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A Study on the Development of Photobioreactor
for

Mass Production of Microalgae as Live Feed for Animal Plankton
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7}. Vertical tublar photobioreactor(VT-PBR)¢] A2tz A Z R
VT-PBRS AlFstd, IPFAIZTHE FFAETa FFELY

Chilorella sp.Z& 3dFulX|olA] vjUStHA] 25 F7] 3455, £ 2
CO; %9 9%FE AR 2d, HF wdzxde 227 20T, 2271
6,000lux, &7 +aF&5E+= vjA]d st 0.56vvme]l 3l sparger= nozzle
o] &3 o|%Th

VT-PBR& A gt EHAL v|(S/V)7F 60m™ 2 HA celld Fx
7} FolA|gatx Wo] FHE3I] FFEHOY Chlorellrl 185X (8.42X
10" cells/mDol ©]& 4 U= A3 ol YAT}.

T2} v F&F(cultivation volume)°o]l VF Fotd 4 COE 37
st i felo] pH7F HRolA|7] W&o Chlorella sp.8l F4le] v]A 3}
A ol FAHIAH

VT-PBRE scale-upAlZd ® S/VE ZA A=Y BFL2E AlF}st
ool Jtrt a2y B I BF-Fo= WH aerationo] E7HE3H 4t
Aol FAEo] vwi¢ FoAE DRHOl HHJUR, VT-PBRY 7%
cultivation volume®°] ZtolA] & CO, =& 7] o3& EAFIT A H

= A



L}, Recirculating vertical cylindric photobioreactor{RVC-PBR)<2] A| 23}
a dA AH

VT-PBR9 2HEL A8yl st gas a@U7E  A3stxn
cultivation volume2 = A3 RVC-PBRE AZFstd, T HFARZT Y F3
FAAATFAE FFEELS Chlorella sp.& | A|olA vjgstHAA CO, &
=9 97 gas nPr|e] AHRE ZABIYEY. o] o vlYEY 2E O
2lal §7] ¥4 == VT-PBRAA Y AHE HEUH WFEdHRE F
3tel, 3 CO, TFEEE v A9 sty 0.38%10%vvm, pHE 7.2~75
AL, gas a@7le] e LA A A A0

RVC-PBRY #AHLo R+ gas 2379 B2 gerationd] BRI &
gulE ARYT ¢ Y3, v ZAHE Akie aRAH AA, wjdy ]
ol g3t celle] A HF A FE E F UG 23X COY FFL
2 VT-PBRIAM XD AFHoz H-& H|SH4 4T (specific growth rate,
el =2¥ 4 AUk 28yt RVC-PBRE S/V7t 41m '8 VT-PBRET
AdlFez o} cellel AU FE7 52X10°cells/ml A=A E3F gas
WE7IAAM COE FFE W 7152 UEFHE CO; Yol BolA] vjeF
D7HE ASAITIE 8900 2 F AU, YB3 pHY FH o] oy Yot

t}. Plant cell photobioreactor(PC-PBR)& AA AR :

RVC-PBRe| @2 MAsl7] flsty, CO8 334 =33 19
& pHY = do] 7Hsd  air-liftd v YZE(Model KLF2000,
BioengineeringAl, Swiss)E& 7lR38tH Chlorella®] wiFol -§&3I3T
Chlorella= =339 AT a FFE4Y M4t Chlorella
sp.9} 54 Gottingen TH8to|A] 2t D=4} Chlorella vulgaris 211-11b3

AT, Sl44Y Chilorella sp.e 20°C, Chlorella vulgariss 25T A,
a2l3 2% 6,000luxstoll A 1,000rom S 2 mykste vj g8k




PC-PBRolA w1 & ]85t ChlorellaE wg3t AFAE F 33
R FFAE 49 Chlorella sp.o W 3 pHE 7.2~75¢]3, o}
g A2 COE FTHste Ao vtaFst3th. I3l3 batch type®] PBR
ofj A BT o, iy Fo PR3} FEAAE AANE Fr1Y FFo) H
T2 o] .

TSG4 Chiorella vulgaris® siauj x| A2 v FHZF pH= 75 F
olRTt. "B il Fu R BT Hull Aol A B|FAESEIE 27 g Eo
hF wjgolls dalgFArdT4ae] Chlorella sp.BEY @94t Chilorella
vulgaris7t & 23ttt

Chlorella vulgaris®] %ol A= celld FE7F oW, Weo] EjlA o]
Golxjm g2 wYgFE AAY v S/VIF ARXEE AdASIoor Fio)
PC-PBR-2 VT-PBR¢|Y RVC- PBRell B3} S/V7} Ztolx W] RZ A
A dFoll FX vjeko] o391, PC-PBRS 108 B X2 scale-upA|7]
H S/NVE 317Tm AEZ 'S FolHA iz e 3% dE Sx=
= R2AFsA =He ggol U

2}. Semi—closed raceway pond type photobioreactor(SCRP-PBR)
o] A2tz A AR

VT-PBR, RVC-PBR % PC-PBR¢ TS HIsIH EY viYZE
scale—~upAlE o S/VZ7F AZ + JAESH SCRP-PBR ¥ HIZ ¥|YXE A3t
ot AAERA AALAAHE A8l gas n¥BI|E FASIATE e FFo =
= AYlE £°17] 98 HYFY AFFE AT 7 JEE stHeny, ¥
A Chlorella vulgarisg B Al Bjg3lAA EEHS3 FE Fo Ut

oh Wl Y As3t 22O Jie

Chiorella®] ¥|FA&To] F&E v|R= UAEE o2 Ao 4R E
Nen o5 HJET JF iUz 2d-& AFHSE T olof] wFojA] wjYf
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In this study, we tried to find out the optimum conditions for
design and development of photobioreactor (PBR) system, which
would be used for mass production of microalgae, such as
Chlorella, as a live feed for Fotifer which has been indispensable
to fry aquaculture. Furthermore, we tried to develop an automatic
process control program.

The optimum cultivation conditions for Chlorella sp., which has
been cultured at Nam-Hae Branch of National Fisheries Research
and Development Agency, in vertical tublar photobioreactor (VT -
PBR) were as follows : temperature; 20C, illumination intensity;
6000/ux, air supply rate; 0.56vum. The optimum pH range 1n
recirculating vertical cylindric photobioreactor (RVC-PBR) with
optimal CO2 supply rate (0.38x107°) was 7.2~75. The results
using plant cell phtobioreactor (PC-PBR) showed that Chlorella
vulgaris 211-11b was more beneficial for mass cultivation than
mixed type wild Chlorella sp.. Proper aeration was indispensable
to reduce dissolved oxygen (DQO) concentration.

Geometrical form of photobioreactor must be induced to mag-
nify the ratio of surface to volume (S/V). In a view point of
S/V, plate-type photobioreactor was superior to the other types.
Therefore, we selected semi—closed raceway pond type photobio-

reactor (SCRP-PBR) as plate-type PBR and extensive study

would be done.
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M1E M =

S43 g AEA HAnte] A FAAe sty ALEH= /714
dZ AARFS 2x107 ton fixed carbon/year2 FA =1 ¢l th(Hader,
1993). °ol5 AEAY EFIAE] F A4FY 50% o2 zAA|stL U
ol FAAE Hobd QlojAY nAM 2/ F/AAS AART AN
O A E2FE wWgsle] A8 (He-gas BA), AHF 4, of 48 =84
EHIAEY Yol AlE ¥ HF AHYB(FESH ERAABILE o]&3AH
v E}9], B-corotene (provitamin A), EPA ¥ DHA §¢ 31=E X3} A4H
AA Ma T2 AAstr] 3 S8 ZHE A A4 408 ARH AS
o] gttt a2l dAe O T840 AABEHY ol GHE 7/ 4
A AR A% A7 o]l FoR L o, oA 7A] AT AHF A

AAZRE T5AEY otz A%E g5k ARY zx9 Y,

F, £/19%4, d%E 2% 9 pHE ¥aE Fuh wehd o]F <
Ae 1T FHAY A4 LWL B3] FoH, AAZF AUAL
ZUAQ 4+ A ek

oA 25 vjdol 2194 photoautotropic capacity= BN ZA}=Fd)
ol& ASET, I Ar|jv= TAHFH] 3 HLHU. dyA] ZAHFES
S50E/m*/PAR(BEAH FAZAIF)ZA 1moledl CO 2 BF3EE IY
Al7l=d HR3% 10 quanta STF FHIFET. olg FELS
150biomass/m°/day ©11}, AA] AArAAME oj&x)¢ Hi 1/3 A=t &
A gtk =, WHMZE WER 1Y Qe ARy AF 2R AL
ZF2] 1/10 olsteol] Fst= Aot} H, FPAH =< 27 HoRH F
AHphoton)] <kell BlElsty F71sle ¥vhd =71 AAE FHAF £29

i
Y

el
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deEol FHAdte AT ST =EIHA FH, FA FAF FEIT
T =A™ photosynthetic receptor system PSII7} €48 3= photo-
inhibition®] ¥YojutA ot HREY vAHAZRFY FIA= F S HY
ZAFFS of 30% AXol7] dlEd, AL U x|7} vlHEFY FI}AF A
X 23| AFHLR o]§H F UEF d7] A MY EH B
O B2 Jo do] 8% # UEE fxste= Aol Aozt AT
o] 2 laminar conceptZ} st=H|, 4 &9 o] gF P2 ZIZEH ALY
2 A= Jldolth o] MgE ZAZ LE Aol BY WMYZEA
A7F XA H M2t B3 RS 7h=A HPAFH D 7HBenemann, 1989;
Gudin and Chaumont, 1991; Tredici and Materassi, 1992), Az} §F2 I
Foz HIAHJU(Romos et al, 1984; Tredici, 1991; Pulz, 1992a). I F A
A A #Y S E vjwa HA, P FH ALANH L vl Holy zt
Ast= AA o A Fo) Ui EHH S n|(S/V), 53] 4y AE SHA
= By ol {3

HITole wlgxdA 1EEY pHZEFA UE T3 5 UA=EF FA
9 Z-& light diffusing element® AF§3l= A2-E 7]Eo] 2EHT Q)
Tt o] 7= o]&std wytriZt 2 wgRAME sk mHERFE
FG = e Ao the EHFe] B|(S/V)E 500~600m ol 2stA
HtH(Takano, 1992; Matsunaga, 1992). &} o] A A= 11719l A} 5 H]
Fol] ddAdel oA FHE 7HA K Markl, 1992).

AddFHez 71 gl o]l 8-EH= YEle wlYEE = open raceway pond
Y BlYgE EF AH|, 10~30cme ZeolZ 7 @(ine) o 94X ¥
ej o] (Becker, 1981; Weissman et al., 1987), A& i3k T HFHo] ¥
(S/V)= < 3~5m" Axolth wjgzel ZHeolrl 12em ABS AR =
gElE 239 ME 4} 0uEmAs2A FEAH SHAME Bl o2
sttH(Vonshak and Guy, 1992). 221} sjflie] Zolo wre} We] Fuak
ol F43] Z&str] wEel o dX FHES wjgEdA = volumetric
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productivity(space-time-yield)= ¢ 0.08¢/l/day=4 =& wtgtk ghol
A Z3th= ofge] AtH(Pulz, 19 92b).

27 Uyt HE HZ Mz wge] B B A7} o]FolA 1
ok, AYA e i woFe olFolxm A fon A AR
Fejo] wjokzolAe] AR ujokelnt o Eatn Qe AFolok el 9
AgAl e xole] AlR2 AMEET QU Rotier 9 24 =33 E
2] Hol]l Chlorellas wi'd 1009 ol & FFYo g JRoz B
B $dstn ok =3, grgo] /g wozec GHE ZFS 2%
PAEL T 917] dEo] WFEol B uldEd o3 ool Aste EAo
£x] Tty a2n PR £ 2o Brlsstd U Fo AA A
Aelet AFHo s wokstn Uz, o9 Y WP AMHE U3
e AAoln, #HA oWESo] FHENA s&e AY 2T YA R}
gx dAje] vz MY £ H=g WYz AW A BE o]Fo
A=) ok Urh.

gebd, ¥ 47AL 47 59 ¥age TEFATAYG WEY B
H(TU Berlin)®l 423374 $E, olAZF BF WIx AL A3

, o =
= AHEL FFHETE T YR E NLAFLENGAHE ZXF
E AA, g F Ae JVileS S5 F] AR I x3Fo] 3
G B E LSt 3t} o] $dtY AR WYRE TEY ©
X ZF g AMeY ZF Ao JAAES Fa, O d3E o7 FE
2y gz HEF F, AA diF wjgol 3 7FES} FHE
scale—upAl A HYZE A& oAUEgA Al - FFEFA} ot HA A
o] AgAdo] FHHH FANA g=lsto ti®F LS FXoka, W F
F& B2 F2E ERFosy BUeF Iz £48& orEn e
Chlorella 4-& Ul A4S 2 dAAA ¢4 AREY ¥ FHE 4
AA71H, 7]=& olFytol AAMAAE ZF= oUSIAS MER &5

4¢ FRY 5 YA sug Bk

e
=
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T3 ALAA AFE FolY DHE 2HFE FH AF M4, DHA,
EPASH 22 1 =EX3APEAL, HER, B-carotene &9 ILF7I7FAS] A
715 AAE 5T F e 7IeS vldEste gAlE /7 98] F
24 EFIEY Holegle AYE oM AEANLA FFEAE U=
Al AAAIFIR, o7l A2A29 OiF wYgS Tl &5 FHE HT F 3
=5 stz t:::}t}. o]} L EFAM M Z2F i wjYgEE /NSt
A id= 3
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A 1 3}, Vertical tublar photobioreactor (VT-PBR)

VT-PBRe AAZQ 7N==E Fig. 19 el AT} o] v ¢Z &= batch
type2 bubble column reactor FEj & A&t HAHe =z ¥ FF
2}, 2% AAJAFZR], gas ¥FEHFE £A-7], 233 glass vessel2 FA33S
=3

W FE FA= AlFoA BulE = 39 PF I LS glass vesseld F
Aol 10em 7HF L2 vjx], A&, Feshs WXy o met 2
(3000~20000/ux)7} €A =5 3ot &2 A= F-271(MO. MIR 152,
SANYO, Japan)& ©]&3t9 w|g 27t £05T o|WfolA AAHEE A
ZFs) ATt

Gas FF&AA= A A FGHo] 4/mind air pump, CO2 gas bombe,
2709l flowmeter, 12}3l air/CO:9 EFF7|E =71 93+ aspiratorZ
TAsgeH, A% Qe H4d S 2t YTl air filterS F2
3542

Culture vessel2 37 32cm, %°] 3lonms B4 & Y=E AZFs}
Mo ™, 3o spargerE FASHIUATH sparger= FH7A 1mme =¥
porous¥ F7FAS A8t Culture vesseld] § B2 & A2 gjzo
2 &3 4d85%F, A omme {ETE ALRSte] G X/ FFAHAH
A A7l O, € 2o v &3 7IAE E3=E T

A 2 & Recirculating vertical cylindric photobioreactor (RVC-PBR)

RVC-PBR9 7M=&~ Fig. 20 YEeERiUT. o] gz U FFAHA,
ke Aoz, 7tA TILE 2A7, b2 2P, Ihe YES
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Light source

DO probe

pH probe

Culture
vessel

.

P

Temp. probe

N
Aeration pump

Biomass

CO, from pressurized cylinder

Fig. 1. Schmatic diagram of vertical tublar photobioreator(VT-PBR).
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culture
vessel l
a \ \/
fo| e ~+
P exchange

J
L

Aeration pump

f -

.
Circulation pump Light source

CQO, from pressurized cylinder

Biomass

Fig. 2. Schematic diagram of recirculating vertical cylindric photobioreactor in cascade(RVC-PBR)



vessel2 T & Ao}

B Y& 27 98cm, ¥°] 3lemE F ol =2 AZH /M9 45
vessels A8t £3HA sHeH, 2=AAF X9} 7124 FEEHEE 23
7] 2 AoA AT VT-PBR#Y o] FAASIAT. E3H W FFFA=
A Gl 77k 2N YWEE ARSI (HFFF ¢ 3,000~6,000/ux),
7t BT B2 wgseol dAg A AE AlASHAL, o|ASteAaE FH

S=2 AzstAc

A 3 3 Semi-closed raceway pond type photobioreactor (SCRP-PBR)

SCRP-PBR] 7H&EE Fig. 391 JERAULE o] vz 71&9] 7
Y HFEE NFT FEZ2 olZ¥e AFEStH7ERE 50cm, M2 1m, S
5cm®] B EYFo g AFSAT. F, o MIFEE FItH TIES NEY
Bl Z7E 2 sk wjFA ol rlHEFY sx7F ZFojdsF dHe FHET]
otz W& A= B3] Xste= FEo] WolAl= d3H 7 & 9
2 5Ee 293 54 Fdo] A% @ 52 MAAAUG.

A 4 3t Plant cell photobioreactor (PC-PBR)

o] HjYgx= THE {9 YR aE AH3 qYstA 2HY
A3, ApA| ol 7F53F air-lift¥ laboratory fermentor(Model KLF2000,
BioengineeringAF, Swiss)oll illumination jacket®] A3tE ALz A 1 7
ZFx = Fig. 49 YU

A FHe 2 pH controller, pO: indicator, illumination controller, gas
mixing station® 2 ©]Fo]& control boxe} vWiUE T HIUYZFE ESFHAT
2l illumination jackete.Z FAAEOS] U} HlY 2= Z2EL AA A
25t gz R ARAIZ] AL cBFE E IR AAC A=A
7tE71E o]&5td ZAHEE PSS 22 wigd F9 pHY &
A4S FEE digital signal® EA|SIEE FAEIHLeH, pHE CO:4
s Hd b2 2FHEE AT
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Aeration pump

CO, from pressurized cylinder

Biomass .

Sample

pH controller Gas out

N
Culture
vessel

DC Indicator

Gas controller

Mixing speed controfler
Temp. controiler

llumination intensity
controller

Fig. 3. Schematic diagram of plant cell photobioreactor (PC-PBR).
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DO probe

Natural light source
pH probe

Temp. probe

Baffle

Gas excha'nge Culture vessel

&

Mixing vessel

<

N ——
o circulation

Artificial illumination | pump

Fig. 4. Schematic diagram of semi-closed raceway pond type photobioreactor(SCRP-PBR).



A 2 - AE 9

A 1 8. AP AR Chiorella

A3 o *]"3—?51' Chiorellae IHFAHZZTYE Haltd+d4a 554
A RS A Fastr]l fistd =3 ulgsta 3= siaAt Chiorella sp.
o} 59 Gottingen W3 ZFFA @A TFEE T2t Chlorella
vugalis 211-11bE 3ol H-&A1AH AP AHE-33TH

Al 2 3 v g

3|4t Chiorella®] wWgd o2+ /28 2] (Guilard and Ryther, 1962)&
AF2EE R, a2 AdE AL Table 19 YeERARIY. iYL 121.1TCollA
1587 st ARE-sEH

A 3 & AEFS A4 (Cell count)

i AH3 Ao wjoked F FWo 2 BEH 0.1lmm Hole wjYAL
AdGF AFHsS BFAF7E AHEeH AR F LR AFEUTE. o|qh
AP Fo)7] Y3 vy 53] W& Ay FF AEFE T3

Al 438 AY =4

Chilorella®] 373l |4%gS vlRe= AJAAES 2%, pH, CO; &, O; &
L, 2% F& E F Utk olF AASC o3 IS strainojt YR
o] el mel GEtX| B2, Sl dFE 47K Hejo miIFERE ARRS)
o Qo] AT FEURJAAE HIAFHA HFH vjYg 24L FslATh

o%o) e ZALSEE AWHEY| 95t Chiorella® 18T, 20T, 25T
NA Ztzt ol A v gFstHA vadEE AU

CO; 8 &5 mE uwYgdFeo pHHEIIE ABEI] AsiHAM =
RVC- PBR9 ZA$ol= dAHZFO COE ASHOR FFoIHA BigdF
o] pHe ¥izE AHEB¢Ser  plant cell photobioreactor(PC-PBR,
Model KLF 2000, BioengineeringA}, Swiss)e] 7A-$9|+= pH controllerZ

A
s
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Table 1. Composition of f/2—culture medium

Naz5103 0.06g NazINO3 0.15¢
NaHPO, - 12H20 0.896g CioHi2N206NaFe - 3H20 0.01g
MnCl; - 4H;0 0.022mg  CoClz - 6HzO 0.011mg
Tiamine hydrochloride 0.0Z2mg Ca$O4 - 5H20 0.0196mg
ZnS0O, + TH:0 0.044mg Na>:MOQ4 - 2H0 0.012mg
Biotin 0.00lmg  Vitamin Bis 0.001 «2
Sea water 14
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o] &sl] A Fel pHY ®3}el me} COo FFHE xH31dA pH
H3tel) ME Chlorella®) FAE5EE ¥ sAT

&M FE(p0)Y FFE gas WF7]|E HASHL ufo} v
AH F718 FYAE 9, 28 CO, 7tEE FHSIUS A2 TE8HS
&AL FEo} HFASEE ¥ SAA Ot Chilorelladl 237l w3
FEFS ZASIHY. 24149 T DO-meterE o] &3t FA 3

o}

Chiorella®} 73d7¢cl) it o] S AR 7] At Qo njg=x
o FRF WX 3 WM TES zAFoN WU A7
Chilorella®] 474 X0 mlA< FF¢FS RABIAG. old A= HRH
B9 luxmeter(ANA-F9, JAPAN)E AMS3tHR o9, Gas 3FFL rotameter

(RMA- 13-SSV, DWYERINC, US.A)E o]&3ld =439t
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M3 Zo oW o3&

A 1 A. Vertical tublar photobioreactor (VT-PBR)2] Az}
AA R

A LEE HEI] A TEFAIZTYE A TAE FFELY
Chlorella sp.& 2% 17C~25T HHdA 10d T viYgsiE @9 &
A F4-& Fig. 591 YehAL vl Fol 37 3FE5E=ES
2.78vvm, ZEE 20,000lux2 4AFA FAHEE 3|

A B¥FALEE 4.5 17CHNAE 0.13day?, 20C9A4E 0.18day ™,
a2]la 25T AE 0.15day ‘9ot 2328 ZYESFAAZTY FlaArd T
A ZBB A Chlorella sp.8 33 24 £XE 20T2 F93 UL}

9] Chiorella sp. H3a dol B 98, air pump EE
g FFEH= 3718 =8 iAo dstd 056, 1.67, 2.78, 556 &
8.33vum= B3 WY HFAEFEE vust. o] o vjY ==
20C, 2+ 20,000lux® L34 B-A5I9 -

719 FFEE =8FE cell FEY smdt AAES AFE B
WA, Fre] FFEETE MEFE cell $ES pmdt W S UYERIR
HFig. 6). ¥ 97 4T =@ FToAM AFH I IEFRFS
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Cell concentration (x10%/m/)

10

Day

Fig. 5. Growth curves in VT- PBR at different culture temperatures.
lHlumination intensity : 20,000 lix, Air flow rate : 2.78 vvm

x : 17°C A . 20°C O : 25°C



20

Cell concentration (x10%/m1)

Day

Fig. 6. Growth curves in VT- PBR with different air flow rates.
Temp. : 20°C, Jlumination intensity : 20,000 i

o : 0.56vvm v . 1.67vvm O . 2.78 vvm

A . 5.56vvm A 8.33 vvm



B A= &7 FFLEE7F 0560omY BT} 1.67vom 2B 2.78vvmY
o] g Fo Chlorella®l F=7F 4t ol2ist YL F7]9 7
Zx7F & "ol ez B F #7159 COt vy Fof 834
¥7] w9l Chlorella sp.® 37| &stoi}, wieF 39 o|FRES
Chlorella sp.7} 737stAA AHAZE wWjEs7] AZelEE wiYgdy Fo §&
Aol FX7F o) Zolx]7] o2 AZEUTH Weissman et al.,, 1987).

o]} T HlF A& Aojrt §-FEAIAS FX ¥ A dFUA
E Yot H7] fsto, wigy Foezo Ahael 37t & porousd
sparger®} AF4A 2] A& nozzle®d spargerE AFE-SIYE ®Wol Chlorella sp.
o] vjFAEEE B3,

O Z3 AkAae] &£37F A2 nozzled spargersS AR W 4t
Chlorella sp. =7} ¢ & 2 Ve A Fig. 7). 28y o] o= uf
F z7) 297 A= porous¥ spargers AFEEIAUL wWoll cell F=7t <}
F =3t

Al 3 8 REo] Ik

Z5xo ME IFHFAIRZY GFAETAE FHFEAY Chlorella sp.
o] AAL4E wW3E FAIY 39, &% 20TANA gas flow rateS v
Zlef] 8] 0.56vvme.2 FHsHA st =& 6,000~20,000/uxs] H A
12¢ B¢ viFET. 2= 15000/uxst 20,000/uxe] FAME &7
Chiorella sp.9] =& Z4Zt 2.8Xx10°cells/ml R 3.2X10° cells/miZ 3}
I 6,000ux R 10,000/uxe] ZZoA = 1.55X 10°cells/mi2 3}Qem,
A3+ Fig. 891 JeRidch

Z% 6,000lux VA pmx?b 034day ' BA Chiorella sp.8 F4°] 713
o, x7F ofF F Frole F4e] MEZR] &gtk 1 olf v X
7F B & 79 238 photosynthetic receptor system PSI 7} €AFS
AFezH FHo] 23|83 F4 A3 (photoinhibition)E LL2.7|7] HEFo=
A 2} =] Qo (Stryer, 1987).

T3k ZE7} 6,000ciTh $e Aol B B FA} 22
S5 HA ZFotM Chlorella® AAAgo] YWolxtia BIEH U7IE )

5|
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Cell concentration (x10%m/)

30

20

10

Fig. 7. Growth curves in VT- PBR with different types of sparger and

illumination intensities.
Temp. : 20°C, Airflowrate: 0.56vvm

O : Nozzle type sparger, 10,000 lix
Nozzle type sparger, 6,000 /ix

v
A . Porous type sparger, 10,000 /icx
A Porous type sparger, 6,000 /ix
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Cell concentration (x10%/mI)

- 10

N
-

0 1 2 3 4 5 6 7 8 9 10 11 12
Day
Fig. 8. Growth curves in VT- PBR with different illumination intensities

Temp. : 20°C, Air flow rate : 5.56vvm

x : 20,000 lix O : 15,000 lix
v . 10,000 lux A . 6,000 lx
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ot olglst 43 AHER v|F o] Mol Chiorella sp. Bl Ae] HH £
T 6,000lux BEZE FLE AT

Al 4 3 CO2 3

Bl Fd F9 CO9 FX F, CO, 3F 457} Chlorella sp.ol BS54
o o] FEAE Yot BI] Y3, a¥FAANZTY A TAE FF
=48] Chlorella sp. W% Aol CO;, 345X E 0.028vvm, 0.056vvm %
0.083vvme 2 =Eldtd uj%gstde wo Y vFAET p.S Bls}
[T ol CO,= ofx3#|o|HE o]&stY 056vwme =2 F7EH<T
719 £33t FFAT, Y 2= 20C, 2T 6,000uxz AT

O AFE Bd, CO, 5% 7FE AL 0.028vvme Aol = vy
o] pH7} 5.0 ©olst2 YolA Chiorella sp.= AY AAsA E31AHY, &%
7} A= 48 JEh AT (Fig. 9). 28 B2 Chlorella W3 CO:
o FFHFL YA pHE Foj=aglx g= H oAy - EojoF &
< 4 F U

o] dell Xt o] VT-PBRES | &3t T HFAINZFH Faloatd+
FFAa9 Chlorella sp.B WlYsIiAS e FF 242 2= 20T,

EE 6,000ux, &7 FFEEE wiAd disled 056vumelIUIL, spargere
nozzlesB o] A THoIRtt. 2] VT- PBRL A F thdk EHF] Hj
(S/V)7F AA celld] X271 =olAEelE Lo] FE3] T35 celle] 12
o °olF F v FHol U, HIY §Fo]l UF oty AHY
COE FF3tdx i e pH7F YolA7] W&ol Chlorella sp.8l &4]°]
Bl A& Q) G o] QU

VT-PBRE scale-upAld o} S/VE AA {FAsHE B2 A 33}
oof o} Ty By vjgRe H5o= WH aeration®] E7Fssta A

Hl %
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Cell concentration (x10%/m/)

Day

Fig. 9. Growth curves and changes of pH in VT-PBR with different CO,
supply conditions. '

Temp. : 20°C, lilumination intensity : 6,000 /i,

Air flow rate : 0.56 vwm
CO, 0.028 vwm

Growth curves : X
A CO, 0.056 vwm
pH curves : O CO, 0.083wm
v CO, 0.028 vwm
X CO, 0.056vvm

CO, 0.083vvm
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Cell concentration (x10%/m)

O 1 2 3 2 S 6 7 8 ) 10 11 12

Fig. 10. Growth curves and changes of pH in RVC-PBR in cascade
Temp. : 20°C, lllumination intensity : 6,000 flicx,

Air flow rate : 0.75vvm, CO, supply : 0.625 x 10°vwm

O : Cell concentration A - pH
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o] FHo] g FolAe WHo| tE AR, VT-PBREY 73-Fcultivation
volume©®| Ztolx] A CO, &8 &7 o8¢ FAHE A H UG

Al 2 4. Recirculating vertical cylindric photobioreactor
(RVC-PBR)¢] A2 HA AR

VT-PBRe ©HSS /NAst7] HstH gas n@7|E A, 5F-3AA
cultivation vol- ume& =A% RVC-PBRE AZEstd I AT
At dF A FFE A Chlo- rella sp.g vl Aol Al wigF3dhE A CO,
FEo] FeUH gas nPr|Y AFHE AU o] o WYX} XX,
83 F7] 2FEEE VI-PBROIAN 98 An= 285y

A1 & CO: 59 FF

CO; FF5E7F HF44T nAe TS dolrr] s, vy
th3dled 0.625%10°vume CO:¢+ 0.75vume] &7]8& T3t FF3AA
THTAZZY A FE FFELY Chlorella sp.g ¥ YsHSH.
o] wj ¥k %= 20T, XEE 6,000/ux® YA FA 5t}

2 A, 27 WY 3GAAAE FASES} e =t W 5UA
RE F4o] F43 alAtHFig. 10). o8 A= pH W HEO S
BAEAS. F, WjF 27)ds CO9 FF2E It pH7Z 7.0 °lstz
dolxl AElold =W £z 240 AT}, wjde] WYWH mal
pH7} 7.0 o] o2 FolZ 547 FHE F24lo] mM=A ZAEHAUTE o] dfje
A BFAEE g 046day 'k ©l2 RE ZUFANZA FSF
MEAFEAE =B A9 Chlorella sp.e= B A pH7F Ho X 7.0 o]Ato]o]
of 3tt}= AL & & AAUTH

CO;, 5H2 2] 39S e Chlorella sp.8l S4&£X W39} pH
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H3lole] TBAE dolBr] Y5t wiGexo FxE 20T, 6,000uxs 3t
1, wieF Agels wAd) st CO.9 3719 EFHE 0.625% 10 vum
7 0.75v0vm=Z st FF3thzh, vl S5UA FE CO; 385%E 0.375X
107°vome 2 iAoy, 11 A= Fig. 119 vehl Aot

CO, THFEEE 0625x107°vwme2 39S W Chlorella sp.®l %=
7b #astAY F45A] gtk 238y CO; FFEEE 0375X107vwme
2 ZUE W= Chlorella sp.8 =7} 543 F73H71 A1 &35t AR}
o] 7A$ol= pH7} 581~6.78 Aol x, ¥R 73-9-ol= pH7F 6.92~7.70
Atolle s, 53] pH 7.2~75 Alolol A F24]o] 71 st

COE 0375%x10%wme] £52 FF3HUL WE gma’t 056day A
Fol o7 gz FoA 7HE 22 ;S WERIRITS. 222 YT
AT FFAATA 2224 Chlorella sp.@l v 33 pHe 7.2~
752 BEHA oHF Az wFxd F AR o= Chlorellas
Wkl 73-$ol= pHE 73*02 HAZ XFHIIS d FHEE7 7HF
%5} rl= Weissman et al.(1987)9] Biieof 2 AX|3tGith o4 A¥ZE
2 XE Chiorella sp. H1%E €3 PBRY AAd QdoiA CO, gas= pH
ZAM dAGlY FFHEF AdAsHok e RS ¢ F JUAUT

Al 2 8. Gas ¥ r7]e HIF

Gas .37] FEAe A4 AA ii’—}% dol B7] #3lo, 7] F
Hol LZAAL EEo HEE 23 35 vjUYdE EFEAAY &40
A FEE A vlnd Z3E Fig. 129 JERIAUG.

Chlorella sp.&l vl 7)ol n@7] FET wjYgEx & FodlAe &
EALA S X7 A9 AeolE BolA] &t 2B Chlorella sp.ol Fx
7V F7Hgol el gz YolA] ool FFAHS stEA WA= 4ta
o] Fx7t ZolAA, MEXAA gas AB7IE Wi g 5o §EA
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Fig. 11. Growth curves and changes of pH in RVC-PBR in cascade.
The amount of CO, supply was reduced from 0.625 x 10~ vvm

to 0.375 x 10°vvm at 5th day.
Temp. : 20°C, Illlumination intensity : 6,000 /i,

Air flow rate : 0.75 vwm,

o . Cell concentration a : phH
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DO concentration(mg/)
>

O 2 4 6 8 10 12 14

Day

Fig. 12. Changes of DO concentration in gas exchanger and at the
end of cluture vessel RVC-PBR in cascade.
o : Gas exchanger

A : The end of cultivation vessel



A FE7F FolFAL & F Abed, B AYHoA AZ}F, A}R3F gas w3
712+ Ho 0.22X10 ‘vome) A& AAH EFE I F AP

8
—

H%kl 5ol A A aerationdtA] ¥= T4, #Y @ Ao

s 5, BEEY TRV A2 &R siYgdAs Ak

;—‘101] -—] g 4 AMei7E Ana ok a2y g2 skl oAM= 4l

%-3‘1 ol ol 0.lvomel 74 °ol& 7} UM wiFe Hdlst= 718

A% shdg ZHg8tr] g, A AA FAe] 1HE scale-upd
NHY g T8I HAJAZE QA HojoF FrH(Weissman et al., 1987).

o B H

RVC-PBRE ©| &3 G35 ETF42S Chlorella sp.&l Y Ad3E F
gald, AF COo, ¥FEEE Ao st °F 0.38%10°vum, pHE 7.2
~75%93, gas 7)ol AMYL AL AAH AFFo|Utk RVC-PBRY
A HOZE gas w37) Ao WE zerationd] L3 Enje] Az up
T4 FHE A2 BEHRF AAH, wiFge &Fo oF celld A @
Al & & 7 U 282 COol 322 VT-PBRMET Adi3e
2 L HFAERd =28 5 Uk

a2y RVC-PBRS Ao w3t I nv|(S/V)7} 4lm 24
VT-PBREL Adidez zolA celld AU F%7} 52%10cells/ml A%
ATt EFF gas B@F7|A COE 35Y o dr]1Foz2 WEEHE CO; ¥
o] Wold Y A/IE AsAIlE 8ol E4 UUR, €A pHY %
o] ojH .

Al 3 &. Plant cell photobioreactor (PC-PBR)2] Az}t A A
B

RVC-PBRe @HEE& 7§4dstr] fstd, CO8l 552 £43 19
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2 pHe XHol 7153 air-hft¥ laboratory fermentor(Model
KLF2000, BioengineeringAl, Swiss)ES /WZ38t Chilorella?] bl %k 28
39T Chlorellas ZPFARNZE G AdTA 22840 g4t
Chiorella sp.&t =% Gottingen WSt A B UL Chlorella vulgaris
211-11bE A&t o, sl<Ar Chlorella sp.= 20°C, Chlorella vulgaris
£ 25TAA, 28 2% 6,000luxstel] 1,000rpme 2 wykshs w3l
=

Al 1 3 THFARNZY G FAATA FHFEA Chlorella sp.

F71 &F, 09 FF os&lo] W2 batch type BiER] lojre] &FAL
A Fxel ¥ztE AMR7] fsld F7E FFEA &1 X 6,000/ux,
1¥ 2T 20C2 3t Chlorella® "WU3tach o W AMS® Chlorella
ZYFARAZY G FAAFLE FFEL9 Chlorella@t. 28l F7)

F3HA] &S24 RAS= Chiorella® AL 9713t ‘mpeller
o]-8-5t 1,000rpmo =2 JAA7|H FE3 ¥t

o

L -
T
= S
= O
=
=

sjorelol] tiated COE 02x10wme $E2 FFsichrh, MY 6UA
2E pH controllerE ©] &3t wjdA e pHIl 7.0 AHEHESE CO; 38
£x=8§ 2d3IA<S W9 23E Fig. 139 JHERIUT.

ol Wik ZAHNME QA vidde} thated COE 02X107%vwme =2 F
302 o pH7F 5.457+A] RolH 3, Chlorella sp.8l 42 AL B = §i
Aok, 2y CO; F8E& FTUYI 5UYA FEl= dF 2 pH7l 7.0571A
B3t al Chlorella sp.8 F2]o] AZEUCH, o] of B ujkye] pHI}
7.0 A2 FAHES COE 3T2EN Chlorella sp.8 4% J 4535}
Al X3 E AT

o] Az R H CO:9 &3iof et wljfeie] pH7F A4S, Chlorella sp.
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Fig. 13. Growth curves and changes of pH in PC-PBR
CO, supply was controlled from 0.2X10* vvm

to maintain pH 7.0 at 5th day.

Temp. : 20°C, lllumination intensity : 6,000 /i

Impeller speed : 1,000 rpm.

O : Cell concentration A :pH
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b R doslEdl WAF COo Fe pH AFT VA AeL
& 5 A

RVC-PBR9| 3% pH 7.2~75 Alelo|M <= Chlorella sp.8] Bl|F4&EE
7} 056day 24, PC-PBRe 7% pH 70 BZolAe HFA&E7}
0.47day ' 24 2318 H& ¥FAEEE YWY 2322 Chiorella
sp.= 478 pHolA & 7FH= CO; 3% & TFANE 1 I vFHERE
o =8 7 U= € F UUT

Fig. 149l vl 44 A2}t 5Y Alole] &FEAIAS % WIS AJUHE
E YepUY. T4 o] FAHTsty 3TF3AEo] dstA IPHAUAM
|ENALY] Frv HASIHZE pHZF 70 AR ZHEHAE W Chlorella
sp.”7t FAASHAl FSAstAA F_}AG FAHAA AL AR A5 gy
=9 8FEMNALE T 3438 F7Fste ) 0.0147 vume 2 7HR] F3E
RNo g AZE ATt

- Fig. 150= wjgd Fo &L =9 WIS YERIG. wd =
719l 1~5¢ Aloldle §&EAAY FE7F Fadhe Zol #FHAU=T, o
 pHe= 5.0~6.0 Ateld A Chlorella sp.7F A9 F45HA &3 23]
I FE7F 7 HAASE AE 39+ AU

PC-PBRe|A F3HE &FALY Y = F7]d o8 338 HE
2] &AL FEQY & 07X10°vvme Fulel Zde A XA
A, Weissman et al.(1987)2 X3}37] o422 Atarl S3E o 44 e
2313 44 AsE degyn BRustYh

A 2 38}y Chilorella vulgaris®} v <

vjorel o] pHE 7.0 752 SXHEE 3+3l Chorella vulgarisE vk
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Fig. 14. Growth curves and changes of DO concentration in PC-PBR.

CO, supply was controlled 0.2x10%vwwm to maintain pH

/.0 at 5th day.
Temp. : 20°C, Hllumination intensity : 6,000 lix

Impeller speed : 1,000 rpm.
a : Cell concentration O : DO concentration
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Fig. 15. Change of DO concentration in PC-PBR during one day without
aeration. Temp. : 20°C, lllumination intensity : 6,000 lix

Impeller speed : 1,000 rpm
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S o] vjF44x W3S Fig. 169 YR o] o wgd &%=
25C, 25+ 6,000ux, ArEEE 1,000rpmolPRes, Fr7l= 3354 &
UT}.

Chlorella vulgaris®= pH 75 JFZolA #lY3E o B|FAE5T7]
0.96day "2+ pH 7.0004 ®3HS wjo] 055day ' Bt AA FHFALR
U G54 d A FFERB A Chiorella sp. Bl<<35HA pH 7552 A
=20l Y-S & T UUY.

pH 75 H-2o\A Chiorella vulgarisE ]S o F7]9 FFo] &A1
29 FLho ojmdl IS n|R=XE FAlSHZ] 98, HH"J 545 HE

5 FS 4UR7HA] AN X7 oF 0.021vvmel ©]
A7t F719 22 ANEEE O 2 =7 0.01500melst2 PolR
= F712 ¥3d saur] Fo 244 BT 0.8%X10vwmBT)
< 0.02lvvme 2 FHE3E WY F71E FF5AE o vjgY F9
A7 3|8 FU|FoR wWEHT] daer AGEHAT o] A=z
o] Fo] Kol wjf F9 JEY vl = FEF F718 FFol nukE
&3St Chiorella vulgaris®l A wWxot £ A8 olyel sy =
of £31d Aol A|ANE F BHUF S-S € &+ AT 23 Y Ay
AAA B &7 FF2 238 F4 AME A= AR BHEHIU
g Eol, 7 FFHFET A F7] FEESE 2E AF A &
T AUl v 3t 0.56 vumeldlrt Helof sl ALz AZEE
o 2222 W aeration®] °otd o= gas 7S AATHE, o]
g F7] FF< HQsHA] g2 Aoz AREHIUC

d
A
ol
Y
N
&0

a23 pH 708 S5l MES TRFAAETY FAFAATE 3T
249 Chilorella sp.8+ Chiorella vulgaris® B|FA&£EE vlus] B
Chlorella vulgaris® v}&44& %7} 055day & Chlorella sp.& 0.47day' B
o} & 38 e AT o2 vlFo] Hol Chlorella vulgaris?F mass

L §
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Fig. 16. Growth curves in PC-PBR at different pH conditions.

Temp. : 25°C, lllumination intensity : 6,000 /i,

Impeller speed : 1,000 rpm
O : pH7.0 A . pH7.5
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Fig. 17. Growth curves and changes of DO concentration in PC-PBR

Aeration was started at 5th day.
Temp. : 25°C, Illumination intensity : 6,000 /i,
Impeller speed : 1,000 pm, Airflowrate: 0.2 vwvm

O Cell concentration A ° DO concentration
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productibity ZHelA © $53 Foz BoEUG.

a2y Chlorella vulgaris® vl A3E g3l Ar9 742 Chiorella
sp. Wi vl st S o), 2712 EAIF- | Al 7] H U

AR, L cell XA Chlorella vulgaris® 735 I 8F4HZ S &
At TE FFEALS Chlorella sp.oll B3 539 A7zo] njg A
71 wjZoll v Fol 2 w7t ZolAH W FiAdo] "o {UY
T AA}. Chorella vulgarisE w4 o 3.3X 10°cells/mle] EENAE
6,000luxe] Wo] T vz ditjHoA e 2E7F 2F 5000/uxBP =R
o1}, 1.75%X10°cells/mld) FEANAE= & 760luxE VeERGoH(Fig. 18). 28
og IFLE s|dAdE gz YRAAS HFH Z2ER] 6,000uxB Tt Z
=7} oA A FHEAe "L FEF FAE TEEA XS light
inhibition @4 w&o| F24&E7F 9ojA Al dvrh. Wt PBRe| AA|A]
o] = light inhibition® | ZA3s}7] % M= FLY JHdiEgr olz}l uj
ozl 7151313 el watA % light inhibitione] X}e]7} A el
oz 713183 el Z2A o] ulg FQ3IA HU. F, gz FHE
AAZE o AHo| tidt FAHFY v(S/V)IZF A7t HEF, FA= H4a
7} =2 AA S Aol light inhibitionS A AlIS= Jei7l 2@ Aol

2|2 PBRel #HEHE 35 F, B2 d50] ol#Hg EA9 &4
of 2HE 433 Uot. AF vjYgx ABE JHH FHLENH A FHI
3k FHAH B(S/V)E Adstdad+= <7 (Benemann, 1987; Gudin
and Chaumont, 1991; Tredic and Materassi, 1992)9} wj =< 7]35}3}
2 P& S/VZF AAXES plate type2E A Zeh= vz #IF A
T (Ramos et al.,, 1984; Tredici, 1991; Pulz, 1992a), 22|11 FH = w3}
Bor of Uzt A2 FHUd FHFE ol &3l vl odlAle] W9
ZAV7E 7hEsEEE st S/VE HUE F=olds 99+ (Takano,1992;
Matsunaga, 1992) & %3l &% wigAld Hofup=  light
inhibition® H4A =2 e WS ZAFEHIL A mWatA 2 Tt
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Fig. 18. Changes of light intensity at shadow areas caused by

concentrated cell in PC-PBR.
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Temp. : 25°C, Hlumination intensity : 6,000 /i,

Impeller speed : 1,000 rpm, Air flow rate : 0.2 vvm
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M gl dAYA light inhibitionoll W3F ti o] ZrFxjojof

=A, Chlorella vulgaris®] 73% 3®¢/d<2 s3] @A ZTH G35
AT FFEAS Chlorelln sp.Btt A2 B AAE AT
g, &AL FHo| WolA A Ho| g wigAldls 4Atad 23 F
AA 7 AXA Bt 2822 g3FHA AL AA Yol dEoofk
Sto}, o3 AtA AlA dhHo =z B oA = batch type ¥l YoA=
il FFoll A oldez FHE AL E IV FFE F3t AAS)
= ¥Wol, a8a £3Y gy Fole FEAYH vFYE i H
ZAA 229 A4LE AAT F e 7t2 2EI)S FAsE A AF
2l o=z AU

Table 29l =
o} Al &Ho i3t F

A 3 3 G 2 Sl RANAM S Chlorella vulgaris® Bl

Chlorella vulgariss @A ©E Fr|ge] AL T34 st 3
el FHFFE AT g5 (20AA 2EE 25T, =& 6000/ux,
WRIESEE 1,000rom, 7] 385EE 30/min2 831 pH 75914 Hl st
2 Ao Y XF7tA e Az #3d3ttid, Chiorella vulgariss 3|
B X o] A B F3tH & HET FFujA]odA 23]H T 2 FHSES U
EM A HFig 19). &, HUBFYEE g S B2 2 g x]ey
= ll2day ' 2A 2 w7t F4e seuiAle 082day Hth =&
kS VYERATE. 1 olf= B4 Chlorella vulgaris7t 3|5l 2] 5t
Aol AH3E Wy Foz AGHUTY. 28y Chlorella vulgaris7t &
AET = =g x|t A dME F43ta 2 F4o] BE Fau) oA
B k3 Fofl Al FEA EHIEQ Rotiferd] HolYEZR o]&st= A
o] 7Vesttta #HYdH olE st dAA Chiorella vulgaris® B &
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Table 2. S/V of basic culture vessel types

enlileisiuniil

S S M —"—— — ———" — ——

Culture vessel type S/Vim™) System References
Open system

Raceway pond 3 -5 Vonshk, 1987

Inclined PBR 40 Doucha, 1981

Tublar system

Tubular PBR 30 - 120 Gudin, 1991
Lee, 1992

Laminar system

Laminar plate 50
Plate-type PBR 50 - 60 Pulz, 1991
Vertical tublar panel 60 - &0 Tredici, 1991

Fermenter system

Stirred vessel 2

Vessel with hght 500 - 600 Takano, 1992
diffusing optical Matsunaga, 1992
fibers(LDOF)

Our culture vessel system

VT-PBR 60
RVC-PBR 41
PC-PBR 32
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Cell concentration (x10%/m!)

16

14

12

10

Day

Fig. 19. Growth curves in PC-PBR different culture media.

Temp. : 25°C, Illumination intensity : 6,000 /i,

Impeller speed : 1,000 rpm, Airflow rate: 0.2 vwm
o : fresh water A . seawater
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Holdel AH Y 2Ae FEF Uk

PC-PBRoll A #isv) X & o]83stH Chlorellas w3 AHE T3
HE SHFAAZY Feisatda F57849 Chlorella sp.o] vy 3
] pHE 72~750]1, o]& AFEZ COE FFst= Aol vlFFFFY
T12]51 batch type® PBRONA wjgd o, wiFd Fo ¥z} §2444
AAHA=S F719 FFo] HFFHoIAT. B4t Chlorella vulgaris®] 34
Aol wjg AA pHE 75 2ol 22T HEMARTGE g4
Al A B FAL T 27 GE BT WFelE TYSFANEY FHS
AATE FFE2S Chlorella sp. 2T Gottingen W tolA] &L 24
2t Chlorella vulgaris 211- 11b7F B #8|8tSit. Chlorella vulgaris®] v}
FANA celld] Fx7F 221, 19 FRAdo] YopAug YR E HAT
Q& S/V7F AAEE dAsteol g}

PC-PBR2 VT-PBRe|y} RVC-PBRol 3] S/V7} Zola Weo] R
Y fFo nFE vjfol 2§09, PC-PBRZ 108} AX =2 scale-upH
71¥ S/VE 317m' AXE ¢S FHolAA tF vie A3 gl sz
ZE FAHESH == dHol Utk

Al 4 A. Semi-closed raceway pond photobioreactor (SCRP-PBR) A&t}
AR R

of MiY¥Es Hal= BHYFE ol&stu delgk AFFE FFEA, 1
ol HjF Foll DA E Atael ARAHA AAE A FxHoz gy
FA e FFHHo] AXNEE A, AF}sHL) o] HFERE o] &3 A
2 A FAFolt 2F(30T)T HA0T)Y 712317 AHstar COE FF7
otA) ¢fol =& FAZXEE ZIusty] @k ey ol3sh w9}

= XSS ol AT AALE vl 2N
M FAEY AAEE Fdsked F2 AR E ATz 7

_52_



Al 5 A Ao ALEE wdEEY] vl

W Foll Chlorella®l F=7F ®old A% o RFo oste F4&%
=7 A4S e, ol2d @4 AMHd g ERAN(S/V)ZF AF
5 gasA gk @A7A At A7 ALEH MEREY] S/VY
Mg Foll =23 H cell =& ¥iusd] EA, S/VZF AZdFE HO
cellF¥ =% ARAE & F AUHTable 3). ol S/VZF AZl @} o
=35l ozt ARA Hol £ FRAAT Wel BFo o3 FAFT
Ee SHAS ddo] dojuA] 7] diEelnt. a2y HuU HFASE
Emaxs S/VOl W AAE Aol oz §AAEC] F ZHIFE A
=3

23 2 photobioreactore] AAT o= A X T FTHZF L] Y
(S/V)7F ARES vz 7)stst4 HelE d83ta, Chlorella®] 29
FFL m= AAEo] JAFHeRE 25 AHSA 2FHE F UEE Y
o AALA] =2 photobioreactor®] 7o} 7F&3d Aol

Al 6 d. s A3 =099 it

HFFR A3t T2 OWL HFH ¥|FYER FFS plA= AAE
2l mefo] AT H T o]F UAEL FHEY FF wjUdR AL HAHS
I o] wWEojA AA - sl ok HA T2 FH-L 24
Flned, vjgze] LxAle] =2 aRe SAGEA U, =3 pH =3
< A% CO;, T8, ¥ FF%F, &2 23 L A% F7] FFF
T A& 93 =z2a9e Z4F IC 2E ¥ A/D, D/O HIIIE 3}
o wmig] BAHECE Zte] ES w2 UdA & dASHA #-A=
T A=F AA L Aot old T2 IOYFELS A% ol A
FAo] 7h3lEE MU AHolr] gFo o AT FAHe A
&3}71 o]Fo] A Flojrh



Table 3. Comparision of photobioreactors in 3 types

S/V Maximun Cell Concentration 7
Photobiloreactor
(m™) (X 10°%/mi) (day ™)
VT-PBR 60 84.2 0.39
RVC-PBR 4] 52.2 0.56
PC-PBR 32 20.4 1.12

¢ - Specific growth rate



Al 1 3 AA control A2

M FEH] AEFE AT FRY AAAHA MFFE+= Fig. 2001 JeERY
AT A HCZ Aol EE FH HE 2 sensing 222 }Fo] I}
Aol Fio2 HE, 2239 2 ZF controller, &3 B wgz9
CO2 controller, air controller, heater, W2t7] 2 Z&T ZAHJ|E o]|F oA
A8, sensing ¥ 2% AA9 MA7 AR 3 HEL FHFHA AY
Ad g e BER FEAAFE FFH7I2 o]FoA Ut

o) g AAHA HAFEE Fig. 2191 o AMsHA YA, Wz
2ol 2%, pH, 25 2 gasdl FEE 24zte] Ao oA #AH T
o] HEL FErst Z4F WRIE ANA AFH YA ¥ =P,

MFEHe 2=, pH, £% % gas® & Alojstr] Aste ApAjdA] A
U3 T2 IYE AHEStY ZE controllerdll 93t Ao Ao BA
atoll & dAsHA wAE 7 UxRF IRt

2
2 QA7 EXQ CHorella® AF ZANA i ujF & + s o)
FFYe) AF}E dAstel, 4F AZE MM AolE LIS A

2y wjkze] 2z ¥ejo] QAAIIT olE nlo]2z PEEHY A7
stod he wjoFol 7bsEAl @ Mol

AA A F g U9 &%, pH, £ ¥ gas9 FEE A os})
A3 Tz aPe] AHAAFHQ TEE ZFe] sub-routine T2 3
s+ 23 Zro

1. AAlsFAolo] HF T 5=

Fig. 220l= w3 He As3E A3 A4 =299 =& UE
WA Bl F A2t gAlo) 2700 74 QAAME] st BHE 5L o4




Light source Vollage
requlator

Reactor

Gas anaiyzef
nl Temp. probe Il
pH probe
|
Aeration pump RTl - 820

pH controller

Biomass

CO, from pressurized cylinder Fersnal Computer

Fig. 20. Schematic diagram of photobioreactor with automatic feedback control system.



AM71AH HE 2E T HFEHYG 45 "] 2 IC BES oA
Al = HA v Yol Ao vjgfo] o] F oz}, A|28e] 2004 A|23+4] 6
7t Aol = o]lEi3t AAZTAHA TP HESy] 3 B RIZIZIOPE
o] ZEXE FAISHA YJERIAUT
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---------------------------------------------------------------------------------------------------

Temp. sensing part Controller part |} Algorithm

=% 4 T 5 TYEAYEFTEFERA s s gy T FEEFTESEFSEREE & - e

pH sensing part

Light i1ntensity
sensing part

DO sensing part

.............................................................

pCO:2 sensing part-

Culture Vessel

Heater

Cooler

CO2 controller

Ailr controller

Light intensity
controller

Fig. 21. Block diagram of computer control system.



Initializing A/D

Inittalizing D/O
Parameter
Initializing

Temp., pH, light
intensity pCO2, DO

sesing

Target
condition

No

Heater ON/OFF
Cooler ON/OFF
pH controller ON/OFF
CO2 controller ON/OFF
Air controller ON/OFF

Targct
conditio

Yes

Initializing

- R SRl syl PR TR B il -

- A el Sl -

T -l deief feleh il ueiy
1

Start

Experimental

condition input :

el el ripir il i i -k - -4-1
[
L

Initializing ;
|

controll

Main routine

Data output

Initial temp., pH,
intensity, CO2, air

light

Heater
Cooler
pH controller
CO2 controller
Air controller

- OFF

OFF
OFF
OFF
OFF

- il Sefale s - Nl Sl il sy e i W -
T - e i e i O el R i ol LETYT ] bl b R L L L L LY F LR R T e Trpgrep e L LT T ] A [ I .

= & i i

IHolding time input

Setting time input

Data file name
input

kig. 22. Flow chart of controller operating program.
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2. 2 Aold] U3 T EX

Bl UHo A ol= ojn A st GA2]FAe] RF3}ol
AHEE retort SEAS] TRaAL F122 FEd TRES ALY
A}t Fig. 239l 2T AIo{E 93+ sub-routine T2I1Y-E vERR AT

Main routine
Temp. sensing

Yes

llolding Temp

Ieater ON/OFF
Cooler ON/OFF

S

Yes
Data output

Fig. 23. Flow chart of temperature control program.
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3. pH Alojo]] tidt 3=

pH sensing

Yes
Holding pl

pH controller
ON/OFF

Data storage

T

Data output

Fig. 24. Flow chart of pH control program
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Main routine

pCO2 sensing

2
L2
=2
L1
r
lof
athl
H1

Yes

Holding pCO2

CO2 controller
ON/OFF

Data storage

No
LLast time

Yes

Data output

11, 25, IFlow chart of pCO; control program

-~ B -



Main routine

a3 Alojol st sE¢

sensing

Holding Light
intensity

Light intensity
controller

ON/OFF

Data storage

No
Last time

Yes

Pata output

Fig. 26. Flow chart of light intensity control program
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Yes
Tolding DO

Air controller
ON/OFF

Data storage

i
Yes

Fig. 27. Flow chart of DO control program
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Al 3 3. Z4zte] JAAEE Aotz Y3 MAe A

wjokz ol Aol zhztel AE S Aolaly] AT MMSL
&) M wWE A e ANEL o)8std] AMNTHEL Ao A

R e 2EE A3 i AM=E< T-type®] copper -
constantan thermocouples AFHE-& ZHojth £ dFolA AFE3HAl E €3

= Fig. 289 e et 22 A9zt dis 2= 542 71N &
35CANA 140Te 2% HHYHol dis] & ImV~5mVe FHAYAE 7IREE,
o] Zk-& HFHeol UYs7] AA= A/D HEZISY Y F|A OV~5VHE A
2 FFAIE A9 FF718 "az s €oh. meEkd, OPAMP(Ope-
rational Amplifier, MA 741)& AHE3l ¢fF 1008] FHFEHEZE g Aot
o] W} %9 FEZ7lo] o3 EFYHEHE YUY FA= Fig. 299 UeER|U
=

2. pH A, CO; %A, dof 5% A& I 24|, D/O M A

e 24e A% A4 o9 BE ANFTL FAsy] AT AMBL
Asd B AR AW BE Folw, ARgAd) d¥ AL EE SE A
Fo] ALES HE Fol AUtk

A 4 3 FZAE3Y] o] HEURL

A7 ] Q79 dog ALAHOR 28 AFTAFAEL EIA I
aE wjekz AE3F A= HFH ZAHCR ChiorellaE N widd 4+ 2
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