ~ Beta v u l q a r i s  6440 160 100 75.0 76.0 7.26 

Peanuts Arachis hypoqaea 360 150 75 5 .0  93.0 1.61 
~~ ~ ~~~~~ 

Soybeans Glycine max 283 140 95 10.0 94.5 1.64 

White 
Potatoes Sol anum tuberosuni 5492 150 90 79.0 85.9 5.72 

Sweet 
Potatoes goniea b a t a t a s  2106 120 90 70.6 06.0 3.92 

Crisphead 
L e t t u c e  Lactuca s a t i v a  3414 60 90 95.1 01.1 2.32 

Culinary: Potatoes, along with all of the selected crops, are palatable and acceptable to 
most people. 
which are not as palatable for a significant proportion of humans. 

Preuaration: Potatoes require a minimum of processing to make them useful as foods thus 
making it possible to minimize the "kitchen" facility and energy requirements in a CELSS 
unit. The tubers are ready for kitchen use when harvested from the plants. They also can 
be prepared in many different ways so that they can be utilized in nearly every meal. For 
example, potatoes can be eaten raw, boiled, baked, fried, microwaved, french fried, 
scalloped or processed into chips, sticks and puffs. In addition, a flour can be made from 
potatoes and used in many ways. Potatoes can be stored for periods up to 6 months as fresh 
tubers or for longer periods as a frozen or dried product. 

bformation: 
potatoes with entire books dedicated to this in many different countries, and there are 
collections of diverse germ plasm available from the plant introduction stations in many 
countries from which diverse genetic traits can be obtained to breed potatoes best suited 
for controlled environment production. Furthermore, potatoes can be easily maintained from 
stem cuttings in sterile tissue culture, and less than 0.2 m2 of space would be required to 
maintain planting stock and transplants to grow the food (energy' and protein) requirements 
for one person. 
maintained for an operational CELSS. 

This contrasts to certain other food species that are highly productive but 

There is extensive knowledge on the cultural requirements and physiology of 

Thus disease-free uniform plant stock can be easily propagated and 

RESEARCH 

production: 
electrical lighting, without any sunlight, by researchers on numerous occasions. We have 
utilized cool white fluorescent lamps exclusively to provide normal growth and development 
of potato plants. 
potato plants of the Norland cultivar in a controlled environment room under continuous 
irradiation at a PPF (photosynthetic photon flux) of 400 pmol m-2 (400 pE s-l m-2) and 
at 16OC temperature. 
potting mixture and watered four times each day with nutrient solution /4/. Each plant was 
constrained by a wire netting that provided 0 . 2  square meters of cross-sectional area. 
Successive harvests demonstrated that tuber production continued to increase until the last 
harvest at 147 days but that the productivity in grams day-l, as shown by the values in 
parenthesis, peaked at 126 days (32.46 g day- ) although the productivity was 
essentially level from 105 days to 147 days. 
an ndvantage to maintaining plants for as long a growing period as possible to reduce the 
frequency of planting and harvesting operations. 

Potatoes have been grown successfully in controlled environments under 

The following graph (Figure 1) depicts the production obtained from 

Individual plants were maintained in 38-liter containers filled with a 

In an operational CELSS, there would likely he 
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1. Tuber production of Norland potato p lan ts  grown a t  16OC and 400 p m o l  
fts'PPF. P lan ts  were ind iv idua l ly  confined within a 0 . 2  m2 fenced area .  Values i n  
parentheses a r e  g dry matter  m - 2  day- l .  

LiEht in te rceut ion:  
out t o  form a s o l i d  s tand .  L7en p l a n t s  a r e  spaced on 50-cm c e n t e r s ,  there  is  t o t a l  l i g h t  
in te rcept ion  by 6 weeks a f t e r  p lan t ing .  
penetrat ion through a s o l i d  canopy as shown i n  Figure 2 and thus i r r a d i a t i o n  i s  maximally 
u t i l i z e d  from 6 weeks on. Because the leaves of potato tend t o  be near ly  hor izonta l ,  they 
a r e  capable of in te rcept ing  l i g h t  very e f f e c t i v e l y .  
were grown i n  a s o l i d  s tand  under a 12-hr  photoperiod, a l e a f  a rea  index of  two ( i . e .  two 
layers  of leaves above a u n i t  a rea  of ground) e f f e c t i v e l y  in te rcepted  over 90% of the 
incident  rad ia t ion .  
product ivi ty  a t  r e l a t i v e l y  low i r rad iance  leve ls .  

Under normal growth, potatoes  very quickly begin branching and spread 

After  t h i s  time, there  is  e s s e n t i a l l y  no l i g h t  

Figure 3 shows t h a t  when potato plants  

This c h a r a c t e r i s t i c  permits potatoes t o  grow w e l l  and maintain high 
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DAYS AFTER TRANSPLANTING 

Fig.  2 .  
between pots  spaced 0 .5  m a p a r t .  

Light in te rcept ion  by potato p lan ts  as  measured a t  soil sur face  midway 
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Penetration of light through a canopy of potato leaves as a function of Fig. 3. 
leaf area index (i.e. area of leaves above a unit area of ground). Potato plants 
were grown under a 12-hr photoperiod using cool white fluorescent lighting. 

LiFhting: It has long been accepted and demonstrated that short photoperiods, e.g. less 
than 12 hours, encourage tuberization of potatoes, however we have found that continuous 
irradiation (24 hr) will provide tuberization if sufficient light intensity is provided. A 
photosynthetic photon flux level (PPF) of 400 umol m-2 maintained continuously, pro- 
vided 60% more tubers than with the same level maintained for a 12-hr period and 12-hr dark 
each day (Table 2). There was evidence at the 6-wk harvest that tuber development began 
slightly sooner with 12 hr irradiation but in all succeeding harvests, tuber production was 
significantly greater under continuous irradiation than under 12 hr irradiation. 
harvest index of plants grown under continuous irradiation was high and essentially the 
same as under 12-hr irradiation (Table 2). Note that the tuber production under continuous 
irradiation is only about 50% greater than under 12 hr irradiation, yet the total photosyn- 
thetically active radiation received each day with continuous lighting is double the amount 
obtained under the 12-hr photoperiod. This suggests that there is greater irradiant energy 
conversion efficiency with the 12-hr photoperiod, or in other words, there is a greater dry 
weight increase for a given quantity of irradiation. 

Even the 

TABLE 2 
Different Irradiance Durations. 

Dry Weight and Harvest Index of Norland Potato Plants Grown Under 

Drv Weipht Harvest 
Light Dark Tubers Leaves Stems Index 

(hrs) (g per plant) (%) 

12 12 617 134 9 80 
24 0 937 167 37 81 

16OC at PPF level 400 p o l  s - ~ I u - *  for 21 weeks 

Evidence that long photoperiods do suppress tuberization was seen in an experiment comparing 
400 pmol 
amount of irradiation was provided over a 24-hr period. 
zation under the continuous light treatment and good tuberization with a 12-hr light 
treatment (Table 3). However, this long photoperiod suppression of tuberization can be 
overcome by increasing the irradiance level from 200 to 400 pmol s - l  m - * ,  as shown in the 
middle treatment of this table. It is noteworthy that when total plant growth was compared 
between 400 pmol s-l 
plants, there was less total dry weight and poorer energy conversion efficiency with the 1 2 -  
hr treatment (Table 3). 

m-2 PPF for 12-hr with 200 U m o l  m-2 for 24 hr in which the same total 
There was essentially no tuberi- 

for 12 hrs and 200 pmol  m - 2  for 24 hrs for these 6-week old 
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TABLE 3 
Durations and Levels. 

Dry Weight of Norland Potato Plants Grown at Different Irradiance 

Irradiance Drv weiEht uer ulant 

Duration Level of PPF Total Tubers 
(hrs) ( U r n 0 1  s-1m-2) biomass 

(E) (.) 

1 2  
24 
24 

400 
400 
200 

53 12.2 
125 19.6 
ao 0.4 

20°C for 6 weeks 

A significant concern in the use of continuous irradiation is that only about one-half of 
the cultivars we have tested will develop and tuberize normally. 
cultivars Norland, Russet Burbank, Denali, Atlantic, and Snowchip. Other cultivars have 
become chlorotic after two weeks of growth, producing small leaves and greatly stunted 
growth. 
chlorosis and stunting also has occurred with Norchip cultivar. 

Our research to date has not established the most useful level of irradiation for potatoes. 
Limited studies with continuous irradiation at 550 vmol s-I 
or total dry matter gains over 400 U m o l  
m-' when given continuously, is close to a maximum useful level. 
higher irradiance levels may be beneficial if irradiation is provided for shorter 
photoperiods. 

Temuerature: 
grown. 
and 20°C (Table 4). 
a similar pattern as tuberization. 
decreasing temperatures and consequently, the harvest index was highest and most desirable 
at the coolest temperatures. 

This includes the 

This injury response has been seen with Kennebec and Superior cultivars. A partial 

have provided little tuber 

However, we suspect that 
m-2, thus we are hypothesizing that 400 U m o l  

Tuberization is very dependent on the temperature under which the plants are 
Tuberization is stimulated by cool temperatures and shown to be maximum between 16 

At 28OC no tubers formed on the plants. The total dry weight followed 
The stem length of plants was significantly shorter with 

TABLE 4 Dry Weight, Stem Length, and Harvest Index of Norland Potatoes Grown 
Under Different Temperature Levels. 

Drv Weieht 
Temperature Tubers Total Stem Harvest 

Plant Length Index 
(OC) (g per plant) (cm) ( 8 )  

12 73 123 18 59 
16 123 209 37 59 
20 96 186 48 51 
21r 2 151 74 1 
28 0 116 94 

Continuous PPF of 400 v m o l  s-Irn-2 for 8 weeks, 

Carbon dioxide: 
marginal benefit to potato plants when grown under continuous irradiation at 400 ) i m o l  s-l 
m - 2 .  There has been little or no gain in tuber dry weight either in short-term studies of 8 
weeks (Table 5) or long-term studies of 15 to 18 weeks. We have obtained some evidence that 
the late-maturing cultivar, Russet Burbank, derived some benefit from CO2 increases but no 
evidence that the early-maturing cultivar, Norland, benefits from C02 increases. The lack 
of enhanced growth from C02 enrichment suggests that we have approached the physiological 
limit of the growth capacity of the potato plant under the continuous irradiance levels of 
400 p mol m-2. 

Elevation of carbon dioxide concentrations has been found to be only of 
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TABLE 5 
Dioxide Concentrations. 

Tuber Dry Weight of Potato Plants Grown Under Different Carbon 

Tuber Drv Weinht 
Concentration Norland cv -- Russet Burbank cv 

(111 1-1) (grams per plant) 

400 
1000 
1600 

85 
74 
81  

88 
103 
105 

2OoC at PPF level of 400 umol for 8 weeks 

Productivity: The tuber production from our research studies can be utilized to calculate 
the area and lamp power required to provide the average energy requirements, 2800 kcal per 
day, for one person living in a space colony. 
potatoes contains 3.73  kcal of energy, then 750 grams of dry weight of potato would be 
required for one person per day. We have obtained a production of 21.9  g m - 2  day-l from a 
solid stand of potatoes. Thus the area required for one person to fulfill energy and 
protein re uireinents is 34 .3  m2.  If the production from the single plants in separate cages 
(32 .8  g in-’ day-l) could be obtained from a solid stand, then only 23.6  m2 would be needed 
to meet the requirements for one person. We feel that this latter figure is a realistic 
estimation of space requirements needed, and only requires that lighting systems be designed 
to provide irradiation to all sides of the plant. 

In a commercial plant growing facility in the United States, a light level of 400 pmol 
m-2 requires 304 lamp watts m-2 using high pressure sodium lamps. 
version, (23.6 m2 x 304 wm2) approximately 7 . 2  kw of electricity would be required per 
person. 

Stem leneth: Potato growth in a life support system will likely be constrained by the total 
volume of the growing modules to be utilized. 
systems is that potatoes have a tendency to grow long stems. Stems can be in excess of a 
meter in length on certain cultivars and this extension is encouraged by elevated 
temperatures, long photoperiods, and low light levels. It has been found that early- 
maturing cultivars tend to have shorter stems than late-maturing cultivars apparently 
because the early-maturing cultivars stop producing shoot growth when tuberization is 
vigorous wheras late-maturing cultivars continue active shoot growth during tuberizataion. 
We have seen that caged plants receiving side lighting exhibit less stem elongation. This 
has encouraged us to develop a lighting system to provide supplemental irradiation just 
above the soil level on each side of the plants using 1500 mA CWF lamps. Plants with side 
lighting developed short main stems and branches yet produced the same total dry weight and 
similar tuber dry weight as plants grown without side lighting. 
studies using within canopy lighting to determine whether this procedure will not only 
reduce stem length, but also irradiate the plants more efficiently and reduce the space 
required for fulfilling production needs. 

Recirculatine nutrient: 
growing potatoes in recirculating nutrient solutions. These systems are being studied to 
provide effective nutrient recycling and to examine the possibility of harvesting individual 
tubers as each matures and thus hopefully maintaining plants in a continuously productive 
state. Potato plants grow well in many different types of recirculating systems but in most 
systems we have studied, plants failed to tuberize normally, exhibiting delayed tuber 
initiation and sometimes producing many but only small tubers. 

The most successful system that we have utilized involves filling a 90 cm long X 60 cm wide 
and 20 cm high polyethelene tray with either calcined clay particles (arcillite) or sphagnuln 
moss and slanting the tray so that nutrient solution (300 ml min-l) can be added along one 
end of  the tray and recirculated through holes on the opposite end of the tray (Figure 4). 
This approach produced rapid and good tuberization and studies are currently underway to 
determine the minimum depth of calcined clay required for effective tuberization in these 
trays. If a depth of less than 3 cm is effective, the potential for studying continuous 
tuber harvesting would be available. 

Knowing that one gram of dry weight of 

Using this efficient con- 

A concern in use of potatoes for space 

We are pursuing further 

Significant effort has been directed toward developing a means of 
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Drip tubes 

c- 

Nutrient s o l u t i o n  

Fig. 4 .  
filled with particles of calcined clay (arcillite) and fed continously at one end 
with 300 ml min-l of nutrient solution. 

Diagram of recirculating tray culture system for potato production. Tray 

In other studies when solution was recirculated through containers filled with nutrient 
solution and the plant roots and lower stem immersed, tuber initiation and development was 
greatly slowed. 
tuberization was still slowed. However, when the solution level was lowered and the area 
around the lower stem filled with sphagnum moss, tuberization was essentially normal. 

To date, mist culture systems ("aeroponics") also have not provided effective tuberization. 
A mist system was developed with a spinning impellor located at the level of the tuber 
forming stems, which continuously atomized solution onto the underground stems and the root 
systems (Figure 5 ) .  
recirculation. 
tuber development if the system was stopped for a sufficient period to slightly wilt the 
plants or by complete removal of nitrogen from the recirculating solution. 

When the solution level was lowered to expose the lower stem area, 

The solution was collected in the base of the misting compartment for 
Although tuberization was generally slowed it was possible to stimulate 

Motor Atorni z e r  
/ Ooaaue cover 

Nutrient 
s o l u t i o n  

Fig. 5 .  
atomizer with recirculating nutrient solution. 

Diagram of mist culture system developed for potatoes utilizing a spinning 
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Glvconlkaloid levels: A significant concern in our research effort has been the possibility 
that the unique growing procedures utilized in maximizing production for CELSS would 
increase the toxic glycoalkaloid level in the tubers. The glycoalkaloids, chaconine and 
solanine, are prevalent in potatoes and are known to vary in concentrations depending upon 
the conditions during growth /5/. Thus sample tubers from all experiments are regularly 
analyzed for these glycoalkaloids and we are gratified to report that we have found no 
levels under any growing conditions studied that exceed the average levels found in field 
potatoes. In our studies the levels found have been 0.03 to 0.07 mg per gram fresh weight 
for chaconine and 0.02 to 0.05 mg per gram fresh weight for solanine. 

Summary: The research to date with potatoes suggests that this crop has a significant place 
in an operational CELSS and can be utilized either alone or in combination with other food 
crops, to fulfill a significant portion of the energy and protein requirements of humans in 
space. The high potential productivity of nutritious tubers, easy propagation, and the high 
harvest index of the potato plant make it a particularly strong candidate. Thus potatoes, 
along with other useful crops, can serve a vital role in a life support system . . .  to feed 
astronauts, provide needed oxygen, and remove carbon dioxide. 

1. 

2. 

3 .  

4. 

5. 
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ABSTRACT 

Our goal is t o  optimize conditions for maximum yield and quality of vheat to be used in a 
controlled-environment, life-support system (CELSS) in a Lunar or Hartian base or perhaps in 
a space craft. Uith yields of 23 to 57 g m-' d-l of edible biomass, a minimum s i z e  for a 
CELSS vould be betveen 12 and 30 mR per person, utilizing about 600 U of electrical 
energy for artificial light. Temperature, irradiance, photoperiod, carbon-dioxide levels, 
humidity, and vind velocity are controlled in state-of-the-art grovth chambers. 
solutions (adjusted for vheat) are supplied to the roots via a recirculating system that 
controls pH by adding HNO' and controlling the NO,/NH. ratio in aolution. A rock-wool plant 
support allovs direct seeding and densities up to 10,000 plants per meter*. Densities up to 
2000 plants m-' appear to increase seed yield. Biomass production increases almost lin- 
earily vith increasing irradiance from 400 to 1700 pmol R-. 8 - 9  of photosynthetic photon 
flux (PPF), but the efficiency of light utilization decreases over this range. Photoperiod 
and temperature both have a profound Influence on floral initiation, spikelet formation, 
stem elongation, and fertllization. High temperatures (25 to 27'C) and long days shorten 
the life cycle and promote rapid grovth, but cooler temperatures (2O'C) and shorter days 
greatly increase seed number per head and thus yield (8 wP). The life cycle is lengthened 
in these conditions but yield per day (a m-* d-1) is still increased. Ue have evaluated 
about 600 cultivars from around the world and have developed several breeding lines for our 
controlled conditions. Some of our ultra-dvarf lines (30 to 50 cm tall) look especially 
promising vith high yields and high harvest indices (percent edible bionass). 

Nutrient 

INTRODUCTION 

Uhat are the size and energy constraints on a bioregenerative system that utilizes photo- 
synthesis of higher plants to capture light energy and convert it to the chemical bond 
energy of food needed to support a human being? Imagine that the human being, thanks to 
advanced gene-transfer techniques, could personally manage the photosynthetic conversion, 
absorbing and converting 100% of visible light energy into a form that could be utilized by 
the body. Assume that the human energy requirement is 1 1 , 7 0 0  kJ d-' (2800 kcal d-'1. The 
solar constant above the earth's atmosphere is 1.36 kU m-*. About half of that is photo- 
synthetically active radiation (PAR): 0.68 kU wR or 0 . 6 8  kJ m-= s-'. The 11,700 kJ d-' 
required by our hypothetical astronaut is equal to 0.135 kJ E-' (kU), vhich divided by the 
0.68 kJ m-* 8-l PAR gives about 0.2 m= person-'. 

A human being intercepts an area of about 0.5 to 0 . 9  m* of sunlight, if the rays are from 
the front or back and normal to the long axis of the body. Thus, our hypothetical space 
traveler could do fairly vel1 if he or she wore fev clothes and stayed in the sun all the 
time Ln a position that vould intercept about half the incoming radiation. 

Not even the most efficient plant can convert 100% of absorbed PAR into the chemical-bond 
energy of food, hovever. Indeed, the theoretical maximum efficiency for photosynthesis is 
about 25t (based on 8 photons per molecule of fixed Con), and 13.5% (15 photons per molecule 
COS) is a more realistic figure. Thus. our photosynthesizing astronaut--or the beat 
imaginable canopy of photosynthesizing plants under the best of conditions--vould require 
about 0.8 mR (255 efficiency) or 1.5 me (13.5% efficiency) to produce the 11,700 kJ d - '  that 

*Author presenting paper. 
Aeronautics and Space Administration Grant NCC-2-139, administered through the Anes 
Research Center, noffet Field, California. Support vas also received Iron the Utah Agri- 
cultural Experiment Station. This is Utah Agricultural Experiment Station Paper 3324. 

Research reported in this paper vas supported by National 
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are required. 
sufficient surface to be directly supported by photosynthesis. 

Under full sunlight, few plants photosynthesize at anything approaching 13.5% efficiency. 
I f  we reduce the irradiance to half of full sunlight. we vi11 need at least 3.0 ma, and i f  
our plants are in the light only about half the time (12 h d-l), the value becomes 6.0 m a .  
And i f  only about half of the biomass produced by the plant can be eaten as food ( 5 0 1  
harvest index), the value goes up again to about 12 m*. 

I f  the light for photosynthesis must be generated electrically, this would require about 600 
U m-* if high pressure sodium (APS) lamps are used (37.65 efficient) in the most efficient 
reflectora (90,. efficient). This would produce a photosynthetic photon flux (PPF) of 1000 
micromoles of photons per square meter per second (pmol u-* s-l- , 200 U n-= P A R ) ,  vhich is 
about half of full sunlight at the earth's surface. To irradiate 12 mn would require 7.2 
kU. In a functioning controlled, ecological, life-support system (CELSS), additional 
electric power would be required to operate the environmental control system. various 
aspects of food processing, repair and maintenance of the equipment. waste disposal, and 
mineral-nutrient regeneration for the plants. In calculating the total energy requirement, 
energy expended by the space farmers would also have to be considered. So far, our NASA- 
funded CELSS project has been concerned only with the food production part of a CELSS. 

Consider another approach to the calculation: One-hundred grams of typical, whole-grain, 
hard-red spring wheat contain about 13 g of water, 14 g of protein, 2.2 g of fat, and 69.1 8 
of total carbohydrate (including 2.3 g of fiber). Bomb calorimeter studies indicate that 
the 100 g of wheat would provide 1647 kJ (394 kcal) of food energy, and If we assume that 
9 4 %  of this energy is digestible, this would provide 1500 kJ (370 kcal). To provide the 
11,700 kJ d-' required by a human being, about 680 g d-' of oven-drywheat (780 g d-l of 
typical wheat) or its equivalent in other food would be required. If this were to be 
produced in 12 m=, yields vould have to reach 57 g m-* d-l. I f  the production area was 30 
m*, then average daily production would n m d  to be 23 g I-* d-l. Even if the 30 me is 
doubled for safety, a moon farm about the size of an American football field (about 6000 ma 
including end zones) would support 100 inhabitants of Lunar City. Our objective has been t o  
see what yields (g m-* d-') can be achieved in a totally controlled environment and thus to 
teat the reality of these figures. 

In our studies 131, we have taken a dual approach: agronomy/phyeiology and plant breeding. 
Uhich environmental and cultural factors are important to achieve high yields per unit of 
input energy and in the least possible area? How do these factors interact with each other 
and exactly how do they influence ultimate yield? Is it necessary to develop new cultivars 
for the special environments that can be produced in a CELSS? 
these nev environments? The rest of this paper reports our efforts to ansver these 
questions. 

So the photosynthesizing space dweller is already in trouble. Animals lack 

Can we breed cultivars for 

THE DEVELOPHENT OF HARDUARE 

nuch of our proJect has been concerned with the development of equlpuent and syetems to 
achieve the necessary environmental control. These efforts fall logically into three 
categories: control of the foliar environment. control of the root environment, and the 
mechanics of supporting the plants. 

The Foliar Environment 

Ue began our studies with the purchase of three high-quality, controlled-environment grovth 
chambers. These provide control of temperature, humidity, irradiance (PAR), photoperiod, 
and air flow. Control of air flow 1s achieved with variable speed fans and in all studies 
is regulated between 0.5 and 2 m 8-l. To increase irradiance levels so that they approach 
those of full sunlight, high pressure eodium lamps were added to all chambers. In one 
chamber, 5.2 kU of metal halide and HPS lamps were added to provide 2000 pmol m-* 8-l PPF 
(full sunlight). In this chamber, a water filter below the lamps is used to reduce non- 
photoeynthetic radiation. This water filter reduces total radiation by 37% without reducing 
PPF. 

In addition to the three relatively small chambers (1 m* of growing space in each), we have 
built a six-subcompartment chamber specifically for photoperiod studies. The air condition- 
ing and air delivery system is common to all six compartments, but they are separated from . 
each other by barriers so that each compartment can experience its own photoperiod and 
irradiance level. The six lighting systems are exclusively HPS lamps, with the light 
filtered through 5 cm of chilled water. Temperatures in the 6 compartments remain within 
0.2.C of each other. 

Ue enrich carbon dioxide (COR) concentrations in all locations to 1000 pmol mol-' of air. 
Our Con enrichment aysten uses carbon dioxide from coapresaed gas cylinders and nixes it 
with air from above the building. This COS-enriched air is then piped to the chambers. An 
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infrared gas analyzer continuously monitors Cor levels in all chambers and greenhouse bays 
that are also part of this project (and which have been outfitted vith CO. enrichment, BPS 
lamps to raise irradiance especially during winter, and a layer of floving vater over the 
top of the greenhouse glass). 
levels, because ve have found that C o p  levels can easily be maintained at 1000 plus 6r minus 
50 pmol mol-' with manual control. 

One chamber has been sealed and outfitted with large cooling coils that circulate water 
belov the air temperature in the chamber but above the dew point so that no liquid water 
condenses on the air conditioning system. In this chamber the root-zone environment is 
sealed to isolate it from the foliar environment. This means that photosynthetic rates of 
entire canopies of plants in the chamber can be measured (by monitoring input gas volumes 
and input and output COS levels). 

Root-zone Environment 

A CELSS w i l l  ultimately need some kind of recirculating hydroponic ayaten that d t d M  
plant roots in an optimized environment. Ue have designed, built, and evaluated a hydro- 
ponic system that allows for nearly complete closure of the root-zone environment. The 
systen contains four separate, root-zone compartments in each growth chamber, each vith a 
surface area of 0.2 ma and a depth of 0.125 m. The volume of each compartment is therefore 
0.025 ma (25 litera). The nutrient solution is pumped from a 0.1-lrs reservoir. It flows 
through a distribution manifold in each of the root-zone compartments at a rate of 0 .08  
liter e - ' .  The rapid flov rates help to provide both dissolved oxygen and good environ- 
mental uniformity between different root-zone compartments. The dl'strihution manifold helps 
to ensure good uniformity ui-thin each compartment. The solution returns by gravity flov 
into a drain tube that is located in the center of the compartment, and then it drains back 
to the reservoir. Our measurements indicate that the solution is never less than 85% 
saturated vith oxygen at all locations. The aeration is provided when the solution cascades 
back into the reservoir and causes considerable liquidlair contact by the bubbling action 
that occurs. 

The total liquid volume of a systen for a single growth chamber is 0.2 ma. Each such system 
typically has a total dry biomass at harvest of ca. 3 kg. During the life cycle, each crop 
typically absorbs about 300 g of mineral elements from the solution and transpires 0.6 ma 
(600 liters) of water. The water and nutrients are replaced by adding a dilute refill 
solution that includes concentrations of the nutrients in proportion to their concentrations 
in the plant. All system components in contact with the solution are inert, including an 
epoxy-coated, magnetic-drive pump. The system is flushed between trials. cleaned vith 
sodium hypochlorite, and then finally cleaned with acid. 

Ue have now combined the three separate nutrient systems (one for each growth chamber) into 
a single system. Plants in all three chambers are thus supplied with the same nutrient 
solution. The liquid volume of the system could probably be reduced to ninimize the mass, 
but our objective, thus far, has been to provide an optimum root-zone environment. rather 
than a small sized system. 

The pH of the systen is continuously monitored and controlled with an in-line pH electrode 
that opens a solenoid to introduce acid when the pE rises to 5.8 pE units. The pH change 
for young plants is very gradual, and nitric acid is added to maintain the pH between 5.5 
and 5.8. As the ratio of plant mass to solution voluae becomes larger, the pH changes more 
rapidly. After 25 days of grovth we use a mixture of ammonium nitrate and nitric acid in 
the pH adjustment solution. The ammonium ion gradually decreaaes the pH as it is absorbed. 
As the ammonium is depleted from solution, the pH gradually rises again until it reaches pH 
5.8, and the solenoid admits more control solution. 

Ue do not use a feedback system to automatically control CO. 

Plant Support 

Huch work on plant response to environment has involved individual plants, but virtually all 
crops used in a cells will be grown In dense canopies of plants to absorb as much light as 
possible. 
other plants. 80 it is imperative that CELSS research be conducted vith canopies of plants. 
But how dense should the canopy be? 

In several studies. ve have found that increasing densities well beyond the optimum for 
field production (about 200 to 300 plants m-.) has resulted not only in better light 
interception and increased biomass production but also in increased final yields of grain. 
Ue have therefore been concerned with methods of supporting the plants at high densities. 
Ue have nov completed testa of a third-generation, germination and support system. 
first system was capable of supporting 550 plants per meter.. 
vermiculite and transplanted them into foam plugs that were placed in a rigid etyrofoaa lid. 
This process required an hour to transplant 0.2 m* of plants. The second system held plants 
betveen bars and strips of foam. 

Plant response to environment is strongly influenced by the close presence of 

Our 
Ue germinated the plants in 

This allowed us to use plant densities of up to 1500 
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TABLE 1 The Effect of Photosynthetic Photon Flux (PPF) 
on Early Crovth of Uheat 

PPF PPF Crop PPF Leaf Shoot 
pmol m-= 8-1 mol m-= d-‘ Grovth Utilization Area Percent 

Rate Efficiency Index Dry 
g m-. d-’ g a - 2  d-’ mol-’ Haaa 

400 2 3 . 0  3 0 . 3  1 .32  1 3 . 4  1 0 . 9  

600  3 4 . 6  44 .2  1 . 2 8  1 3 . 5  1 0 . 7  

8 0 0  4 6 . 1  4 6 . 1  0 . 9 8  1 4 . 2  1 1 . 2  

1 0 0 0  5 7 . 6  4 3 . 9  0 . 7 6  1 5 . 7  1 1 . 2  

1 4 0 0  80 .6  5 3 . 9  0 .67  1 5 . 4  1 1 . 7  

1 7 0 0  103 .7  65 .5  0 .63  1 8 . 9  1 1 . 8  

* Plants harvested at canopy closure, 24 days after planting 
Plant density: 2 , 0 0 0  plants per me 
Cultivar: Yecora Rojo 

plants per n’, but it atill required the labor-intenaive step of transplanting. Ue are now 
using an inert rockwool naterlal (Grodan; used in commercial hydroponics) that allovs us to 
plant seeds directly at densities of up to 1 0 , 0 0 0  plants m-* or higher. The rockvool 
material is kept vet during germination and until roots are vel1 established in the nutrient 
solution belov. Optimum density in one preliminary experiment vas about 2000 plants m-’. 

RESULTS OF W I P U L A T I N C  ENVIRONHENTAL A N D  CULTURAL FACTORS 

Optimizing Photosynthetic Photon Flux: Energy, Hass, and Volume Tradeoffs 

Energy efficiency may become very important in a CELSS. Energy vi11 be used in many ways in 
a regenerative system. but energy to pover the lighting system for plant grovth vi11 be the 
single largest input If electric lamps are used to provide the photosynthetic photon flux 
(PPF) to drive photosynthesis. Changes in PPF utilization efficiency by plants could save 
more energy than all the other CELSS energy inputs combined. CELSS plant grovth systems 
that utilize sunlight directly or that are povercd by a nuclear reactor night not need to be 
concerned vith PPF utilization efficiency. In these situations a large energy input could 
be used to reduce the mass and/or volume of the food production system. 
begun PPF input studies that are designed to determine the tradeoffs among energy, mass, and 
volume input parameters. Table 1 indicates that crop grovth rates increase in direct 
proportion to increases in PPF (rP = 0 . 8 5 ) .  Although the grovth increase is linear up to 
the highest PPF level tested, each additional unit of PPF input ,is used less efficiently by 
the plant canopy. 

Ue have recently 

Optimizing Plant Nutrition in a Recirculatina Hydroponic System 

All plants can be grovn hydroponically vith a feu basic nutrient solution recipes. There is 
a big difference, hovever, between slov grovth and highly optimized, rapid grovth. Achiev- 
ing optimum grovth and nutrition from seed imbibition to physiological maturity requires 
nutrient solutions that are individually tailored for each species being grown. The optimum 
composition of these solutions can change during the plant’s life cycle and may need to be 
altered for different photosynthesis/transpiration ratios. 

Very little research has been published on optimum concentrations of nutrients in solutions 
for  wheat. Uhen standard nutrient solutions are used for vheat. nutritional deficiencies or 
imbalances have appeared in our grovth conditions. These imbalances are not alvays severe, 
but they can cause such foliar symptoms as necrotic leaf tips. Ue have observed that 
nutrient uptake in our circulating solution systems is not the same as in other, aerated but 
atatlonary containers. Ue have also observed that foliar symptoms vary vith different 
transpiration rates, vhich are altered by leaf/alr vapor-density gradients and by stomatal 
apertures, vhich are, in turn, altered by Con levels. Table 2 ahovs the composition of 
nutrient solutions used during a life cycle of vheat in several of our successful yield 
trials. Note that ammonium ion is not added in the original solution but only in the 
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TABLE 2 Nutrient-Solution Compositions 
(mmoles per liter) 

Hineral Initial Rake-up 

NE, 0.0 0.01.  
NO.- 1 5 . 0  3 . 7 5  
P 0.2 0 .5  
K 3.2 1 . 0 0  

Ca 1 2 . 0  1 .50  
He 4.0 0 .50  
S 2.0 0 .50  

c1 
Ft 
B 
Hn 
Zn 
cu 
HO 
si 
Na 

16 .0  
0.124 
0.080 
0.008 
0.0008 
0 .0003  
0.0001 
0 .300  
0 .600  

0.04 
0 .0125  
0.020 
0.002 
0.0002 
0.000075 
0 .000025  
0.075 
0.15 

*NE.' is added in pb control solution; 
0 . 0 1  dl is an approximate average 
concentration. 

In the make-up solution. Silicon may not be essential for wheat growth. but it is possible 
that lodging is less of a problem when plants have ample silicon. 

Plants almost always respond to a nutrient deficiency by partitioning more photosynthate 
into the root system. This reduces the percent edible biomass. In short, optimum growth 
cannot be achieved by altering only the foliar environment. For this reason, we have built 
recirculating nutrient solution systems that can provide replicated data on root-zone 
effects in different foliar environments. Ue plan to use these, as well as our aerated, 
individual container systems. to further investigate and refine the root-zone ionic compoai 
tion. Essential elements and deleterious levels of non-essential elements may both need to 
be investigated. Ue currently monitor. by ICP emission spectrophotometry, the concentra- 
tions of the essential elements in both foliar tissue and nutrient solutions. 

Nitrate/ammonium nitrogen ratios. 

Uheat plants absorb ammonium from solutlon more rapidly than any other Ion. Eydrogen lone 
are secreted to balance uptake of ammonium ions. Ue have found that this occurs throughout 
the life cycle. Providing ample ammonium along with nitrate nitrogen in nutrient solution 
has enhanced total nitrogen uptake in short-term studies of Cox and Reisenauer 111 and of 
luffaker, Reins, and Qualset 1 2 1 .  An increaaed nitrogen content of foliar plant parts 1s 
associated with increased photosynthetic rates, prolonged leaf photosynthetic output, and 
increased grain protein. The nitrate/ammonium ratio can also alter the uptake of other 
ions. This ratio can be easily controlled in solutions, and its long-term effects on wheat 
growth need to be further studied. Ue plan to alter the concentrations of these ions in 
adJacent hydroponic systems, to monitor their uptake rates using our nitrate- and anmonium- 
specific ion electrodes, and to relate uptake rates to altered plant growth. specifically 
nitrogen and protein concentrations in foliar plant parts. 

The Roles of Photoperiod and Temperature in Yield of Grain 

The conditions that promote fastest total growth do not lead to the highest yields. This 
finding represents a major shift in our research approach. Ue have developed the term 
phasic environmental control to indicate that environmental conditions will need to be 
different for each phase of plant development. It now appears that maximum yields cannot be 
achieved without phasic environmental control. Five phases of development in the wheat life 
cycle are as outlined In Table 3 .  

Uarm temperatures (25.C and above) promote rapid growth rates and a short life cycle, but 
they lead to small wheat spikes and very poor pollination. This is illustrated by Fig. 1 
and Table 4. Cooler temperatures (20.C) cause slightly slower grovth rates and lengthen the 
life cycle but greatly increase the spike size and seed set. At the cooler temperatures, a 
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TABLE 3 Five Stages of Uheat Development 
and associated length in a 60-day life cycle 

Developmental Day 
Stage Number 

Associated Morphological Change 

1. Vegetative 

2. Reproductive 
Initiation 

3. Extension 

4. Anthesis 

5. Grain Fill 

0-12 Germination and early leaf grovth 

13-18 nicroscopic changes in apical meristem 
that determine ultimate spikelet number 

19-30 Further development of floral parts and final 
determination of florets per spikelet 

30-35 Pollination and fertilization 

36-60 Assimilate translocation into developing seed 

TABLE 4 Photoperiod/Temperature Influence on YLeld Components in Uheat 

Plants Spikes Total Mass Total Days Yield Harvest Yield 8 m-' d-p 
Per per Seeds per Yield to Index mol-' 
m* mz per Seed Harvest 

Spike (ma) 8 m-* g m-= d-l Z g m-= d-' 

Cool Temp. (20'C day, 15'C night), 14-h photoperiod 

1150 2007 21 29 1154 77 15.1 46 16.3 323 

Cool Temp. (17'C), 24-h photoperiod 

1076 2387 16 30 1054 66 16.3 35 

ns ne ne ne ns * * * 
17.5 203 

na * 
Uarm Temp. (27'C), 14-h photoperiod 

1030 3234 5 27 279 66 4.3 11 4.3 85 

Uarm Temp. (27'C), 24-h photoperiod 

830 2128 10 29 072 61 14.2 29 14.4 167 

t * * * * * * * * ne 

Statistics: Duncan's Least Significant Difference Test (a = 0.05); 
* = significantly different, ns = not significantly different. 

shorter photoperiod also increased the number of seeds per spike and the yield per meter; 
but the days to harvest were also increased, so yield per day vas decreased. In other 
experiments, hovever, ve have also observed increased daily yields in response to relatively 
short photoperiods. 
for phasic environmental control to obtain the best of both vorlds. 

These temperature and photoperiod effects are an example of the need 

TESTING GERMPLASH AND BREEDING PLANTS FOR CONTROLLED ENVIRONMENTS 

Results of Greenhouse Studies 

Ue have tested about six hundred cultivars, made several hybrid crosses, and have begun 
large scale testing vith our most promising breeding lines (Tables 5 and 6). These tests 
require considerable area, and it is not feasible to conduct them in our grovth chambers. 
The tests, have, therefore, been conducted in a greenhouse section that provides environ- 
mental conditions similar to those that promote highest yields in the grovth chambers. 
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Fig. 1. Temperature/photoperiod influence on the phasic development of vheat. 

TABLE 5 Results of a Replicated Cultivar 
Evaluation in the Greenhouse 

Yield At Yield Seeds 
Cultivar 8 m-* cm g per Head 

BB-8 711 51 783 37 
Veery 10 610 46 707 31 
BB-16 548 38 692 40 
PCYT 20 649 68 603 31 
Fielder 664 88 519 33 
Yecora Rojo 504 58 518 24 
Sono it a 511 60 512 27 
Anza 602 89 467 35 
Fremont 541 86 428 35 
BB-19 342 41 419 41 
BB-11 375 53 406 35 
Y.ROJO x 0.Dvf. 328 47 376 15 
Oleaen'a Dvarf 186 30 261 8 

DLSD' 115.5 5.1 129 11 

'Hean separation by Ualler-Duncan teat. I: ratio = 100 

Ue nov have a group of 9 homozygous lines that are short (33 to 50 cm tall), have excellent 
head size and seed set. but may have belov-average mass per seed at harvest. Good head size 
and seed set are much more difficult to achieve vith environmental modifications than good 
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TABLE 6 Results of a Replicated 
Uniculm Trial in the Greenhouse 

Average Seed Primary Head 
Hass per Seed Hass as 
Primary Percent of 

Line ID (8) Seed Hass 
Head Total 

9 
18 
20 
8 
2 
4 

Fremont 
12 
10 
5 
1 

19 
6 

Uniculm 

2.6 
2.4 
2.3 
2.2 
2.1 
1.9 
1.9 
1.8 
1.8 
1.8 
1.7 
1.5 
1.5 
1.4 

63 
77 
45 
97 
50 
60 
26 
63 
76 
92 
97 
75 
100 
95 

~ 

DLSD 0.87 29 

TABLE 7 Cultivar Evaluation: Replicated Study in Controlled Environments 

Spikes Seeds naes Yield Days Yield Harvest Height Yield 
Per Per Per To Index .* Spike Seed Harvest 

(me) 8 me' a m-= d-' I cm g m-= d-' 

Yccora Rojo 2130 18 34 1224 67 19 47 56 19.2 

88-19 1771 24 23 987 76 13 46 40 16.2 

PCYT-20 2641 15 31 1127 71 16 33 65 15.3 

Sonoi ta 1562 21 32 1067 76 1 4  50 56 14.6 

DLSD 
( a  = 0 .05 )  t t '. t t t t t t t 

grain fill, so ve are none-the-less very excited by this genetic contribution. We are also 
vorking vlth unlculm lines (Table 6) that could be density planted, leading to rapid canopy 
formation. 

The most significant message from our plant breeding efforts is that additional genetic 
selection is likely to have major effects on food production in a CELSS environment. 

Results of Controlled-Environment Studies 

Early breeding trials in the greenhouse indicated that line BB-19 vas the most promising 
line, so it vas selected for more detailed testing in controlled environment studies. Table 
7 ahova the mean values for yield components from three high yielding environments. Yecora 
RoJo, PCYT 20, and Sonoita are daylength-insensitive, full-dvarf cultivars (50 to 60 cm 
tall) that have conaiatently been high yielding in past studies. 

The BB-19 line had significantly more seeds per spike than the other lines, but this did not 
result in a correspondingly higher yield, because the mean mass per seed vas 
less than other lines. It  is not yet clear vhy the mass per seed is belov normal. It is 
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possible that our ultradvarf linea have such a large head in relation to their leaf area 
that they have become source limited even in our COE-enriched. optimizing environments. 

A high yielding cultivar is not useful in a CELSS unless it can develop its high yield in a 
short period of time. Yecora RoJo vas the earliest of the cultivars in this study, and it 
thus has an excellent yield per unit time. It's harvest index, as vell as that of two other 
cultivars, is close to 502, as good or better than normally occurs in the field (40 to 45%). 

Ue have focused attention on ultra-dvarf cultivars for the folloving reasons: 

1. Most importantly, they tend to have a higher harvest index than taller cultivars. In 
this study the tallest cultivar, PCYT 20, had the lovest harvest index. Harvest index is of 
particular concern in a regenerative system. It has been suggested that ultra-dvarf culti- 
vars are not capable of achieving yields equal to taller cultivars. but this suggestion has 
been made on the basis of studies in non-optimizing field environments. In these environ- 
ments the planting density is optimum for tall cultivars but suboptimum for their ultradvarf 
counterparts. 
densities to intercept all the available light. 

2. Short cultivars are much easier to vork vith in the confined spaces of controlled 
environments. 

3. Taller cultivars (50 to 100 cm) require support to prevent lodging. Short cultivars do 
not require this support. 

4. Volume may become an important input parameter in a CELSS. 

For these reasons, we are particularly Interested in yield as g m-a d - * ,  The cubic meters 
of space are determined for the tables by measuring the final height of the cultivar and 
then adding 0.4 m to this value. The 0.4 m is added as space for the root zone and for the 
lighting system. A 60-cm cultivar vould thus have the same yield per meter' as it does per 
meter'. Using this ultimate expression of yield (g m-' d-l), Yecora Rojo vas significantly 
higher than the other three cultivars. Ue are using it as a standard for our environmental 
studi es . 

Because of their saal? size, ultradvarf cultivars require higher planting 

Ue are also studying clonal propagation of vheat. The goal of this companion project, under 
the direction of Dr. John Carman, is to produce many (thousands) of somatic embryos from a 
single callus culture. Such an approach vould allov the use of FI hybrids and vould allov 
the astronauts to eat the seeds that vould othervise be needed for the next crop (up to ten 
percent of the harvest). 
farmers vithout too much expenditure of time. So far, the approach looks promising. 

It vould have to be simple enough to be performed by astronaut 

CONCLUSIONS 

Our research has utilized small, replicated communities of vheat plants rather than indivi- 
dual, spaced plants. This approach requires more space for each treatment but allovs us to 
directly measure treatment effects per unit area and thus to accurately predict the perfor- 
mance of the entire food production system of a CELSS. 

The components of yield in wheat (spikes per meter', seeds per spike. and mass per seed) are 
directly affected by planting density; thus, optimal environmental conditions vary vlth 
density. 
mental factors is important to rapid progress in CELSS research. 

It 1s possible to grov vheat through a 70-day life cycle and to obtain high yields in a 
completely recirculating nutrient solution. The ionic composition of the solution must be 
maintained, but the organic efflux from the plant roots appears to be rapidly oxidized by 
the microorganisms in solution. Total organic carbon has been about 10 mg per liter in our 
eystems. 

Obtaining rapid grovth rates, a short life cycle, and high grain yields may require the use 
of phasic environmental control, vhich is the application of different environments at 
different stages of the vheat-plant life cycle. This type of control might require a CELSS 
design that had several relatively small compartments rather than one large compartment. 

Developing new vheat cultivars for controlled environments may not only be useful but 
necessary to optimum efficiency in a CELSS. 

The problems and potentials of this research are great. Ue anticipate using our customized 
controlled environment facilities to focus on obtaining data to determine the feasibility 
and future design of a CELSS. Although our yields are vell above those obtainable in the 
field, they are still vell belov vhat they could be based on photosynthetic and cropping 
efficiencies. Much progress remains to be made. 

Ue therefore feel that simultaneous optimization of both cultural and environ- 
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THE EFFECT OF RADIATION ON THE LONG TERM 
PRODUCTIVITY OF A PLANT BASED CELSS. 

B.G. Tl~o~npson and 8.11. Lake 

Uiolcchirolugy Departirreiit, Alberta Research Couiicrl, Edinoriton, Alberta, Canada 

ABSTRACT 

hlutatioiis occur a t  a liiglicr rate iii space than under terrestrial conditions, primarily due to an increase i n  radiation levels. 
These mutations inay effect the productivity of plants found i n  a controlled ecological life support system (CELSS). Coinputer 
simulations of plants with different ploidies, niodes of reproduction, lethality tliresliolds, viability tliresliolds and susceptibilities 
to radiation iiiduced iriutations were performed under space normal aud solar flare conditions. These simulations identified plant 
cliatacteristics that would eiiable plants to retain high productivities over time i n  a CELSS. 

INTRODUCTION 

Controlled ecological life support systems (CELSS) will form at least part of tlie overall life support system used for deep space 
missions / l / .  These niissions will have a duration of years, a limited crew, and probably severe mass limitations. CELSS designed 
to operate i n  space must perform witliin these constraints as well N) those iiiiposed by the space environment. 

Planls will probably be used to perforni a t  least some of tlie functions in a CELSS, including biomass generation, carbon 
dioxide reduction, oxygen regelleration, atid waste recycling / l / .  Tlie selection of plant species for use in a CELSS will take 
into consideration several factors. To niiniinize CELSS energy, size and mass requirements, the net productivity of the plants to 
be grown sliould be inaxiniized with respect to these parameters. The biomass obtained from tlie plant should meet a.. many 
liunian metabolic requireinelits as possible. The plant should be capable of being cultivated with little human iiitervention and 
should require only a siniple growth and harvesting system. The plant must suffer little or no productivity losses due to multiple 
generation growth iri the space eiiviroiinient. 

The environment found in  space will effect tlie growth of plants. Microgravity can induce gravitropic ellects during the development 
of the plant /2/. Radiation can cause phenotypic and/or genotypic elfects in plants /3-7/. Any CELSS deployed in space will not 
have large exceas capacities for production built into it, as a result of niaaa and volume restrictions. If any aspect of the space 
environment reduces thc production levels of a CELSS, unscheduled terminations of flight personnel may occur. 

This study examines tlre gellotypic elrect of radiation on tlie productivity of a plant based CELSS at  space normal levels as well 
as during solar flare activity. 

COMPUTER MODEL DEFINITION 

Plants exhibit large variations i n  structural characteristics, gene numbers, reproductive unit type and weight and other attributes. 
These cliaracteristic variatioiis were standardized in order to compare the effect of radiation on plants that vary in reproductive 
 node, ploidy, viability tliresliolds, lethality tliresholds, and susceptibility to mutation at  constant radiation levels. Therefore any 
plant used in  the model may not truly represent any one real plant species. 

blult,i-reneration Omrations 

Tlie model examined the niulti-generation effect of radiation induced mutations on the productivity of an isolated, size limited 
CELSS containiiig one species of plant. In each generation, a niaviniuni of 100 plants were grown. A limited plant number was 
selected to ensure that bot11 general trends in system productivity and the skewing eKect of random events could be detected. Each 
plant could produce an upper bound of 10 reproductive units (RUs). This number represents a coniproniise between the usually 
smaller number of RUs produced by vegetative p l h s  and the usiially larger number of RUa produced by seed producing plants. 
A subset of the RUs produced by tlicse plants were used to start the next generation of plants, with the remainder being used as a 

food product. Key variables that affect tlie food product yield were recorded for each plant generation. For each generation tl~ese 
included : tlie nuinber of plaiits grown (max loo), the total nuniber of RUs produced (ma.. lOOO), net systeni productivity (max 
goo), number of RUs that were geriniiiated (inax loo), the number of RUs that failed to germinate, the nuniber of geriniiiatcd 
RUs that reached RU prodiiction, and the nunibcr of gene mutations that occurred. 

A majority of the uiodcl variables were assigned static values for the entirety of a multi-generation run. Configuration clioices 
included tlie iiiodclled plaiit’s (hlPs) ploidy, reproductive mode, reproductive selectiou criterion, lethality tliresliold, vial)ility 
tlircsliold, genes subject to mutations, and frequency of gene iiiutation outcomes. The model assumed that productivity, viabdil.~, 
a i d  letliality were uiider genctic control only and were not subject to phenotypic variations. Mulation frequency could be altered 
between generatioils to reflect solar flare conditions, altliougl~ a constant mutation rake woultl be typical for most situations. The 
plants used for generation zero nortnally contained fully fiinctional (wild type) gcnes, altlioiigl~ specific genetic deficiencies could 
be induced before beginning a niulti-generation run. 
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I\lodellrtl Plant (MI') Cliaractcristics 

Alps contailled genes that express ouly three traits coirsidered essential for food production. Productivity measured total food 
product produced over time by plalits that reach productive status. Genes that reduce RU weights, RU niiinber, or bioniass weight 
and increase growth periods were considered to reduce productivity. Productivity was iileasured as tlie RU number, assiiniiiig 
constant RU weight, with a hlP produciiig a maximum of 10 RUs. Viability measured tlie proportioii of RUs produced that were 
capable of gerininaling. Genes affecting viability reduced germination frequencia. Letliality measured the proportion of plants 
after germination that would die prior to reacliiiig adulthood due to gene dysfunction. Genes affecting lethality were considered 
to be those that kill the plant or simply prevent it froni producing food. 

A AlP coutained GO genes per cliromosonie, with tlie three MP genetic traits being represented by 20 genes per chromosome each. 
These 20 genes were divided into two gene clusters, each composed of four dillerent sized gene systems. Gene systems consisted 
of one, two, three or four genes, which yields a total of 10 genes per gene cluster. Tliis gene number was selected to ensure that 
gene duplication effects would occur and that direrences between various plant types could be detected. Tlie ploidy of hlPs could 
be varied to be diploid, tetraploid or hexaploid. 

hlPs could reproduce in  one of four different modes; vegetatively, by anther culture, by cross fertilization, or by self fertilization. 
Some modes are easier to iniplement than others : anther culture represents a high technology, labor intensive means of reprw 
duction, while cross fertilizatioii may require niechanical assistance due to a lack of insect or wind mediated cross pollination. 
During sexual reproduction (cross or self fertilizatiou) or anther culture where ganietes were required for reproduction, gametes 
were produced by meiosis with all genes segregating independently. In anther culture reproduction, one gamete was produced 
for the plaiit and the RU w a s  produced from two copies of this gamete. In crosa fertilization reproduction, tlie plant chosen to 

reproduce was paired with another plant that was randomly or selectively chosen. A gamete from each plant was combined to 
produce the new RU. In self fertilization reprwliiction, two gametes were prodiiced from the same plant, and combined to form 
the new RU. In  vegetalive reproduction, RUs produced were cloiies of the parent plant. 

Mutations 

Gene, in the MPs had four different states. Wild type genes were 100% functional. A leaky mutant gene was 50% functional, but 
would not impair the performance of other genes in i ts  gene set. A recessive mutant gene was 0% functional, and would also not 
impair the performance of other genes in its gene set. A recessive dominant mutant gene had its function altered to the extent 
that it conipletely inhibited the function of all other genes for tliis trait. Positive mutations that altered genes so they performed 
better than wild type genes were not considered. 

Tlie software siiiiulated various plaiit environments through three separate gene mutation control switclies. Ininiunity to nutations 
was achieved for any gene in a clironiosome via a simple mutation on/off switch. Tliis allowed mutations to occur only in a single 
trait if desired. hlutatioii frequency was variable for each generation of plants. When a mutation occurred, tlie type of gene 
transformation that occurred could be varied in frequency for each of the four states (wild type, leaky, recessive, and recessive 
dominant.) 

RESULTS AND DISCUSSION 

The plants considered for use in a CELSS are in many cases available in different ploidies or may reproduce by a variety 
of reproductive modes. Getlotypes witliiu a species may also exhibit dillerent levels of mutations under equal radiation flux 
conditions. In these cases, and i n  cases where different plant species may be used in a CELSS, computer sinidations can aid the 
selection of plant types that will tend to suffer tlie least losses in net system productivity due to radiation induced mutations. 
For all siniulation runs described liere, the mutation rates were increased until differences, if any, between differing plant systcins 
were noled. 

Nonflare Colditions 

In nonflare conditions tlie radiatioii flux eiicountered in space can be expected to be relatively constant. Space missions that are 
performed in periods of low solar activity can therefore expect relatively constant mutation rates to occur in each cultivar of the 
plant species used in a CELSS. 

The eflect of variatioii i n  mutalioi~ freoiiencv 011 net svsteni Droductivitv in nonflare conditions. 

The mutation frequeiicy that a particular genotype will expcricnce under nonflare conditions is iinportairt i n  detcrniining whctlicr 
or not it sliould be selccted as a poteiitial plant in the CELSS used. For all types of reproduction, regardless of ploidy, increaqing 
tlie ~ ~ ~ u t ~ i t i o n  frequency expericriced by the plant had a negative effect over time on net system productivities (Figure 1). 

'The effcct of ploidv on net svsteni iwoclurtivitv in nonflare conditions. 

Sonic plant genera, for example Triticuiii (wheat), contain species that have dilrerent ploidies. Lines with dilrereiit ploidies CRII  

also be generated by tissue cullure techniques. Under condit.ions of high system mutation frequencies, increasing ploidy for plnlits 

reproducing by any type of reproduction resulted i n  higher retained net system productivities over time (Figwe 2). At lower 
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niutation frequencies the dilhrences betweeu the net system productivities of plaiits reproducing by tlie sanie means with dinering 
ploidy declined or disappeared (Figure 3). 

The elTcrt. of rci~rotl~~clion niode on net svstcin Droductivitv i n  nonflare conditions. 

Various plant species can reproduce by a nuinber of niodes of reproduction, both natural and man controlled. The mode of 
reproduction selected for a plaiit could alTect its net system productivity over time. The erect of varying reproduetioil niodcs at 

a constant mulatioil frequeiicy were pronouuced in this study. High ploidy plant systems utilizing modes of reproduction that 
select out recesive and leaky mutant genes with higher elliciencies (vegetative and c r w  fertilization) retained liigliest net systeiii 
productivity (Figure 4). Lower ploidy plant systems in vegetatively reproducing plants retained liiglier net systeni productivitics 
than cross fertilizing systenis and self fertilizing systems retained Iiiglier net system productivities than antlier cultures (Vigure 
5 ) .  Figure 8 also denlolistrates the erect of limited closed systems and randomness on the erect of mutation on net system 
productivity. In general, cross fertilizing plants retained higher net system productivities than self fertilizing plants. IIowever iii 

tliis specific case (Figure 5) a rarrdoni eveiit skewed the net systeni productivity of one or the other of the plants utilizing these 
reproduction modes. This lias important implications for predicting events in a CELSS. Limited closed system are susceptible 
to random events and events like this should be accounted for when planning systeni production capacit.y. 

The erect of viabilitv tlireslioltls 011 net svsteni Droductivitv in  nonflare conditions. 

The viability tliresliold of a plant arects the ability of a RU to germinate. At viability levels below tlie viability threslioltl, a RU 
will not gerniiuate. This is a reflection of system complexity and gene redundancy. More complex systems have higlicr viability 
tliresliolds due to the higher probability of mutations disrupting the germination process. Systems with higher gene redundancies 
have lower viability tliresliolds. hlutations affecting RU germination tend to be selected out of the system as they manifest 
tlienlselves. If a RU does not germinate, another RU can be selected to take its place because of the short time frame involved. 
IIence the number of plants initially found in the system is not generally affected by low or medium levels of RU viability. Losses 
in net productivity occur by the loss of RUs which failed to germinate, unless the RU is not a food product. Such was the 
case in this study with plants reproducing by anther culture. In all other plant systems, net system productivity declined with 
higher viability thresholds (Figure G). These systems represent those with more complex geriiiination processes. This loss of net 
productivity was due to RUs that failed to germinate (Figure 7). The erect WJS less pronounced at  liighcr ploidy (and hence 
higher levels of gene redundancy) with fewer RUs failing to germinate for the reproduction modes alTected (Figure 8). 

The erect of letlialitv tliresholds on net svstem Droductivitv in nonflare conditions. 

Lethality tl~resholds affect the ability of a germinated RU to reach productive status. At lethality levels below the lethality 
tliresl~old, a germinated RU will not reach productive status. In a fashion analogous to viability thresholds, this is a reflection 
of system coinplexity and gene redundancy. Unlike viability tl~resliold erects, the effects or lethality tliresl~olds appear after the 
total plant number has been fixed. These erects are not correctable by simply regrowing another plant to replace the expired 
plant, as the affects occur well into the process of growth. Plants with higher lethality tliresl~olds for all reproductive modes had 
lower net system productivities over time as compared to those with lower thresholds (Figure 9). Higher ploidies demonstrated 
less net difference in net system productivities between plants with different lethality thresholds. 

The Ellect Of Solar Flares 

During periods of increased solar activity, the radiation fluxes encountered by a CELSS will increase the mutation rate of plants 
found in a CELSS for short periods of time. While space vehicle inliabitants will most likely have some place of refuge that is 
adequately shielded, the size of CELSS units will make shielding unlikely due to mass restrictions. 

The erect of flares witliout selectivitb 

Solar flares occur infrequently and with large variations in magnitude. They are cliaracterized by short term increases in radiation 
that then subside back l o  noiiflare levels after a period of time. In these simulations, flares were assumed to alfect one generation 
only. Examination of situations where flares occur revealed that for all reproductive modes at  any ploidy, flares resulted in imme- 
diate short term reductions in net system productivity followed to different degrees by some level of recovery. The productivity 
of plant systems aher recovery from flares usually eveutually equaled the net system productivity of plant systems operatillg in 
conditions wlierc flares did not occur (Figure 10). However the short term loss of net system productivi1.y due to flares would in 
nrost cases cause a systcin failure wilh its associated results. 

The e rwt  of ploitlv 011 iirt svatcni Droductivitv after flares. 

As dncribed above all systenis experience net system productivity losses in the generations ilnnlediately following a flare. Plant 
systems with liiglier ploidy surcred siiialler initial declines in net system productivity, and recovered more rapidly and generally 
to a lliglier net systeni productivily thau plants with lower ploidy (Figure 11). This recovery is not surprising since the chances 
of producing simultaneous inutations at  tlie sanie loci should be lower in  plants with liiglier ploidies. 



The erect of re~~ro~li~ct ion mode on nct svstein svstsni nrodiict,ivitv in  a flare situation. 

Similar trends i n  net systein productivity wlien varying reproduction mo$c were noted as witliout flares (Figure 12). F1;rri.s 
however caused large net system productivity losses imniediately after t lie flare. These initial net system productivity losses \\we 

not foulid i n  noriflare conditions to the same extent. 

Selectivitv Ercct On Retention Of Net Productivity 

Sclective breeding practicea call be employed in closed systems to select for reproduction only those plaiits that have some liigli 
predetermiiied level of productivity. In all the cases described above no selection was employed i n  determining wliicli plants were 
allowed to reproduce. Systeiiis in  wliicli some level of selectivity is introduced must have some form of highly autoniated sclection 
procedure introduced in addition to the automation probably required to operate the CELSS. For this extra autoniatiou to be 
justified clear benefits of selective breeding must be realized. 

The erect of selectivity on net svsteni productivity in svstems emnlovinn various reproduction modes in constant 
radiation (nonflare) conditions. 

Selecting during reproduction only those plants with known high productivity and excluding those with measurable poor produc- 
tivity niay be a way of combating net system productivity declines due to the e k t s  of radiation. Whether selection occurs or 
not and the degree to which selection is employed will both alTect the net result. In general all plants of any ploidy rcproducing 
asexually by vegetative or anther culture means retained higher levels of net system productivity by employiug any level or 

selectivity. The retention of net system productivity in these cases varied directly with the degree of selectivity employed (Figure 
13). Plants of any ploidy reproduciiig by sexual means (self or cross fertilization) only had net system productivity enhanced IJY 
high degrees of selectivity. Lower levels of selectivity had no advantage over nonselective reproduction (Figure 14). Note Lliat ii i  

all cases selection of breeding stock had 110 erect on system productivity when very high mutation rates prevailed througlioiit 
the lifetime of the system (Figure 15). 

Flares and selectivitv. 

Dy being highly selective between generations, the recovery from flares was enhanced greatly over nonselected or partially selected 
plaiit systems (Figure 16). 

CONCLUSION 

The erect of the space environment on the multi-generational propagation of plants is unknown. IIowever, with respect to the 
e%xt of radiation on net systeni productivity of a plant based CELSS, the selection of plants with ploidies, reproduction modcs, 
aild genotypes that minimize potential erects would be advised. To produce a more accurate prediction of the performance of a 
specific plant in a space based CELSS, more detailed computer models are recommended. A model of a specific plant species should 
be supported with actual data from a limited multi-generation experiment of the plant being exposed to radiation conditions 
similar to those found in space. 
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Figure I3 - Net pnduaivity wrsus plant gencmlion hw planlr 
rcpnrlucing with Jiffercnl levels d ryslcm setcct~v~ty  during 
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lcvd of 5: STAT - selcclivily IwcI d IO. 
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ABSTRACT 

Design decisions to aid the development of future space-based biological life support systems (BLSS) can be made 
with simulation models. Here we develop the biochemical stoichiometry for 1 )  protein, carbohydrate, fat, fiber, 
and lignin production in the edible and inedible p m s  of plants; 2) food consumption and production of organic 
solids in urine, feces, and wash water by the humans; and 3) operation of the waste processor. Flux values for all 
components are derived for a steady-state system with wheat as the sole food source. The large-scale dynamics of a 
materially-closed (BLSS) computer model is described in a companion paper /I/. An extension of this methodology 
can explore multi-food systems and more complex biochemical dynamics while maintaining whole-system closure 
as a focus. 

INTRODUCTION 

Until actual closed systems with humans are built and tested, mathematical models utilizing empirical knowledge of 
components will be the only means available to test hypotheses regarding the operation of these systems, 
pmiculxly regarding those properties characteristic of the system-as-a-whole. Such models have been important i n  
the research towards biological life support systems /2-4/. Averner /2/ developed the concept of elemental balanced 
Iierc extended to generalized stoichiometry. Others /3,4/ investigated the influence of feedback controls on rccovcry 
following a waste processor failure, illustrating the potential for complex whole-system dynamics. Our intent is to 
simulate a system that embodies current understandings of space station module volumes, experimental plant 
growth results, human metabolism, etc., to produce a model that provides information regarding the flow dynamics 
of a space-based BLSS. 

In a companion paper /1/ we develop a mathematical simulation of a closed system that will be able to approach 
whole-system issues, such as the need for reservoirs and buffers /5/. Biological models at the ecosystem level /G/, 
the whole-person level /7/, the whole-plant level /8/, the plant-part (leaf) level B/ are appropriate for other specific 
inquiries. An awareness that different structunl/functional levels possess different properties that may not be 
obvious from any other level /lo/ is essential. Therefore our focus is on the whole system for potential applications 
for space life support. This system is constructed from major components, such as the plant growth module, the 
crew compartment, and the waste and environmental controls, each of which are i n  turn complex systems with 
internal dynamical parts. This paper examines these systems on the biochemical level in order to develop 
stoichiometric relations governing the material flows in the system model /l/, focusing on the elements that 
constitute most of the system's mass: carbon (C), hydrogen (H), oxygen (0). and nitrogen (N). More complex 
processes can be incorporated in the future, but rather than constructing any pnrticular component in great detail, our 
aim is to first consEuct an entire operational model system that is capable of further and diverse modification. 

THE COMPONENTS 

The Plants. 

The three general categories of food type -- proteins, carbohydrates, and fats /11/  -- are metaboloids. Although a 
vast plethora of substances are manufactured by plants, we take the triad of protein, carbohydrate, and fat as 
important substance-typcs to track in the model. This necessitates plant species-specific equations that convert 
carbon dioxide (C02), water (I-I*O), and a nitrogen source into these food types. These equations are now 
developed, along with reasons for chosing particular canonical formulas, which are summarized in Table 1 .  

Carbohvdmtc. Photosynthesis, most simply expressed, creates glucose and free oxygen from carbon dioxide and 
water by 

This renction has a Gibb's Free Energy change of +686 kcal/12/ and therefore C6H12O6 contains energy that can 
be used to drive other reactions in the plant. Glucose, the most abundant monosaccharide, is the parent from which 
most others are built, including the much larger polysaccharides /12/. 
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Protein. To obtain a representative canonical protein, the 20 amino acids present in  most proteins / I  3/ are first 
averaged by calculating the CHON mass fractions for each amino acid and then avenging the twenty C-fractions, 
H-fractions, etc. For this procedure to be perfectly valid, the 20 amino acids should be equally abundant in temis 
of mass in proteins, which is not the case for any particular protein, but is reasonable for a nnge of proteins ovcr ;I 
range of organisms. The average obtained is listed in Table 1 as "mass av'd amino acid". Another possible way of 
avenging is to assume the different amino acids are present in proteins in approximately equal numbers; this 
average is obtained by summing the C-atoms, H-atoms, etc. in all 20 anlino acids and then dividing by twenty. 
This method results in " no. av'd amino acid in Table 1. with its CHON fractions very similar to those from mass- 
avenging. 

A simple formula that approximates these empirical element distributions is C ~ H T O ~ N ,  shown in Table 1. Proteins, 
in turn, are formed by chaining amino acids through peptide bonds /13/, which effectively removes an H20 from 
each amino acid. Therefore, rather than using the average amino acid as protein, a protein formula is better 
represented by C~HSON, which gives a N-content close to the 16% found in typical proteins /1 l/. Therefore the 
reduction of nitrogen from ni@ate to ammonia and its incorporation into protein during biosynthesis from 
carbonhydrate (hexose) is written 

C6H1206 + 3 HNO3 --> 6 C02 + 3 H20 + 3NH3 

2 C6H12O6 + 3 "3 --> 3 C4H5ON + 9 H2O 

(2) 

(3) 

Equations (2) and (3) can be added, 

m. The category fat is taken here to include all substances in the ether extract of a Weende analysis /11/, for 
example, fatty acids, waxes, and phosphoglycerides. They are all characterized by low amounts of 0 (and zero N) 
relative to C and H, and are therefore similar in structure. Palmitic and stearic are most comnion saturated fatty 
acids found in both animal and vegetable fat /14/. Palmitic (C15H31COOH) will be taken as the canonical fat with 
CHON fractions listed in Table 1 and formed by biosynthesis from carbohydrate by 

The energy needed to form fat and any other plant product is not explicitly accounted for in these equations. for the 
reverse reaction of equation (1) or similar respiration processes would have to occur along with equation (4). 
Respiration does not contribute to the mass of the plant, which is the focus here, but is important in the system 
simulation /l/. 

m. Plant fiber is important in a simulation model because there will be inedible parts of the plant, primarily 
because of the presence of large, linked polysaccharides that inhibit digestibility /11/. These are usually considered 
separately from the even less digestible lignins (see below). Although the fibers have a complex biochemistry that 
includes hemicelluloses, celluloses. and xylans /15/, cellulose as the basic structural material of cell walls in all 
higher land plants will be the representative fiber, with formula (GH1005)n /11,16/ 

w. The final important plant component is taken to be lignin because of its ability to appreciably reduce 
digestibility in small amounts /I 1/ and is usually found associated with the fibrous materials. A typical lignin is 
characterized by chains of CloHl102 (1 1) and can be formed by 

20 C6H1206 --> 12 C10H1102 $. 54 C02 + 21 H20 

-Humans 

Respiration and waste solids. Humans consume food containing protein, carbohydrates, and fats defined by the 
same canonical formulas produced by the plants. A fraction of the carbohydrates and fats are assumed to be 
completely respired to form C02 and H20 by reversing equations (1) and (4). Humans also produce organic solid 
wastes of different types than found in foods. These -- urine, feces, and wash water solids -- will now be 
considered. 

urine solids. Human urine has on the order of 25 organic constituents/17/ whose concentrations each exceeds 50 
mgA. Urea ((NHd2CO) is by far the most abundant /12,17/, with well over 50% of the total organic solids, 
followed by much smaller amounts of creatinine. uric acid, ammonia, and still smaller amounts of phenols and 
oxalates /18/. The CHON fractions of urea and of urine solids given calculated from Lehninger's listing of 
compounds /12/ is shown in Table 1; i t  would appear that urine solids are esentially urea. However, a substnntially 
different distribution with more 0 and less N appears in the elemental listing measured from a standardized freeze- 
dried urine samples /19/, which is also shown for comparison in  Table 1. We obtained a value for the unlisted 0 in  
this reference by subtracting the sum of the 15 elements listed from a total of 100%. The reason for these CHON 
differences is not apparent. 

(7) 
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The most complete listing of compounds and CHON fractions for categories of compounds is that of Putnam /l7/, 
whose total 0 and N for organic solids are between those values from references /I 2/ and /19/; see Table 1. This 
study /I71 notes that the formula C2H602N2 approximates the CHON distribution of urine solids. This formula 
can be re-structured as urea plus a sugar precursor ((NHz),CO + CH20). Although significant glucose i n  urine is 
characteristic of a pathology /18/, the many nitrogenous compounds other than urea that exist in urine and the 
concentrations of the non-nitrogenous compounds happen to produce the above average urine compound, whose 
urea percentage of the total is a reasonable 67%. Excretion of urea is a principle method the body has to rid itself of 
ammonium ions in the blood and tissues, and this urea is formed by the hydrolysis of arginine to ornithine /IS/. 
Since arginine can be synthesized and the pathways are more complex than we need for the B U S  system at this 
point. we will take the formation of urine solids (C2H602Ni) from the generalized protein to be 

(8) 2 C~HSON + 7 0 2  --' C2H602N2 + 6 C02 + 2 H20 

Feces solids. Table 1 lists the CHON fractions from two sources /16, 19/, in which the latter's 0 was obtained by 
difference from the table listing elemental composition of freeze-dried feces. The differences between the two 
sources is perhaps not too surprising given that feces is almost as varied as the food thatis eaten. However, 
following the procedure for urine solids to include some recognition of the composition, Orten and Neuhaus /I 8/ 
note that the dry content of feces is 25-50% dead and living bacteria; bacteria are about 50% protein DO/. Feces is 
an important export for fats from dietary by-products or undigested lipids, and lipids of various types can constitute 
up to 33% of the dry mass of feces /18/. Other undigested, indigestible or unabsorbed food residues are found. As 
a possible feces solids composition we take 50% protein (25% from bacteria, 25% undigested food), 25% fat, and 
25% carbohydrate. The carbohydrate is not intended to represent undigested glucose, but rather serve as a proxy 
for undigested non-nitrogenous plant matter. Using the formulas for protein, fat, and carbohydrate above, this 
mass distribution is approximated by 

This produces CHON fractions generally between those of the two references and will therefore be taken as 
reasonable. The concern with the substances that comprise urine and feces solids is motivated by the requirement 
that the BLSS system model should ultimately contain feedbacks within the system. Ultimately, rather than 
specifying the amounts of urine and feces solids produced each day, they should be linked to the composition of the 
food eaten. This will be facilitated by deriving some of the reasons behind the CHON fractions of these solids. 
The same goes for wash water solids. 

Wash w , e .  Wash solids consist of residues primarily from the skin's surface during washing, and are 
listed as sweat solids, an important organic solids constituent to be considered along with urine solids and feces 
solids in designing space life support systems El/. The composition of wash water solids has been studied /16/ 
and is displayed in Table 1, both including and excluding soap from the organics. Since the model is not recycling 
soap at this point, we will exclude soap (about 30% of the total organics) from consideration. The remaining 
constituents are lactic acid, urea, glucose, and unknown insolubles. From the analysis and assumptions in 
reference /16/ about 15% of the total organic solids have the composition of urea and about 85% has approximately 
the same CHO as C6H1206. Following the formulas earlier, this leads to 

Table 1 shows that the CHON distribution of C13H28013N2 closely reproduces the reference values. 

The Waste Proc- 

The waste processor will receive the both inedible and edible waste plant materials and the human wastes. It will 
need to handle the edible parts of the plants, for example, if the food supply is too high or is diseased and needs to 
be scrapped, then material sent to the waste processor will contain some food components. The equations for these 
processes are essentially various reverse combinations of those above, whereby solids are Liken back to C02, 
H20, and "03  These will not be repeated here. We assume in the model /I/ that this recycling can be 
accomplished completely using whatever equipment is necessary. although this need not be a requirement in the 
future, as the output of actual waste processing tests will be added to the model. 

THE SYSTEM 

Equations. We now create a system by selective sums of the previously developed equations to form simple 
balanced transformations for the growth of food and inedible parts by plants. the consumption and respiration of 
food by humans with the production of wastes, and the recycling back to inorganic forms of all constituents by the 
waste processor. Specifically. an equation for food production is formed by summing equations (1). (4), and (5).  
By similarly summing equations (1). (4). (6). and (7) a system for the inedible plant production is obtained. This 
neglects fats and simple sugars, which are not included here in order to focus on the fiber and lignin components 
that characterize the inedible portions. The human food equation comes from combining equations (8). (9), and 
(IO) with the reverse of equations (1) and (5).  Waste processing the edible parts of plants is the reverse of the 
growth of food, in other words, summing the reverse of equations (I) ,  (4), and (5);  waste processing of the 
inedible parts is similarly obtained by summing the reverse of equations (I), (4), (6), and (7). Finally, the 
processing of human waste comes from combining the reverse of equations (I), (4), (5 ) ,  (8), (9). and (IO). These 
actions lead to the following system: 
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Growth of edible plant matter: 

n l C 0 2  + n2 H20 + n3 H N 0 3  --> 

n4C4H5ON "sCgH1206 "6C16H3202 + n 7 0 2  

Growth of inedible plant matter: 

n8C02 + n9 H 2 0  + nlo "03 --' 
n11C4H50N + n12C6H1005 n13C10H1102 + n14°2 

Human metaboliSm of edible plant matter: 

Waste processing of edible plant matter: 

n24 c 4  H50N + "25 c6 H1Z06 n26C16H3202 + "27 O2 -' 
n2gCO2 + n29H20 + n3oHNO3 

Waste processing of inedible plant matter: 

Waste processing of human waste: 

"38 c 2  H6QN2 + "39 c 4 2  H69°13N5 + n40 c 1 3  H28013N2 + n41 O2 -' 
1142 COz + n43 HzO + n u  HN03 

Equations (1 1-16) constitute a system for a biological life support system model if the rate coefficients, ni in moles 
per unit time, are known. 

,4 Solution 

Equations (1 1-16) must be individually balanced in order that they operate to change matter between various forms 
and ensure conservation of species. The 44 unknown rate coefficients, ni (i = 1...40), are not all independent. 
For example, since N appears in only one component on each side of equations (1 l), (12). (14), and (15). n3 = n4, 
n l0=  rill, 1124 = 1130. and 1131 = n37. As another example, since C appears in one constituent on the left-hand side 
and in three constituents on the right-hand side of equation (1 l), n1 = 4 n4+ 6 n5+ 16 "6 ; similar examples are 
straightfonvard. Using this procedure for elemental mass balances, 4 equations can be written for each of equations 
(1 1-16), resulting in 24 equations for 44 unknowns. Other constraints must be imposed. 

The system is therefore further simplified by specifying constant proportionalities between components in 
physically-meaningful groupings. For example, as the edible part of the wheat grows, the protein, carbohydrate, 
and fat components are assumed to remain in a constant set of mass ratios to each other. Similarly with the protein, 
fiber, and lignin in the inedible portion. Furthermore, the edible and inedible are assumed to develop in constant 
proportion to each other, wliich means that the harvest index /22/ fraction of edible-biomassltotal-biomass acts as a 
constant governing proportionality during growth (after a 7 day initial period during which only the inedible grows, 
see /lo. Also, the protein, carbohydrate. and fat in the food consumed are in the same mass proportions as 
produced by the plant; the masses of urine, feces, and wash solids maintain constant ntios; the waste processor 
operates upon the protein, carbohydrate. and fat in  the edible and the protein, fiber, and lignin in the inedible in the 
same proportions as they are produced by the plant, and upon the human waste solids in the same relative 
proportions as they are produced by the people. 

With these assumptions is it possible to satisfy the system of reactions by specifying the above proportionalities and 
by knowing the plant growth rate, the harvest index, the rate of human food consumption, rates of waste processing 
of edible matter. inedible matter, and human waste. Objections could be raised to all of these assumptions; for 
example, the amount of protein in the inedible part of wheat decreases as field wheat develops from grass to hay 
/1 I/. But they allow us to begin exploring the dynamics of a BLSS model knowing that an approximately equal 
level of concern exists in specifying the composition of components. More feedbacks can be added as the model 
develops. 

The dynamics of the full model are given in /I / .  At this point we will conclude by looking at the system in steady- 
state. We specify a diet of 855 gm-wheauday-person, approximately 3000 kcal/day-person /22/. A harvest index 
of edible to total mass at time of harvest is taken as 45% from a recent experiment /23/. Other trials have had lowcr 
harvest indexes /22/, but tlie 45% is typical of field wheat. The mass proportions of the edible wheat bcny are 
taken as 16.9% protein, 80.5% carbohydrate, and 2.6% fat from Bugbee and Salisbury /22/ (excluding the 2.6% 
fiber and 2% ash from their total and re-normalizing h e  values). These proportions are consistent with other values 
for the wheat grain /13,24/. 
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The composition of the inedible portion is more problematical. We choose here a mix of 35% protein, 50% fiber, 
arid 15% lignin. One analysis of wheat straw has close to 30% lignin with the remainder as fiber/25/. Cereal grass 
of wheat when IO cm high has a protein content of 43% and even a significant lipid content of 7% / I  I/. These 
protein values are partially maintained up to maturity in the hydroponic experiments /26/, although there is some 
senescence in the later stages of development towards h.uvest. The fact that the laboratory wheat is not nitrogen- 
stressed in the later stages of its growth is the likely reason for higher protein fractions in the inedible parts than 
found under field conditions. Therefore our inedible values should be considered very tentative. When more 
biochemical dynamics are added to the model, the effects of various environmental factors on the cycling of 
elements in the total system can be explored by changing the harvest index and inedible composition,. 

These values lead to 1.74 moles-N in protein consumed per person per day, which in a steady-state must be 
excreted in the urine, feces, and sweat solids. We distribute this such that n19 = O S ,  n20 = 0.12. and nZ1 = 
0.02 in equation (13). This produces a total urine organic solids of 49.5 gdday-person, a value generally 
consistent with a measured value /27/ of total solids of 62.9 gdday,  after subtracting possible values for the percent 
ash content of total urine solids, 14% /19/, 35% /12/, and 38.2% /16/. The amount of wash organic solids that 
results from this division is 8.4 &day-person, consistent with the 8.8 gdday-person /16/ after the inorganics and 
soap are removed from this reference's values. Thus 102.2 gdday-person is in feces solids, which is substantially 
higher than the 35.7 gm/day-person found in a 90-day test with highly-processed and easily-digestible foods 
including meat D7/. but compares better to the 75 gm/day-person for a vegetarian diet D81. 

Using these values, it is possible to compute the molar daily rates for equations (1 1-16) for a single person. Since 
the system is in a steady-state, the human eats exactly what the plant consumes, so equation (14) drops away. The 
results, shown with significant figures that balance the elements to about 0.195, are as follows: 

Growth of edible plant matter: 

31.29 C02 + 27.81 H20 + 1.74HNOj 
1.74 C4 H5ON + 3.82 c 6  Hi206 + 0.086 C1&3202 + 35.39 0 2  

--> 

Growth of inedible plant mauer: 

46.59 C02 + 30.22 H20 + 4.40 HNO3 --) 

4.40C4H50N + 3.22 GH1005 + 0.96 CioH1202 + 57.0802 

Human metabolism of edible plant matter: 

1.74 Cd HsON + 3.82 c 6  H1206 + 0.086 clbH3202 + 25.14 0 2  -> 
0.55 C2 H,502N2 + 0.12 C42 H69013N~ + 0.02 C13 HaO13N2 + 24.82 C02 + 22.55 H20 (19) 

Waste processing of inedible plant matter: 

4.40 C4 HsON + 3.22 c 6  HloO5 + 0.96 CIoH1102 + 57.08 0 2  --> 
46.59 C02 + 30.22 H20 + 4.40HN03 

Waste processing of human waste: 

6.47 C02 + 5.25 H20 + 1.74 HNO3 
0.55 C2 H602N2 + 0.12 C42 H69013N5 + 0.02 c13 H28013N2 + m.24 0 2  --) 

CONCLUSION 

The whole-system model /I/ lumps some of the components into large-scale masses while maintaining accounting 
of the CHON elemental balances: food, plant waste, human waste, as well as CO? 02. H20, and "03. The 
flows of these seven mass-types in the steady-state of equations (17-21) is shown in Table 2. Although an 
alternative would have been to begin directly with a similar set of mass-types values from the literature and estimate 
a balance of CHON within this system, there would not have been any internal biochemical consistency in such an 
approach. It is desirable for a system of mass balances to be readily capable of expansion to include, for example, 
changes in the edibldinedible ratio and tissue-type during growth, the incorporation of different food plants in 
conjunction with wheat, such as potatoes, soybeans. and lettuce, and the addition of waste processing components 
that will deal separately with various parts of the inedible biomass, such as lignin and cellulose, which may be 
important since a substantial portion of the biomass directly from the plant will be indigestible by humans /29/. By 
explicitly developing a stoichiometric system and examining reasons behind the composition of mass-types, we 
have a methodology that can adapt to many of these foreseeable needs. 
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TABLE 1 Canonical Formulas and CHON % Composition of Model Constituents 

Type and Symbol C H O N  References and Notes 
Components 

Edible plant 

Protein 

Carbohydrate 

Fat 

Inedible olant 

Protein 

Fiber 

Lignin 

Human waste 

Urine solids 

Feces solids 

Wash solids 

57.8 6.0 19.3 16.9 
47.5 6.9 31.7 13.9 
47.0 7.5 30.4 15.1 
48.3 8.0 28.6 15.1 

40.0 6.7 53.3 - 

75.0 12.5 12.5 - 

57.8 6.0 19.3 16.9 

44.4 6.2 49.4 - 

73.6 6.7 19.6 - 

26.7 6.7 35.6 31.0 
27.8 6.1 33.3 32.8 
20.9 5.8 47.5 25.8 
21.3 7.1 26.2 45.5 
20.0 6.7 26.7 46.7 

59.2 8.1 24.4 8.2 
71.1 4.2 12.3 12.3 
46.5 7.3 37.0 9.2 

37.1 6.7 49.5 6.7 
40.3 6.3 46.8 6.6 
54.2 7.9 33.2 4.7 

C4H702N minus peptide bond 
CdH70ZN 
mass av.'d amino acid I1 31 
no. av'd amino acid /13/ 

assume hexose 

palmi tic (C15H3 1COOI-I) 

see above 

represented by cellulose 

typical formula I1 1/ 

(NH2)2CO+CH20 
/17/ 
/19/, 0 by difference 
p. 840 of /12/ 
urea: (NH2)2CO 

2: 1: 1; protein, fat, hexose 
Table 3-1 of 1161 
/19J,O by difference 

15%tirea, 857ihexose 
orgs without soap /16/ 
orgs including soap /16/ 

1 4 4  



TABLE 2 Mass Fluxes* for a Steady-State System with Wheat as Food 

Mass Type Plants Human Waste Processor 
- In - out - In m - In m 

~~ 

co2 3426.82 . - - 1092.30 - 2334.52 

H2O** 1044.56 405.96 638.60 

"03 387.16 387.16 

0 2  - 2958.79 804.62 2 154.17 

Food 855.00 855.00 

Plant Waste - 1044.15 1044.75 

Human Waste 161.36 161.36 

* All values in grdperson-day calculated using integer atomic masses and equations (17-21). 

** H20 values include only that involved in stoichiometric transformations of mass type, which does not include 
transpiration, drinking water, water associated with wet (as opposed to dry) biomass, etc. See /1/ for these values. 
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ABSTRACT 

Rockwool. as an inert medium covered or bagged with polyethylene film. can be effectively used for plant culture 
in space station. The most important machine is the pump adjusting the dripping rate in the feeding system. 
Hydro-aeroponics may be adaptable to a space laboratory. The shortening of the light-dark cycles inhibits plant 
growth and induces an abnormal morphogenesis. A photoperiod of 12-hr-dark may be needed for plant growth. 

INTRODUCTION 

In space, we cannot use typical nutrient solution culture systems for plant growth. A new culture system has 
to be established, e.g. hydro-aeroponics. If the light (I)-dark (d) cycles are 90 minutes (45(1) + 45(d)) as in the 
flight of space shuttle, abnormal plant growth will be induced. It is important to find effective lighting regimes 
for plant production in a CELSS. Our research was dome to establish a method of rockwool culture and lighting 
regimes for normal plant growth. 

I. TRICKLE WATER AND FEEDING SYSTEM IN PLANT CULTURE 

Methodoloev 

Rockwool is made from a mixture of basalt and slag as a by-product of the iron industry. Plant seedlings were 
grown on rockwool media (7.5 cm high x IO cm wide x 10 cm deep). After plant roots were sufficiently distributed 
in these blocks, seedling blocks were placed on rockwool beds (7.5 cm high x 25 cm wide and at least I20 cm 
long). Rockwool blocks and beds were then bagged with polyethylene sheets. Water and nutrient solution from 
fert-irrigator were supplied through spaghetti tube inserted into the rockwool bed (Fig. 1). 

Results 

Rockwool is 3-4% solid phase and 96% fluid phase. Water or solution is dispersed in every direction by capillary 
attraction among fibers (10 - 100 pm). The total amount of water or nutrient solution to be supplied has to 
stay within a limitation of 70% of the water holding capacity. because the bed system has no drainage. The 
water and feeding system are shown in Fig. 2. When the three way electromagnetic valve (EMV) turns on the 
water. the piston in the pump adjusting the dripping rate is pressed down, and emits the concentrated nutrient 
solution as a droplet (0.1-5 ml/stroke). After this work. the water is drained away from pump room and nutrient 
solution is pumped up. In this case, two stock solutions are prepared in order to prevent precipitate formation. 
The pump adjusting the dripping rate must be a twin-head proportioner type. As the maximum flow rate of 
water is 0.5 to 1.0 liter per pulse, the stock solution will be diluted 100 - 2.000 times before it finally reaches the 
plants. This is controlled by a transmitter with a flow meter and a three way EMV via a pump which adjusts the 
dripping rate. We usually take a 1.000 times dilution of the stock solution to get 40 me/l total concentration. 
50 to 200 ml of nutrient solution or water, depending on plant age is provided to an individual plant. as one 
dose for a few minutes. repeating four to seven times a day by the use of a timer switch. 
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Fig. 1. Plants in rockwool bed with trickle feed lines. 
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Fig. 2. Main parts of trickle water and feeding system. 

Although nutrient composition varies with plant species and its developmental age, the standard ratio of nutrient 
ions for vegetative growth. i.e. NO,-: H2P04: SO4--: NH4+: K+: Ca++: Mg++. is recommended as 23 : 7.5 
: 7.5 : 5 : 20: 15 : IO. percent of total amount (usually 40 or 20 me/l) in chemical equivalents. In reproductive 
growth stage, SO4--. Ca++. and sometimes H2P04 have to  be increased. whereas N03-. NH4+. and K+ 
have to be decreased. The minor elements such as Fe. B. Mn. Zn. Cu. and Mo  are also required. In the case of 
rockwool culture. EDTA chelate of a metal is available for the uptake of nutrients. because of the slightly alkaline 
solution in rockwool medium. pH and electroconductivity (EC) should be adjusted automatically at about 6 and 
below 2 milimhos/cm. respectively /3.4/. Hydro-aeroponics by the use of fert-irrigation system on rockwool 
medium may be adaptable to  a space laboratory, because it does not require the transport of large amounts of 
heavy, bulky water and rockwool. as a medium, can be used for several crop cycles. 

II. LIGHT-DARK CYCLE EFFECTS ON PLANT GROWTH 

Methodoloqy 

Komatsuna (Brassica carnpestris L.) and Mung bean (Vigna radiata R. Wilcz.) were grown for 4 and 3 weeks 
after sowing. respectively. under 24(LD-12). 12(LD-6). 4(LD-2). 1.5(CD-3/4). 0.5(LD-0.25)-hour cycles with 

148 



equal light-dark duration. The light flux rate was adjusted to  175 pmol m-2  5 - l  (400 -700 nm) or 10.6 klux i 
6%. Air temperature was kept a t  25 C and relative humidity at about 70%. 

Results 

All growth parameters measured were reduced with shortening the cycles down to LD-3/4. but more or less 
increased again toward LD-1/4. In LD-3/4 dry weight and leaf area relative to  LD-12 were 46 and 55% in 
Komatsuna. and 14% and 15% in mung bean, respectively (Fig. 3.4). 

L O 4 2  LG-i 
I C O W T l  

Fig. 3. Growth responses to  different regimes of light-dark cycles for three weeks after sowing. 
SL:vine length. LA:leaf area, DW:dry weight. 

1 

L h - I 2  1b-C 10-2 11-34 LC-I/4 

Fig. 4. Growth responses of Komatsuna plants to different regimes of light-dark cycles for 4 weeks after 
sowing. LL:maximum leaf length. LA:leaf area, DW:dry weight. 

Shortening of the cycles gradually decreased the chlorophyll content in leaf blades. whereas it increased the a/b 
ratio in both species (Table I). This suggests that reduced photosynthetic activity is caused by a decrease in 
the total chlorophyll and chlorophyll b. With shortening cycles, leaf diffusion resistance increased. whereas the 
transpiration rate tended to  decrease. In 90- and 30-minute cycles, the failure of stomatal function was suggested 
from the values of diffusion resistance and transpiration rate. These responses also indicate that such short 
light-dark cycles inhibits the carbon dioxide exchange rate in leaves (Table 2). Conclusively. plant growth in a 
90-minute cycle of light-dark period. as in the flight of space shuttle, may be strikingly retarded /2/. because of 
the inhibition of photosynthesis and transpiration. Further studies are needed to find more normal growth under 
a variety of lighting regimes of longer duration or shorter cyclic period in minutes or seconds /I/. 
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Table I. Chlozpphyll  conten: cdorODhy11 a/b ratio m l e a v e s  

as a f f e c t e d  bp t h e  len<.hs of a l i @ t - - d ~ - k  cycle .  

Lata: nmFoez - Komssscn; - 
r e g m e  Cnl a+ a/ b c s  %+D a / O  

(mc; ai=-’) (mG ar-‘) 

Lr-12 2.20a 2.d6a 3.29‘ 2.46“ 
LI-6 L a o b  2.5L’O 3.0ja 2.65b 

Lr-2 1.9TD 2.70bC 3.0Ca 2.7LD 
U J / I  1.M‘ 2.36’ 2.5db 2.7eb 

LITl/C 0.75 :.eTC 1.36‘ 3-07‘ 

Note : * n e r e r a m e c  03 2)rd oay a?%: w u u g  use of 
2 ~ l l - & r o w z  l e a v e s .  - nererJrned on 29tn  nay 
h f t e r  sovzng by u s e  OZ t h e  le-pst leaves. 

D:ffc=ent l e t t e r s  on t n e  snoulde? oi t h e  m e a  
d u e  snow t n e  nv-5e. d s f f m c e  for -ae 
n c l t a p l e  range  tes: a t  t n e  Fpezoerit l e v e l .  

T a ~ l e  2. Dr:,%szon ?esrs:ace u d  trum:=a:ioz rare of l e a v e s  

H D p e e t  

G 1 2  2-71‘ 5-53a 5.7Ga 0.26 3.74 

Li-6 j.16” 5-06” 9.5jab 1-79’ 0 . 3 j  2-66 

L3-2 L.16” 3..dia 1 2 . 4 ~ 5 ~  O . ? j a  C-33  3-59 
LD-3/4 1o.wb 1.2Zb 10.30~~ :.aa 1.06 1.02 

LD-l/L ll.Llb 1.36b 1;.2jab 1.p’ 0.86 1.06 

D-12 i 2 4 a  10.36ab 6.94’ 2-11. 0.16 1.91 
Komarnula- 

Ltd 1.11’ 9.73* 6.1)a 2.82’ 0.16 5 - 4 5  
2.7jab j . g j  ab 0.38 2-01 LD-2 1-05. 7.8Eb 

S 3 / 4  0.?Ya 6.8qab 1.6Zb 6.16“ 0.61 1.a 
E-J./L 1.2pb j . 7 ~ ’  ~ 3 : .  j . 0 5 ~  0.7: 1.24 

Nore : * asrermmed on the a b n a l  s i d e  oi leaf 03 22ac d q  rf+C 
soh?ng. - d e t e m l n e d  on t h e  a b n a l  s i d e  of f h l l - ~ o % x  
l e a f  on 1 9 t h  dzy k ‘ t e r  sohug.  
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APPENDIX 
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