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Engineering Approach to Crop Production in Space

Yong Hyeon Kim
Division of Bioresource Systems Engineering, Chonbuk National University, Jeonju 561-756, Korea
(The Institute of Agricultural Science & Technology)

Abstract. This paper reviews the engineering approach needed to support humans during their long-term
missions in space. This approach includes closed plant production systems under microgravity or low pres-
sure, mass recycling, air revitalization, water purification, waste management, elimination of trace contami-
nants, lighting, and nutrient delivery systems in controlled ecological life support system (CELSS).
Requirements of crops for space use are high production, edibility, digestibility, many culinary uses, capa-
bility of automation, short stems, and high transpiration. Low pressure on Mars is considered to be a major
obstacle for the design of greenhouses for crop production. However interest in Mars inflatable greenhouse
applicable to planetary surface has increased. Structure, internal pressure, material, method of lighting, and
shielding are principal design parameters for the inflatable greenhouse. The inflatable greenhouse operating
at low pressure can reduce the structural mass and atmosphere leakage rate. Plants growing at reduced pres-
sure show an increasing transpiration rates and a high water loss. Vapor pressure increases as moisture is
added to the air through transpiration or evaporation from leaks in the hydroponic system. Fluctuations in
vapor pressure will significantly influence total pressure in a closed system. Thus hydroponic systems
should be as tight as possible to reduce the quantity of water that evaporates from leaks. And the environ-
mental control system to maintain high relative humidity at low pressure should be developed. The essence
of technologies associated with CELSS can support human life even at extremely harsh conditions such as
in deserts, polar regions, and under the ocean on Earth as well as in space.
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FollMe] AHE AR 1S 38952 (National
Aeronautics and Space Agency, NASAY} FH-5F
=r(European Space Agency, ESAPIA Be IS
71&0)al = A A9 shde|tt. 95E 0ol 2
2 AR QA% FAldle SHIsALE Q1% Al
o] ZhF, 87t volA e Al & ofE,
Z 0,,COrH,0 5 =49 £8lo] FXHo=Z o]F
AAE=E3}] gk 259 oE, QI 2189 FE
ot g A My H Fol

H=E 3ol A7IRE AFSE] 918 B571A1Y
24 AFElaL = 7kl 1996del] siauln
(Pathfinder)el= §AMIE o83l SdH GALE A
=3 up Qo 8| RIS ATt A 9=
AN YFE FHE A S o5 AHS AHHo R A
7] A AR Al=Rlo] JikE|ojof Firt. Hs
YA A¥-H5-2] Al2=Bl(Closed ecological life support

system X+ controlled ecological life support system,

CELSSy --0llA 2l& A4 7 3719 A3 2
A, A71E Al Fol 7Fedt A" ou]gitt. ¢
F7IR oA Aakds Ao ZEA o AFo] dgm
Tk ope} $ulgaEe] 58 HaF Akko] THY
o sjg3Ict. o]A7}R] CELSSOlA] m| &S] o) &,
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£ 2 A7) e, vlh 5 Ee AUeirg A8
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A77E 95 el Feeta s SR st
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CELSS®] 7Nd# & A+ 538 Ay 95004
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7] Fol A fAE HsiM Zasich 1™y oy
QAEE ATERE AT wowA A7z o
g FPaleid g ofEgol WEn. FngApt
7Rt HEEA UFEE ST o FaF AFES $

o ot of

o?,i“
il

97N A AL 9

oft

B

¢

T8 o83l NBlHY 0] wALE uf 3HE
o] BAV) Frlek avkg %8 dgrt Avgd o
Fol] $2pollM A AE-E Apfse] Rl A)

AES AT AT o] AleH ok

1. H2HAMERA| HHEHFRA AL

CELSSE ISS, 34 e ¢4 33 95 71X
HATE 753§ ATFERE AF T oA Y
AEH glo] 2ol 1] o] FAHES 34
o] Mo=L 2 E2] A, B F7|e] A3} 2 A4,
A71Ee] Ag Fol 7kest AuHAE YvIdthKim
and Bucklin, 20035). +FHAIZRE ¥|EH CELSS
o] B3 A= YHelxe] 9771 1A A o
B0 US| o] FoIA|IL 3} NASASH ESAAE
CELSS 7idol] 7)zste] A2 git AR Al2d
(Bioregenerative life support system, BLSS) L+ 3
By AR A)2®l(Advanced life support system,
ALSSye 7Rakstar qirt. o]} -2 BLSS = ALSS
4 W gk ope} 1SS T 3RdellA QIkte] A
< Adar] fAgh HfE A=RloZ A, AR AA
o] TRAR] FRE 28t Al Hollx] 5154
=2 Ap7t o} FolZIt}, o]l HEL AEHA] Al
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(Bugbee and Salisbury, 1986; Wheeler and Tibbitts,
1986; Tibbitts and Wheeler, 1987, McKay et al,
1991; MacElroy et al., 1992; Kiota et al., 1995).
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Fig. 1. Concept of controlled ecological life support sys-
tem(CELSS).

2. H2HAERA] MHFX| AlARe] JHL A2 : Bios-
32} Biosphere 2

HAALNAE TE7] AT =He 1968 Z
Clair Folsomeo] &J3]A A|=5 St} (Folsome and
Hanson, 1986). L= Bl g sfiHelr] thekgh
59 vAES XS § EZERT0 Yol EWES
4289 HAAE WHESITE o] HaAe s, A
< on} = HAAEAR Hrpiar ok EekeA
Wel Be rlRAEES AN, A%, 298 vHshaA
AESaL St 719 Ade A 7hssiaA ATtet
e 7Eo H4 AHAE IFFHeE vE F e
< o3 Aoz iy Q).

19893 #|AJoke] KranoyarskAloll $1xISE AEE
8} A3t A~(the Institute of Biophysics)ollA €= =3
Al B3 A 22k 5A] workshopol] 371gE A}
S 9FolMe] 382 BH o= BLSSY AAE A
A = AddeAe] d7 shEoga AEHERS)
(biosphericsy& THE ZolF-S T2 B} Qirt. o]
AoRoll= A7) AEA B8 247 S Alojst
= HE Uit o3l $ollA QIzke] X&A) A
o FAR]] AEALS A AEdY 24, =A
b Afel. Akeb e Ao 23 SRR A AEACdA
o] e =Y F e AHAY AlE 24,
Al Aol F3l Al S5 e A7
2% 2w 71 AT Fol ¥4 Jk(Nelson et
al., 1993; Allen and Nelson, 1999).
oA 17+ FEF3F CELSS T AFo=zA

#HAloke] Bios-39} "]=2] Biosphere 27} It} A}

s
s ol

&

Eal

T
i

AR 71zFsst Qo] Aol AFshaA 2ES
Al EAe] 729 FEE ARRIIE) AEAE
AES NEFHTRE PolA FUsh, SEHoE A
tt zpoldS AL k.

Bios—3& $FHIAALE 913k BLSSY] 7S EA o
2 196537} 19683 AX]E Bios-17} Bios—20] |
A] 197230)) AHj2lofe] FEl o= T (Krasnoyarsk)
Aol A=Y 14 m x 9 m x 2.5 me} 7|24 =)}
o 4% Bios-3& M9 IO FEE HEE
E (phytotron)2- & AREE l9] F7ME 2F9 €
F FHel 37 S FHoz U, APAE Fol

AR, A 179 Sl 379 SFdol
AFSAC. Bios-39 WH d¥e VY FEoE

FAENL, AAE B 3719 FHi FES AXE
71FEOZ 0.020~0.026%% YERTH 559 F2
3} HEEE Ao|E ¢#shs e HEEE U
o] 2Bd] oJajx HEHoZ AzlE & 600-650°C
2 71E=A getA AalE o] -] FA Xt
o= goxitt. o] W A& oJsir Sk
7 g BFE AX ujgA o= AMg-ELt.
o)A BRg BL olems Weio) 2JaiA A5
ok 1972~19733¢] Agel AA i B¢ faw
3 WA AP 3209) S5l Bios-3 el 753}
£ 7 vie) IEERS Ahast SR e
Bl oF 1/58 T3 o] H A 7]
7k Bt B719 Eol sk Adejolx 5o A&
FAFHE B opje} MEESA Apld it
A3AR1 S-S JERATKSalisbury et al, 1997). 74
719] AgellA 17h, 2F5AE B ZHE FAE FH4H
Aolx 95%2] B8-S AT 4= Jdu, BElE, W
A @ LS 24zt 26%, 14%, 2.3%% R AES
40~45% A% AL & F e ZoE Yekth
(Gitelson et al., 1976).
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sphere 29] W% 7122 35~110 °F(1.7~43.3°Co 3
2 Ao ATk Dempster, 1989; Nelson et al., 1993).

Biosphere 2 WHoll= 3,800 oF2] &- 4123} ¢
Eo} 8] QIzto] 19911d 9% 26U%RE] 2:d7t H A
Al ol Al el wsle] B3 thdst
AT #ES FSAGT. AR 71z B2 gEY o
oA Bag RE AES THESuz dA"
Biosphere 201X Aol A3 Qe A FE<)
H71ES viEste] Ex 37171 s AZ-EEA
t}(Silverstone and Nelson, 1996). 53] 5719 A%
FEs Hashhe vkt Wi FEER vid 10%
ol3lE FAIFEATHDempster, 1993, 1994). 14| o]
7Rkl €712 @A 0, FES] A&HR] At e}
gt 27100 21%0l ©l2d 0, 3%= dAd ¥ 16
Mol 14%2 Attt dvgoR o= 3§
I B frIEe] B3 HAA A a3
Biosphere 294 0, &% 7H4r}t 584 7]21% A
olgh= A&ES W77t A &t s F &
%7} SR Coyt F718lof sh, AAIZ Co,
o] 5= IA F7FIAl ¥*aL 23|12 Biosphere 2
yle] 371 H2He Zo)EUtHDempster, 1999). ©]&
& Ad= A4 AeiA W] 7k 3¥e Qe
ZFe] AlEo] BIEA] Fag o] opdS U5 A
o= gekErt ogte] Biosphere 2 W9] o3t #4
904 €Ol ¥H(Rosenthal et al., 1999; Sweeney,
1999), 52| 8KKang, 1999; Tubiello et al., 1999),
Au} 5 HY o] AlEHo)Ad Z& (Nebot et al, 1999)
Soll Bt APt A B} ok

Bios—39} Biosphere 2004 4318 4% Ail= A
gk A7 Al WAstel] g AR olsli9) o
£ol 37 Wzle] oS {88 Aot} gk HY
BlA ] Al2Ee] sy 7)ee et olufe)
Aol Abeh, S B A9} 2o Eost #
ZHMNE A A LE 7FsA & Aol

3. HIAMERH WHRX] AlAH0M ASol st

CELSSeM= 3719 &9 AHss 5207 =F
T AAES o] &3kt 2F= Al 7iekebaA
Agdo] w8 AHE AV Ut v S22
(chlorellay= o}t A|Wkd ) Fa= wjelq] 53 32o)
JANAl Hogh A% AES AVx gt 38 27

= BrEES 8L A emE izkA 7Y

3l HES ATE F gle 9HE AYa g
3 22498 ke UE S2Fe 4H8 5 I ¥
HE 71887t 47 ettt 52R9) nRVIAR %
222 FI 28l siA COE ARIEA 0,5
HiESich g 1EAES S A g0 SRS uiE
she ), vlEd &8 $5uo] Hstant 2h¢ 2
2139 71| i), =
g AFAES WAE 22 HA e At ==
AT 23iA BEE A 2 Bde] 2 F £
< AAY = Ak #Al BeiAN 1FAEE A
g o] EAle FH7 TR g0l A= te 34
3, F 712 7%tk Aot vy rla Y
slollA] Bt S FFI7E 4R &rk(Salisbury
et al, 1997). olA7EA] §FolA A58 Apjstr] 9
T AETE TS AFA ZA o vA FE o)e]
o] &7 2EHAE SRS BAAIGH A
e A7t e AR wdEnt

CELSSIIA Aelisle 2182 SuIsiAle] A7
FAEFAN L5 5715 HAT = U=E JUSE =
© AR HEERIRE A5S AT 5 ook
o} olelgh AEL ZEe FE5 YAl Qlkte] 4
A QT g FEaojol gt FollA Al rhEgt
2go] e VIEo R wo AL, A8, a3, =
2, Asst 7F5, # E7), B SR Fo
TH(Tibbitts and Bula, 1988). CELSSOIA 95413}
ARl ARl loll X Z_gt 2HEEA |, W, 12}, 1
o}, B, U, ARST, A, BERkE, 92, s, B
7), Aele], 3, 35, 7, AlFA|, dE T 2ol
AAIE)| L UTHHoOfF et al, 1982; Tibbitts and Alford,
1982; Drysdale and Hanford, 1999; Hunter, 1999). A
A wol@ulol] g 21§ 5% nlol enlue] ulg
22X AoE= R (harvest index= =83 22}
AN v, AT ZAFY A Tl sy, A
HE ZHE-L8 52 ke Zheth

Olson et al.(1988y2 CELSSOIA Z2-2] AibAde-
HE T F e {ERDS 45381, "agk
FES FEE 4 Ade ANEd S AES I
NASA9] Kennedy Space Centerdll 23|€ nlo]emj
2~ AY4H8- A (Biomass production chamber, BPC)
7} CELSSl 2|8317] 918 2MEAN] Ao A=
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Ak 20m?e] AMEAS 113w’ AHE Z
BPCIM 55579 9, 33/ tiF, 5T/Y 45 %
4550 ZAE Apist A A vlojeulx, A8
nlo] s, A4 S5 B8 77 481 kgRET 7]
), 196kg, 540kg, 94,700 kgS AYASIHIL 739 kel
olakletag 1St vlo| Qg ALkskara} F
dg FekS vs o MA npolmsae ZgiAe)
2AsIH o, 21§ o] Qul 2o} SR Z|hR|oll
u] ) A 23 TH Wheeler et al., 1996).

2150] BIAAT 5F 450 7)%3kd CELSS WY
7k Hol mAE 3 Aol g} HESHITH
(Wheeler et al, 1993; Wheeler, 1996). CELSS| A
SIS ARk 87 A B JEith AE
o 7123+ CELSS We] 7k B3-S fJeir] Al=El9
H=e} #715e] ARl A7t s ook gt

o yd i

4. RF0UM 4YE XY 272

A AL FoilA SFHIgALe] AT F olHA
QFG AT 43P0l Badt Hio] g 7ies 9w
g}, fFuigALe] Al AEE T F8F Al2ElY] B
ek 2§l oEstt AR YL FF-Ho) SFshe
371, 7150 virle B3t gdFelokehs 5= AlEl
o} 3K Table 1). Table 19 AANE A8 1€-13
2 136.7 Wl Bt ARG} 0.879] TERIG) 7)
%3 grolth. EEFAGE= A 20 ZFol osiA
AREE 7R AnlE Akl thale] AAdE olitka)
Eb2o] Enl(molar ratio)Z “J2|Ec) o)} #- A

Table 1. Daily human metabolism per capita (NASA, 1996).

44

A AzEe 1ssolA AEE T #5E Aol 1SS
2 3 WA A" A A oS H
a8lshe Alg RARA, v1AFY X0 disir] 24
=|ojo} SlT}(Reiber, 1988).

shdofl HE 7HsEt AL AlAH

g8 Al mR AR A 2710 di7je] s
7} Ea, 1:2-2] AdejellA Bo] EARIEE Feg Hrt
Ho}. A2 50 3 el gl 2AF 27 giv] F
o Coyt Bol EFE o, 71k Al Hl
A vl B Aog defA Slvk. s A9 71
& O] AellA - WA vERdTt o]eigk o
7 7)0] FAEH B2 A JeE EAT  glok

dellre gi7] 2zdo] Wskshe o), 34 Al of
Zlo] Bo] EA) o, sMollx] AEAY] AE 7l
So] ARo) A|HT Y& 7+2H] NASASH ESAS =
Aoz Azfe] It el tinlgt A APE 73
slaiA} 3l BAE A|=3la ITHNASA, 1996, 2004;
ESA, 2005). HIE 2 Jolxrt e el 4= 9l
£ RE 2450] shgdl ARG e 51 3]
t7)ellke CO,, 7571 B A} E3HE) o]e$ 7k~
Se AHe AA(Clak, 1979; Meyer, 1981; Meyer
and McKay, 1989)5LAu 212 gE A48k o
AMSETHAsh et al,, 1978; Clark, 1979). A7/ It
27}, B2 o3}, A HAE aeE W A=

& AFso) AV Ak % WA EAY 5

Needs (kg-d™)

Effluents (kg-d™")

Oxygen 0.84 Carbon dioxide 1.00
Food solids 0.62 Respiration & perspiration water 2.28
Water in food 1.15 Food preparation, latent water 0.036
Food preparation water 0.76 Urine 1.50
Drink 1.62 Urine flush water 0.50
Metabolized water 0.35° Faces water 0.091
Hand/face wash water 4.09 Sweat solids 0.018
Shower water 2.73 Urine solids 0.059
Urinal flush 0.49 Faces solids 0.032
Clothes wash water 12.50 Hygiene water 12.58
Dish wash water 5.45 Clothes wash water

Liquid 11.90

Latent 0.60
Total 30.60 Total 30.60
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Table 2. Environment properties (NASA, 2004; Kaplan, 1988).

4% B g

Property Value-Mars Value-Earth
Orbit period 687 days 365 days
Rotation period 24.62 hours 23.93 hours
Gravity 3.69m-s2 9.78 m-s~
~0.61 kPa (variable) 101.4 kPa
Surface pressure 0.69~0.9 kPa (Viking 1 Lander site)
Surface density ~0.020 kg-m 1.217 kg-m™
Average temperature -63°C 15°C
Diurnal temperature range —89°C~-31°C (summer) 10~20°C
—123°C (winter)
Wind speeds 2~7 m* s’ (summer) 0~100m-s’
5~10 m*s’! (fall)
17~30 m+s™' (dust storm)
Solar irradiance 589 Wm? 1368 W+m™
Drifting material
Size 0.1~10 pm
Cohesion 1.6+£12 kPa

e 3o FEe Qe AR} JVEES ulE
& A7 Blte] FH3PA o] vl sk el

Al (biosphere)2 ©1& F A& A7} 3= Heolth.
1. 3ol &+

3 B FEe 369 m-s22ZA AT oF 40%
FZolthTable 2). 3Mde] 0.020 kgm-s~ ©]3}
24 A9 1.217kgm-s™ o HIs|A] v ZEE &
o ok 34 mde] A di7IkS 0.61 kPa, Viking
139] #AEAHolA S92 0.69~0.9 kPaZ 1}
Rt olgjd ¢Ee A7 tirige] 1% FEel=
2 mXE el sMdellaie] 19 &% Wk AT
Hr} & Aoz deiA vk s W] Bt 7|
& —63°ColH, Viking 13.9] AF5XHA 4= V)
28 AE] —89~-31°C, Aol -123°C(CO A
WAl ST vehdtt. 4471e] e 7o &
2 A AdEE EAT § gtk Agl HE Fol
2] F7 7]L-2 AEAA) FHsh, ool A%
A &= olEtE "olzith. A7} e} AR
zlol M9 g7t AvrE 48 Ak Xt
= A Bl @zho] A Zolt}. sidelAe] e
Al 31 Aol ellgol wel Habe, s Alx
’ge] e 589 Wm-sZ@2A] Ao oF 40%
Folt}. 12 M| A EArte} AhtAAL, B9t
g B BRE AEIE A A @ et 77}

w
Ar=

3aksly| wio] 3M4 Hd] =esle Ak BARs
Aol BIsiA ET) AL BARE = COll 23l
A {3, 200nm ©)Eke] BE Aeld Bk O
719l <JsiA F5-Eck(Kaplan, 1988).

shde] di7] W=rf vr] Wi Fated @
JchBucklin et al., 2001). 3PdollM= ZHojx =
Z22v|ee] wx] FFo] AMd JHgle] ZRHeR
HEASRICE, o33l Wx] E59] A&7} R A
312 ). BT AT Ee 95deM A &
o WA 7] e EFo TEE S A5
& U A W] dEo] YA wnt F
FE4 (drifting materia)®] E€]4 Y= 0.1~10 pm
ojc}. o] AL YA} vl Far, A o] e v
4 E4e] BA& Zka Qlot F30l Asix dir) F
o BfE wAl= Agdrle} AR Fae] Aot

i)

[e]

T gekS mzic) wxjel] oJsiA ejeksge] Tt 2}
ce]o] 3P ©AMA Pathfinderdl] F-2H Bz x)o]]

oai ] wAE H&o] vl 0.33%% ASIATHMuser
and Alpert, 2000). Z&]2E FHo| F2EH HAE &
Ao 2 AASA, 24 3H| DAL BAEA] ¢
71 A oS 73 AR UR-E st
b oA Bgge g AEEle 24| A2gk 24
7} 24 4 ot =3 AXE g ~HER B
3ol FEES vt WA TFTRE 9 M EH0)
Mol B BAEEE 89 Wm-s22A A7oild 5

1
L
-
=

-223 -



7]:1

&

&

il

Table 3. Average solar intensity of Mars compared to Earth (Clawson et al., 1999).

Location Total solar intensity (W-m?) Relative solar intensity (%)
Earth orbit 1368 100.0
Earth surface (Clear) 774 56.6
Earth surface (Cloudy) 78 5.7
Mars orbit 589 43.0
Mars surface (Clear) 301 22.0
Mars surface (Cloudy-Local storm) 178 13.0
Mars surface (Cloudy-Global storm) 89 6.5
Table 4. Composition of the Atmosphere of Mars (NASA,  (Sadeh and Criswell, 1993). 334 252 A2S

2004; Kaplan, 1988)

Gas Mole fraction
CO, 0.955 + 0.0065
N, 0.027 + 0.003
Ar 0.016 + 0.003
0, 0.0015 £ 0.005
CcO 0.0007

H,O 210 pmol - mol’!
NO 100 pmol - mol’!
Ne 2.5 umol - mol”!
Kr 0.3 pmol - mot”!
Xe 0.08 pmol - mol”!

Fo] Bl =S} FARE GhE ZEETH(Table 3). 3H39)
719} 24L& COy Ny, Ar, O7F 712} 95.5%, 2.7%,
1.6%, 0.15%2A A7) 247} Agzd =eol7) ok
(Table 4).

2. WA 31 29| MA 7T

2010~202030 sdez Q7 &EuE 2] 9
3 ABS 2kl e NASAIAE A7zl 24 3}
A e RS 2w 9 SFRlsAllA Fash
Aes AFshar, B 3719 S EHoz A8
el 7123k BLSSY] /e HES|aL Qlo)k. o] @A
A s HHAM AES e 4 e AL
24 A 314924 (Inflatable Mars Greenhouse)©]
AA = At

WA Ao T2, iR o, AA, =9 84,
AR A 58 F8 A AR SFRICHHublitz
et al., 2004). WA FEEE UIF e} F2E9
Al W& F7171e] stz digh A3, A3 A
el gk WA A=, 28s &4 38 4
A= 71548 T A A 8ERE FEEor i)

Zk= A 371 TEE Hol Ak IR el
Je ARFEE FESA 37 B T Algd 9
A BREE F2ES W airinflated), A4
(air-supported), 73 (rigidized)®] 3BHE FEETH
(Kennedy, 2000). ©] 7k-d| o2} Fo= H B3t
5 FEe) ojsia s A e} 9
R gz el At RES WE &
RemE XF EE AY F oAl RER
H7ps ot

Bucklin et al.(2004y2 3ol o8 7153 32
249 2y AA JAE At sHdolx <]
BLSSE AAIE o] 8 FAl= A=, A7, g, 4
Az g eFHlsre] Q7 EE Fole Blolth £3]
A Z1olA] A 24lo] 25 o 248 A|X|8)
B FERAY Aol 74" Ho|thHublitz et al,
2004). 3ol AEALRS HH o2 g 2418 A
u) FEE] AR @A, TR B, 8] BE
g Rl W 2EEKRE, A%, 35 WA,
21E0] AR 7hsst A b, AAA] Alzsl) #7
A, A2 A (fonizing space radiation)e] x|,
AufAA, T2, Aejglo]2 Fo] HES]oJo} g}
(Kennedy, 2000). -F-FA2 AR 9511810 kA
o) AR AR ¥ 4 = v olol dHlsie
A 24 Ulol] BiAd A AlAde] X T 98,
Z AR B58-r0] 28o] HAagk Hlo|ti(Wilson et

=
1
.

o]

ol

al, 1997). & 3149 -£9) ZA B n5s)]
oted A A AE A5, IR, e 5,

M U, Hlg Fo] BAEjolo} ek,

3. SHMo| AlZHLt A|A-IE THLSE| 218 AT
5kPa ©J5ke] O, el fajol] o sFo] o]
He2 A uh Al 283 0, ¥l dAE
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Table 5. Examples for composition of low pressure greenhouse atmospheres(Wheeler, 2000).

Item Gas pressure

Comment

Essential gas 5 kPa 0,

2 kPa H20
Pressurizing gases < 1 kPa CO,

13 kPa Ny/Ar
Total pressure 21 kPa

saturation pressure of H,O 2.3 kPa at 20°C
or 14 kPa CO,, if plant growth is feasible at high CO, levels

~0.2 atm

5kPa® A3 THSiegel et al, 1963; Musgrave et
al, 1988; Corey et al., 2002). O, H<-& 5kPa ©]3}
2 2% o AA 4= slehe 21 kpadl EF3ICH
(Schwartzkopf and Mancinelli, 1991; Lacey et al., 2000).
olol 7123k AP2Ae] HA| EL 21 kPaZ A
T F Jde 7k 2ALS Table 59 ZTH(Wheeler,
2000). 330l COyt FR3P) Wiitol BHEIEEE
A3k | F8gk sFEUeEA coyt AHEE
ek 2#d co0l ESko] 0.5kPa oo E FA
FrAEE 27004 ApjE oiFt ZAke] ST
A F7ke olg A& LT B dElst
THWheeler, 2000). 21 kPaollA AujE o] 4E
£4e g7 = visiA 43u) A JERT
(Corey et al.,, 2000). #HA] WA FEEe0]| v
t 4 Wzl 435 2SS AR A7 9ol
DolA 2 FHkEhT = Sl THRygalov et al.,
2002). Fowler et al.(2000) 20 kPa®] &42jollA] 2]
EAENS] 7597 10 kPao] Aol M 2B ©7RE
Ao FRIEIYTE 10kPa AR AolA] 2Eo)
Al e FAFe) FAS VIR Qe 2z}
vehtar AAe] AR 4= Slok, 2elRg Ajke s
FAERE AW AdFEE A4 FA8] S13F 8
Ao} 7140 sl ojo} gt

2kPa Ax9] 57] B AEo] AuiEe 34t
o] At E AP FFoF FAEHEA AES 42
E2EY 28 A A (Andre and Richaux, 1985).
AL Z2A0A 2Ee] B2} AE)sHA kg 23
gk olslE vlEoZ AQt $AA Ak AEe]
AWAE £ 4+ UTh(Ferl et al., 2002).

S AN AES A 5 s HeE
AN} 7170 HESHT k. AR A AlE
2 S0P} HEA GUR, 4kh W SRS 23S &%
S wijokel] oaiA] At EAlE 2RulR]l
HIsA & Bt ohe} B PUES Fsied oAl

AMEE e ARES AU Qo w0, ¢E
Bl A8 Bzl 93 0, T4t Eoles e
AYar 9k AH Ae FAL AAES F38k
oz Helrt 3FE o avlEe 0,4 SR
E FRE] 931 0, Bl Slox & alelE a7e
TH(Eckart, 1996; Lacey et al., 2000).

CELSSOIM A2ditaE o8t S5 HT

stow APALE £HOR ¢ CELSS 7WE=
A mAFE e A 2 - B A8 Tt
53 AHY AS Al2EH B2 3, 29 A,
HNEe] A2, vF fallrkee) AA, 2, v
B Tl izt F8HA HET} o] Fojxfok gtk

1. 0|&3Y == Xot 2o HE 7hsst Hi
& ASML AAH

AR = 54 delre A7zl A FE8ol
AGHAY vlaFEo] Jepdt), mAFHe 954
e AN 10%-10° G (G: FE7EE)
T2 o9 2o FES ofught. mit s BN
2] e AT 71 1%l= PIAIA] Fehke A%t
& YehiY) aeeg ujazE wE 2k 27044
FRACE AY & U= HAF AEAYLF o] A
AlEofof i}, AEAE AlEI ] 3 84 AE
o] G A, A A L A At S
n)Fch 1EE A ey, ATA | FeA 5
Aol vlX= APRel A B 849 ko] 71
Hojof gt} 53] mlAFY e AL FA Al
TFeAe] & AEY A7, 8T, 7k ug
&%, SAEE Fo] AESoJok STh(Shen-Miller et
al., 1968; Suge and Turkan, 1991).

"2 3ol U, A, A5 TAE dokes A

ol Met FYsHA VRt THMerkeys et al,, 1975;

-225-



2

Saunders et al., 1971). 3HA W&y} Yele 42 &
Fe] T A4S VR, 959 TdelMe A
& zfolo] Aflo g HA, AR x5, 9549 4
g, g Al mE d T 7k wke] A3
o] AAE STk Merkeys and Laurinavichius, 1990).
CELSSOM <& = #HdS FE3A, Woleo]
U FAE RsE vaTE slolA] AEe A
A3t H7 B7dzzi0] FrEofok gt

3Pd EA 9 2 ik AR e 241
AAG W FQ FolEol] et 3 24 U9
o] A 7Y S ARG A 24 %
A BARE g AR A #seEs o 7
ZEL ol HE F US W TES} ATE AY
oF gt} olefg EAle 24 U9 4ES Al /A
Foax FEY 5 ok A 24 UiRe v
PEe TXEO AT kY FEEEE Y &
Atk ool whet sde] A 240l H8saiA; &}
& ARl mAlE At Al gk #Ale] AFH
) t}(Schwartzkopf and Mangcinelli, 1991; Daunicht
and Brinkjans, 1992; Corey et al., 1997; Brown
and Lacey, 2002; Ferl et al, 2002; Goto et al,
2002; Chamberlian et al., 2003).

Zah m SR Also 2R o] S lsiA
Teol 7] o2 Wed v 3718 St AT
el 718t 23 RIS Al E Z719]
Wslel] whE FA7E 24 ot Ajt 244 Sle H)
A= F719¢] Wst 23 o] Avt F3F
< PRIt 2282 A4 29 SR
T2 el Z|ghEe I £4S FolY] $8A 1=
2 Uy slojof FtkBucklin et al., 2001). A |5t
2 MRS S S4TSR sl 1zt
vER 4= el AR AlEe] AuigeE =

A A = e B73AI0) 70l Adslolof gt

2. 23 &
CELSS= A7t 5 2
Aol 0, - CO, - H,O 59
g AN 24 =5lo] HY
2, 33t U AES uhH-g AASH)
2 A|Z=glo] FAdE|oof gt
A A 22 B3 s

.

&

kil

T PR AE o] 72 o] o]FolA= AY
B3 Al2Ela B 318H AlaElE 2381 CO,
ot 0,%] w=ho] 7Vssles AujAlVt A= ook gt
HHA Holl AT 17| 712 wslel] gt &
AEEHE grated vkt ApEze] dasitt,

CELSS W] 7}, & % 334 5 54 54
et HEZF avEE s AU o, FEE
Alostarzt sheha o] .8 AT Wang and
Bricker, 1979). 21&-& ©|83%t CO, % A|oj(Wright
and Garcia, 1989), FINIZFE ©o|83F CO2F 0,2 W
h(Suzuki et al, 1994y ¥ FPAu AAS
Zh=t}, Q7R 6.6 MPad] 1dslolld wizkel Akl
o] 7}&3&H(Bennet and McLeod, 1984), 0.1 MPa
ofste] tHellA 0, F=Tt 21% olFeRE FAEHA
AFE 4= 9Jrh(Nitta et al., 1988).

=

=

3. 29 ®H

& 504 AT Aol sidet. 950 A
BRA AlzEle] e BAE A TEREY AT
o] E7Vset A¥olN 55, 94, A Bol dad
g 58 ks Blo] Fasith At 95
AAE I 2o APy e Ak BHog 7
AHeg 7Feet 7lge] AEHI Juk o] AyS
Bxog wEnle] o oz, §5, ole mwakl o
o}, SH9 2e BYA T 318k o] o)i5
3 UthJanik et al, 1987, 1989a, 1989b). 4]&2
Ao FFL EE B AMEIY £3A)E vl
HE 29 7158 2=t

2180] ARG Ay 84e] FS FA W) o)
Fol| CELSSOI A== Be] 9k 87 270l uje}
gejich. A50) Z22ke-S Bo) AW o e 249
&= ok, FAT e 3719 f50] FsIAY, 9ol
Sl Sikgo] S7RICE 3 4% B O, 5%
7} 7181 Tk 7t ofylol] AlEmEelM 4
T AN Haslslr] flsir FelAfulollA] uikele)
T, T8 2 Ao)gol B3 A7) Basi

4. H7|89f 2|

Aol EAE A H7ES ui|, &4 v
mAES o83 Rall TR 47 A & ok
g 9o 22 FPE TR B vATY shllA

O Al AT
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A Hr1EY AgE A NS, 2AAR
3y, QEsl, Setzrt e 5o el A== 9l
t}. o] 7kl AP Ee ZUANSS CELSS
Yol izt e 5. AEERE HEE ErES
2EAA F71ER v HOR Is 2o ]l
UHJohnson and Wydeven, 1985; Takahashi, 1989;
Oguchi et al, 1991). 9] YA (374.14°C, 22.09
MPa) ol5}e] whg- LM ZuhE AMgSlel o] Fof
A= FARLEPES A gelE e - 1Y Sl At
2 B3 §7180) B COEM 87 T2 W
Z5]3 Ahs GRUelRA FEET o3 Wi
ofsir HIEAAR R A3 Q4 A2l R e 55
Axo] #e F20] 71 Boltt

5. 018 Fali7tae] &AH

A5 A2wle] HET} EeE QRke Algo
2J3)A] FHo] g th(Edeen and Henninger, 1991;
Kitaya et al, 1994). Fa7A) Wold A= Az
R} o) §alrkav) B 268 4 ol
(Fyfield et al., 1984; Hardwick et al., 1984; Edeen
and Henninger, 1991). 4% Z= A2 A€
77} | B oo R FTeHd AlEe] Al
7 JeEE HaA el =8Ee 4% HE =
A HHS st Hesieof it
T AEERE R I Ve 2Ee] AR
&}2 7)XTKTibbitts and Bula, 1988). A&o] &3
o] FF spskedo] HalAl el A= B2
BIE 712 & Stk AFe d EE Al HlEiA
10~1008) A2 e (ethyleneys AJ/33THDubay,
1988). o124 AAE oS 259 w315 &%
TH(Tibbitts and Hertzberg, 1978). 13|22 5ol
AMEE BE A5 e R f3l 7k B 7hs
gel] gk AES} TiEo] {3l Fd Tk AES Al
Asl7] gt o} A|=Rle] X7} Basitt 53] Hf
FHe w2hE FH, Aojg WB, Aul-87], v i)
o plAE 2 AE AR odE & itk weh
Hjgs] e WAT Qe ot A9 Al
a7,

B Hle wigele] Aol wS- ABH
24-o]ck(Norton, 1987; Stanghellini and Rasmussen,
1994). HIAES] AES 4, BAL 2= 59 4

9 39 B2

Z70l| we} At A5t EL e U
=30 Schuerger, 1998). A5A|, ARAl At, o3,
P4 59 WS A8 5 o, A AYE =
tiskstr] siA A ARES HElgh 23 vleol
k=l ofo} gt

6. =9

€A E= s WM BlEARE Aol
o] 1 gl HlsiA At o s 3EHoX ] B
3+ & B-AH(photosynthetic active radiation, PAR)
Te A 5434 A5 Aurt AXE A et
2B AlRlle] At 2 ARG HASEE Al
2Hlo] MX|E= oAt A|Fe) s, B4, 71 F
AldFe] FoE 20E BAT F U038 =Y o
& AAslo} gt

Eahyzol] ogt E&4S WAt A4S
240 BFHe] tE 98t A2 F Sk o]
A HYEEY HE Y BT B W
stod BEARE Ale] A 33l Hed 4 8l=
7)g0] 7iElojof gt} B3 PAR oj9le] o] &)
Foke HGEA} A5 AREE FYse As A
)] 93k Ay Bash) 1Sy AslEls A=
A w7ieh rle 2 60t 302 TR vERd
o olHg e BTV Y RS JARt
(Morrow et al., 1987). ¥HolMe] FFrl= 24U=2
A 719 e TLEHAl 14gelth 1499 =
oA el AE2 XHAI HE WA €t 1
HEE AE0] A A G BT ZHolA
= AFFE o83 Bgo] ARt

H
&

7. Hjtlo| S5

2ol ABL A ] WAFE sl A5 7}
S ulRof Febo] FFE ETIF Al Al2wle] s
Fojo} gt} wAFY slollx AEE AN we] oz
& e AN uide] F5io] YBekA] ¥aL
22 FJol alod L7} ThErks HolcH Wright
et al, 1988; Bula et al., 1992). F-F&e] 2 A
djoele A B2 met kol osiA wEkEc
TeBZ FUUl s vjddo] TEHES v
g = FHol A8 wEsfol FHCH(Dreschel and
Sager, 1989; Koontz et al, 1990; Brown et al,
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1992; Dreschel et al., 1993; Dreschel et al., 1994
Bula et al., 1996). o|2tol] = Aol U= wjokey
die 7V MeEA geus ylae] wiio] Bt
okt 2R E AAE AYe 3EE T USRS 4
£2] ZA(roots system)y’} T E ook g}
¥ 2
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