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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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Summary

I. Title

A study on the development of photobioreactor for mass production of

microalgae as live feed for animal plankton

II. Object and importance of the research

‘Seafoods are well known to be usefull for prevention of adult diseases. For
this reason, the industrial aquaculture has been rapidly developed in Korea. In the
aquaculture industry, a photobioreactor with high productivity is a prerequisite for
mass production of microalgae, ie. Chiorella sp., a feeding fry for animal plakton.
On the other hand, the impotance of microalgae as resources of marine bioactive
substances increases more and more. But in Korea, the cultivation of Chlorella sp.
has been carried out in an open pond. In this case, the productivity of Chlorella sp.
would be affected severely by climate. This study was, therefore, oriented to
develope a photobioreactor for mass production of microalgae, Chlorella sp.. free

from the restriction of climate.

II. Range and scope of the research

1. Establishment of optimal culture condition for Chlorella sp.

2. Manufacture of model photobioreactors in laboratory scale and comparison of



efficiency

3. Scale-up of the selected model photobioreactors

4. Automation of the culture system
5. Pasteurization of sea water and preservation of Chlorella sp.

6. Applicability of the photobioreactor at fish seedling culture station

IV. Results and recommendation for practical use

1. Optimal culture conditions for Chlorelia

(D Culture conditions of marine Chlorella sp., delivered from the National
Fisheries R & D Agency, in a Vertical Tubular Photobioreactor (VT-PBR) :
- Temperature : 20C, Light intensity : 6,000lux, Air flow rate : 0.56vvm

Culture conditions of marine Chiorella sp., delivered from the National
Fisheries R & D Agency, in a Recirculating Vertical Cylindric Photobio—
reactor (RVC-PBR) :

- COz flow rate : 0.375%10”vum, pH : 7.2~75

@ Culture conditions of fresh water Chiorella vulgaris 211-11b, purchased
from the Gottingen University in Germany, in a Plant Cell Photobioreactor
(PC-PBR).

- Temperature @ 25T, Light intensity : 6,000/ux, Agitating speed : 1000rpm,
pH 75

2. Manufacture of model photobioreactors in laboratory scale and compa-

rison of efficiency

..10...



Six different types of model photobioreactors, such as Cylinder Type
Photobioreactor{CT-PBR), Spherical Surface Type Photobioreactor—- I (SST-PBR- 1),
Spherical Surface Type Photobioreactor-IO(SST-PBR~0), Plate Type Photobio-
reactor(PT-PBR), Raceway Pond Type Photobioreactor(RPT-PBR) and Water Wheel
Type Photobioreactor(WWT-PBR), were manufactured. Culture charactristics of
Chlorella sp. in each photobioreactor under controlled temperature, light intensity and
pH conditions were investigated. The SST-PBR-II revealed the highest performance
and then WWT-PBR as shown in Table 1.

Table 1. Comparison of culture characteristics of Chlorella sp. in model photobio-

reactors
- Photobioreactors = | S/Y : RN R N | Kot v X
IR (m™) (w) | (@8 | @) | XKu
Cylinder Type PBR 19.73 5872 0.022 0.207 9.409
Sphencal Surface Type
30.38 5424 0.055 0.224 4.073
PBR- 1
Spherical Surface Type| 6000 0,013 0.448 34.462
PBR-1I ' ' ' '
Plate Type PBR 16.59 6000 0.017 0.274 16.118
Raceway Pond Type
33.09 5949 0.013 0.297 22.846
PBR
Water Wheel Type
PER 21.23 6000 0.014 0.444 31.714

* PBR : Photobioreactor, S/V : Surface/volume, X; : Initial concentration of

Chlorella, Xma : Maximal concentration of cultured Chlorella

- 11 -



3. Scale-up of the model photobioreactors

The model photobioreactor SST-PBR-I, which showed the highest perfor-
mance, was scaled up. A new photobioreactor, Slanting Plate Type Photobioreactor
(SPT-PBR), was manufactured as a improved type of SST-PBR-I, WWT-PER,
RPT-PBR and PT-PBR with respecting to the efficiencies.

4. Automation of the culture system

An automation system for control of temperature, pH and flow rates of O and
CO2 during culturing of microalgae were developed. The system was so designed
that the fisherman can easily operate and recognize the growth rate of Chlorella by

reading the digital output of turbidity measured by photosensor.
5. Preservation method of Chlorella sp. and pasteurization of sea water

® Concentrated Chlorella sp. was stored at 4C, 25°C and ambient temperature
without control for 3 months. Concentrated and frozen Chlorella sp. was also stored
at -5C for 3 months. The Chlorella sp. stored at 4C showed the best freshness
and then the frozen with respect to the content of disolved oxygen. Both of the
refrigerated and frozen Chiorella sp. could be used as feed for Brachionus plicatilis.

@ Powdered Chlorella sp., which was obtained by spray drying at 102+05T,
could also be used as feed for Brachionus plicatilis. The powdered and vacuum
packaged Chlorella sp. stored for 3 months at ambient temperature did not show

any remarkable quality changes.

® Seawater supplied to the Chlorella culture system could be effectively

pasteurized by ohmic heating. The temperature rising time of the seawater

- 12 -



necessary to reach 80T was 49sec, and the concentration of Vibrio anguillarum,
fish pathogenic bacteria, could be reduced to 10> within this time at the electrical
field strength of 800V/m But in the case of Chlorella sp., green color of the
microalage changed deeply to black during the ohmic heating at 70T, even though
the pH of the culture medium was adjusted to alkaline state.

6. Applicability of the photobioreactor at fish seedling culture station and

aquaculture farm

SPT-PBR was delivered to JIN-NAM fish seedling culture station in Yocheon-
gun, Jeola-namdo, and also to Hae-In fishery Co., a aquaculture farm in Seosan,
Chungcheong-namdo, to improve the applicability of the photobioreactor. The
performance of the SPT-PBR was compared with the Open Pond Type Photo-
bioreactor(OPT-PBR).

(D Experimental terms of the SPT-PBR :
Aug. 4™ 1997 ~ until now (Jin-Nam fish seedling culture station)
Sep. 27" 1997 ~ until now (Hae-In Fishery Co.)

®© Culturing method :
In Jin-Nam fish seedling culture station, Chlorella sp. was inoculated into
culture medium and cultured in the SPT-PBR and OPT-PBR. When the
concentration of Chlorella sp. reaches maximum value, a part of the culture
medium was harvested and substituted by same amount of filtered sea-

water.
® Comparison of productivity of SPT-PBR with that of OPT-PBR :

Maximal Chlorella sp. concentration in the OPT-PBR with a magnitude of
60m (60M/T) was 10'cell/m¢ and the reproduction time was 3 days.

_13_



But in the SPT-PBR with a magnitude of 05m(0.5M/T), the maximal

concentration of Chlorella sp. was 10%ell/nt and the reproduction time was

1 day.

As shown in Table 2, 40m’ of cultured Chlorella sp. cultured in the OPT-PBR
could be harvested and substituted by the same amount of filtered or pasteurized
seawater in every 3 days. But in the SPT-PBR, 025m" of cultured Chiorella sp.
could be harvested and substituted by same amount of seawater every day. The cell
concentration of Chlorella sp. produced in SPT-PBR per unit time and volume was

calculated as 500X 10%cells/day/m’, whereas that in OPT-PBR was 2.22X 10'%cells/
day/n.

According to these results, the concentration of Chlorella sp. harvested from the
SPT-PBR is 22.5 times higher than that harvested from the OPT-PBR, even though
the magnitude of the SPT-PBR is 1/20 of that of OPT-PBR. Moreover, the culture
of Chlorella sp. in the SPT-PBR is prevented from any contamination of micro-
organism and the evaporation of culture medium during operating is minimized,

because the system operates in a closed system.
7. Recommendation for application

Recently, some of artificial feeding material for fish are available in aqua-
culture farm. But most of the fishermen in aquacultue farms and fish seedling
culture station have opinions that the quality of fishes produced in aquaculture farm
depends mainly on the feeding materials, and they prefere natural feeding sources
more than the artificial materials. Therefore, mass production of Chlorella sp., a
phytoplankton for feeding Rotifer an animal plankton is a prerequisite at fish
seedling cuture station. It was recognized that the object can be achieved by the

use of the Slanting Type Photobioreactor developed in this study.

..14...



Table 2. Comparison of the magnitude and cell concentration of chlorella sp.

between the Open Pond Type and Slanting Plate Type Photobioreactor

Total culture volume 60m’ 0.5m’
Maximum cell concentration 10'cells/mé 10°%cells/mé
(10%cells/m’) (10"cells/m’)
Reproduction time 3days iday
Discharged culture volume 13.33mY/day 0.25mY/day
Produced cell concentration 1.33x 10cells/day 2.5% 10%cells/day

Produced cell concentration

. 2.22 %X 10%celis/day/ m’ 5.00% 10%cells/day/m’
per unit time and volume

For this reason, the Slanting Type Photobioreactor for microalgae culture with
high productivity sould be delivered to all aquaculture farms and fish seedling sta-
tions by propaganda of Fishing Community Development Bereau in Ministry of

Maritime Affairs & Fisheries or Fisheries Cooperative Association.

.~15-
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A1d A 2

GAEZRE S49 A9 x4 HERE OE F2E MR Jon, YRAE A
2 A e Feloldh 2y %4 ATAY WY AL FTH L AUAS Hey
AUAZ ABAFIY chlorophylle 7HA 3 Utk @A Yol VAL JHiz +3
9 GAEZFE TASHE A2 FAA Ut YT FATZRHE £BAS A
AA gom2, AF BEx 34 JAAE Ade AE Ao FAZYH A ¥a

o FIEE Frstor o o2 olf "o 2HEXFY FHL IYEL TF

e 5 gt AYAAT AGAch BN oM7Y BHAEZFY WFe F2 9
22 A7 40 €2 ARA WPzolA AT TusAA o] FojARKT

GHEZFA B AFE 19709 FulalA 1980 d ) 2kl A @A 23
AeH, GHEZF HF FAHL AF L ARZ Y o8 F Adhe AN 2
SHAGY, A FAAIH vl B W GAZZF g oy dFZ g
Fol Ay wod, =¥ o] A E Fin Uy W) v FFYo2AE
Wd F8stth(Lawrie, 1970). 28]l AA A sl S =] 7] B Eo] gk FPM <}
Zol ¥ EFE "oz A gk a8y AA B9 02% FE] EHEE
biomass©]7] @&l F&o] s vl AAHeln}, Gddt 42 W-E A3 g7} YEo
£3FFE Bol8Al &7] fSdAME AEYHE ZHAE 3R YRE g oy
E ok

YAHEZFE dZIZ2FE FAE 3P, Aae du 5o s AR
o2 A g a2 GAHEZRES dReR AA4Y £ ok, dA Aan g9
URF F 40% F3ES FIFY 5 A €oh wdA P& vREN UAEZRFEES
APE T FHUE AR 289% duAY AnPrdE 2 B 93 5 YA
¥ £ QHIZXF F, AZF Odonthalia Washingtoniensis R 0. floccosa®) W€
< 528 methyllanosole F4X9 448 &89 ¥lZ(hypocotyl)e] o E X&)%
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2 2n53 JvhiIsao kubo, 1989).
HZ oA E SGHEZRY ol &G AAH] AAYHR gk, F, FHEZXF
ggd 54 wEd AFo2A 29 ohe At SAE, AE, 87 ¢ vdEok
A7tA &8 Wto] Hol, AFHI glon, 53 Ay SN §FFA, dhupo]
A4, FFFE, AFEE AAR, YL FF Tl T4lo] Ropxn ok

2 dEAHQY 4F 29 249 g A4 e FXFlred algae)d Fur-
cellaria lumbricalis®] ®@& 2 P& FZEQ histamined EFYI & £FHA7]3,
3 Qtoll FAREE ZATe o] dojubA kel WElE AEo] UM AHE
A2 24 £ e BB Aogdn Bndau Itk Goran lidgren 5, 19869). & =B
23 555 SN MAS Qe Rhodophtal &2 F), Phaeophyta(2Z %), Chloro-
phyta(=Z2F)E 2FY ATd A4 OFe g4 LA G847 FFHA] A
e Aoz w3 Yot o] ¥ heparin® FaGRHFY dFo2A thrombin® #4&
AA e YAGRE AASL lipase FBE AESE AL #A s AP sa
2 2mse] tide Campos-Takaki 5, 1988). 53] Rhodophyta £ 2% 11% 3,
9%Fo] YnAEYAAEL Holm glovw o F Hypnea musciformis o] 14%9)
bacteria, A~-F, Yeasts, FungiE iAo 3 Aygdir 1%-& A& ZF inhibition
zoneS FAF Aoz B uHUY(de Campos-Takaki 5, 1988).

rlr

a3 GAZXFY F2E T Futoleia BAHE AAE FFHI BuHgn Q)
th & W ¢Adx sigtdl MAsE Xz F(green algae)dl Ulva tasciates 75%9)
anti-semiliki Forest virus(SFV) @48 Bol3, Codiun elongatume 50%° SFV &
33} 45%9] anti-semiliki Ranikhet Disease(RD) #4< YellErsl 398, 32 F(red
algae)?! Chandria armata’= 75%9] SFV @48 7txlx lew, Spyridia insignis:s
Vaccinia virusoll dia] 50%9 oA #4& 7lxle Aoz BaHo gIrhKamat %,
1992).
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Anne beress $(1993)2 S diMY dAdoy &3 B & Ae FEFY Fucus
vesiculosus?} human immunodeticiency virus(HIV)o] dial A Ao} U= Aoz
2unsgon], o xHo FE FAANEL alginic acid, sulfated polysaccharidel
fucoidan® tT}%3t phlorotannin, polyphenol S 224 FFHIV £40] g Aoz <y
A Aok, o]l BAY AEE FEYLBAE AF FEH] o&H2 Q. F, 2AES
=AE B2 Ao F£&353, 55L& XAD; chromatography$} glacial HoAcE A
d HFR EFE FAAE AR P EE gel filterationd P39, JFHo= &
HPLCZ AAd 84 HFEE 9& F Ytk o YL ¥ XHAME 6% ZAd
84 9d3F polyphenold] EeE st o849 & Y& MEL HPo2 EaHR
AHAnne beress &, 1993). ool FZFA Schizymenia pacitica®] % FEEL
Al °] DNA polymerase alpha, avian retrovirus ¥ mammalian retrovirus® $
transcripaseE A3t retrovirusesoll & BASdE AW E ¥ F oy, o] &
€< HW& pH 990-1DAA dAsRn, d¥d T4 pronased) ZH§ Folx &
48 ¥A gevx BansHo] dh(Nakashima 5, 1987).

8, FFYH T T GHEZ dF Q75 2aH3 Yo 29 A
A BERQA Fucus serratus®t Ceramium rubrum® 2 8L TYA T F2 &
AAstE AFH7 Aol EuHAdHAndersson 5, 1986). =, Itoh S5(1993) ZZ {9
Sargassum thumbergii %28 GIV-A7t HE& U422 3 AYdM 20me/Kg/day X
109 AtgFo2 549 &Aool Ehlich ascitesdol 23 8ute] F suje]ol ot
AFEAE Jetidon, HF AEAHE 2483% F/HAIAGR B syl GIV-A:
=283 EA3 IR-, NMR-spectra 4o 9|8} L-tucansultate, tucoidan® ¥ 3=
hexourouic At22 MHAHY. GIV-AE FIYAX HAHHOE cytocidal EE e
Aol o}y tucoidanol & B C39 @A phagocytic BAL A2gozy WY
gl 4 BAGdn wEAdg. a2 steEdd NASE HZF Vidalia
obtusalobal Xl MZE #YF 4 bromophenols?) Vidalols As} B7} st& AT o] A2
5182 AP4h-g E#l3hE phospholipase A& Adldte g2y BAHL Uehy
S(RHE, edema)E EF4H o2 24391 Bagan YHWiemers, 1991).
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GAEZFE APty G422 B oy} HY JURE oY F A= A
A g S5 A4Y £ Yo L AUAS o] g3t et WL AddAE
Ndan Agsts 2AFRL o2 Ik o] F kA9 FAHL GHEEFY widd
A FAd #HPo] 7tssith FHAYES R AUAZRE, Tr4s AN dgEE s
T g7 AsAME vgke QAY £ Qe P ez HwAAY 5 gid(Johnson,
1975). o133 HWPF &L 5% °]&tHOswald, 1973). A ABike] FAdAM ZFd)
e dFe & 59, Miura 5(1992)2 32§ Chlamydomonas sp. strain MGA
1619 % BFA bacteria W-1S9) 2L T3 glucose FEANA B} AP, A&
Hog nFE F4AE AALE FAF + AAdn BudP). F, glucose LEA|
9l 4 mol Hymol®) F47F A4Sl vla] 8 mol H/mol®) ¥& d@Ho] 5ol
BasAch

of Yoz IV L3N ALFIdo2ME GAEZFIL o] &d DAHATEFY
A3 7189 AZAQ Frt FAA dojue FAMEE BRI J1F A4 o
o} dth(Oswald ,1973). o] W THEZXF] AZFAZANA SAHE Yae AFd ol
g AZAAFHAN YeE oitgaist AYELLS GHAETEFA FIEH Ex9
2 RS FAAE F Ak BHAA ol FAMGFL A A2GoA
AAAQY dIAEZEHAE HAY & F Yo

FHAME J2 dAZEFA BF VAR A7 FHHR A= FFld a3y
A TR AFMFS olFoiAn YA o, AAYY AR FH wWFxd I3
gl g gle Aol ol AP wMIFxE Lz Hol EibsIY dd
T 4 AT FTHez wigsn A3, D9 W BHIY AJIHE gD
$e dAoln, A ojWE THA JjEE W ZF YA RI{E22 dMERF
gz g 4A I o]FoA A dm Yt

e E dFdMe FU AR 23 o] g GHAEZRF WYz E A
a2z St GHEEF wGxze 49 vAE ugzode 2 FEAHY BAAA
THE Fol 2L Aol @k WA DAXZFE AP wFs) e 9T
Qa9 HFH =3¢ ZE Ao Wy T3k GHAERFE RN e 2 40

rir
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Aozt Qomz, wWgzol AKE Fof AN HH WY AU YA} B,
debd wFzel dRAA SR0] P Jlz AYH SAZZFY FY 3AzIL
daitd 2 F1 A7E AR,

olZ 3t 2T MIRE B GHEZF wFdMY LF Ao AAEE F
2, HH Iz d L dF8d =8 2 2HRE 49 JHX Fe 2F sjFzd H &
¥, Y F&2 Holt viYRE Ao QA AL s T2 FH=E 72
Zdi(scale-up) AlA D o] ZA AzE WiFzE oASdA AP AY - FFHnA A
o =3 #Ydd HAA NGTHE AFAAY F A FHAAEFS A2d ALz ¥
sttt AFHo2E Add wWYEE scale-upA F YT A 23 A2ge B
ZAZFAe2H A oDEo] &olatA ALY F JlodAM HA wiFzdE FANES
s+t

ol T TVAEXZFY dF AU FEIHA o
oYl E 9] ko] ZAulE AT R, GHEZRY I
A, EE8% FTnELE AR e AojFAE A
o ¢ Y Aoz AT A FAY.

598 FuAsE ¢y
EE2 €k 2202

4 E¥3E HolxH

o
ol
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A2F =27 AWF 7€ A4

DAEEFE 4 AEEY As Zol FHAY AARNA HF AR E ol 83T
@299 I71 F9 CO% A4 Vg FUIG9HE THAM ae&Hez J&FHA A
do o

i
Organic :

Organic, i | Algae cell
wastes matter Oz .
1 / \ ! Suspension
I
: Bactena Algae )
: oo/
! co, Sunlight
1 NH3 }
{

Fig. 2-1. Circulation of organic matter.



HYG Al ol FEE&HAAN BY, A FHAAME 05~-20% BEoly, GHEZ
F<Q Chlorella= 33 25%73 ol g0l 7bssitt £ $xE}E €8 43 FF2 A
Zupd = glon, wiF AlEe] diRst 2 AFHE 5E8H TPAL] e
Jzgolgtn & = Ut

AFulFA T Chlorella®) TEFL AL A3 10kg/m'E LA A2y, §9 A
Ad @ 4P AgdME F8F] o 112 o3t &, 4%4kg/m=n ¥ a2y +&
FS °e 29 A 823, Table 2-10149} o], B2 Moot

Table 2-1. Comparison of productivities between microalgae and other

protein sources

o Protemsource " P Productnvxty
R NI ‘(kg dry. welght/ha/year)
Spirulina platensis 24,300
Chlorella pyrenoidosa 15,700
Clover leaf 1,680
Grass 670
Peanuts 470
Peas 3%
Wheat 300
Milk from cattle on grassland 100
Meat from cattle on grassland 60

Chiorella 82t 98€ B@492249 CO, ¥ 713 9dUdteos $E3u2 98
HI7L o} AP otk @A U COe At Z4F AgRofd e wr] 7hx,
axn X3 BNARZNEHE FFol 7tsEH, gy o9 swye maMe
FTHLA Aoz AT ot

Chlorella®l T Ad&< Table 2-29 o] uiYzde wel thexgl gz gz



ghako] 40~50%, A 3heko] 10~30%, ©F3HE 10~25%, 3] Eol 6~10% HXEold,
A8 129 AURAE 55melth EF HERE 1 F/HY go] FH A, By, By
Bs, By, C, K, biotin 5& 4%3% ##3tn glon, ojujxxitx Table 2-3¢] B uhst
Zol YFotulxitg ¥ dFaA Fitn Arh

Chlorella ¥\ %€ QA A= autotrophic culture o}2lo} F3, {714 59 #7142
A8 S AHE3t9 wWY3tE heterotrophic culture® 7Hs3tth o] @ ©B3 wWolA Ayl
dgoed FANM FRuUYFY FE PPoz 1043 ojUly B AROE &5
TAE B4 + At

Table 2-2. Protein productivity of microalgae

B A Nitrogen| Culture COz throalgae protein Prote.ip
i v:' Mmoalgae 1 source. };§¢'coﬁdition ,f,(%j : p;QQqcttvity (%) productivity
SN | | (g/m/day) (&/m/day)

Uronema barlowi Urea Stagnant | 0.03 091 34.77 0.32

Hormidium flaccidun | Urea Stagnant | 0.03 0.84 31.46 0.27

U.barlowi Nitrate | Stagnant | 0.03 1.43 51.95 0.74

U.barlow: Urea Agitated 0.03 6.00 2721 1.63

Ubarlowi Urea Agitated 1.00 17.20 30.14 5.06

U.barlowi Urea Agitated | 3.00 19.50 2832 5.55

U.barlowi Urea Agitated | 5.00 20.62 28.76 595

U.barlowi Urea Agitated | 10.00 18.40 2158 397

U.barlowi Nitrate | Agitated | 0.03 9.07 2725 248

U.barlowi Nitrate | Agitated | 1.00 16.61 26.25 4.36

U.barilowi Nitrate | Agitated | 3.00 20.90 25.20 525

U.barlowi Nitrate | Agitated | 5.00 24.30 22.50 4.89

U.barlowi Nitrate | Agitated | 0.03 3.60 43.00 1.55

Ulothrix sp. Urea Agitated | 5.00 47.80 42,70 18.70

Hormidium sp. Urea Agitated 5.00 42.80 43.00 17.60

Uronema sp. Urea Agitated | 5.00 39.20 42.10 16.90

Stigeoclonium sp. Urea Agitated | 5.00 39.00 49.00 19.10




Table 2-3. Amino acid contents of microalgae and whole egg

‘Algae | Lys|Thr|Cys| Val | Met | lieu| Tyr | Phe | Trp~
Chlorella vulgaris 1021 28 | 02 | 55| 14| 35 28 28 2.1
Chlorella pyrenoidosa 24 | 19 - 27 | 06 | 1.7 - 21 04
Chlorella ellipsoidea 59 {49 [ 07 [ 79 | 06 | 45 | 1.7 | 42 -
Ulothrix sp. 15 | 18 - 26 | - | 06| 45 | 34 -
Uronema gigas 63 | 40 | 05 | 68 - 40 | 06 47 -
Spirulina maxima 46 | 46 | 04 | 65 | 14 | 60 | 40 | 49 | 14
Whole egg 66 | 48 | 23 | 61 [ 33 |50 | 60 | 48 | 19
FAO reference 42 | 28 { 20 | 42 | 22 | 42 | 50 28 2.8

Algae :‘_Leu : }ﬁs Arg Asp‘ Ser | Glu Pro Gl.yv:u:» ;Xla
Chlorella vulgaris 61 | 33 {158 64 | 33 | 78 | 72 | 62 | 77
Chlorella pyrenoidosa 12 | 07 | 24 - - - - 2.2 -
Chlorella ellipsoidea 93 | 17 | 58 | 88 | 52 | 105| 50 | 104 | 122
Ulothrix sp. 14 | 14 | 32 | 14| 07 | 78 - 14 | 55
Uronema gigas 105 09 {115 91 | 68 | 135 - 6.5 13.2
Spirulina maxima 80 | 08 | 65 | 86| 42 | 126 ] 39 | 48 | 638
Whole egg 82 | 23 |64 | 97 | 71 126 37 3.1 55
FAO reference 14 | 48 - - - - - - -

A2d =Fllddd o3 42

1. 88 94¥



Chlorella= 18903 o] Beijerinckol] 93t ¢4 A 1919dl+= Otto war-
burg7t BPAY AT E T Chlorella® °1§ 7H5R8 & AAA=H, of 4 AHEd
e 25429 FAA o] &HYD HolAth. Chiorella sp.= Burlew(1953b)ll 9]
o) JFH, FBAH oz AFF FHMA NN Hzx2 fFHJUT 27 wigl
A gag F714949= N, P, K, Mg, Ca, S, Fe, Cu, Mn 18] Zn s°] A%
(Krauss, 1958).

2. 27 9<% 3849 29

7h 279 AXAREEE

Chiorella sp. MIE9 HEIFE AEIFELE &4 51.4~T726%, At 285~11.6%,
2R $4 70~100%2 HoAtHKrauss, 1955). 127 hRE) DHEZFE AR
V1222 7%9 AALE F#3tx UM (Kanazawa, Yuhara & Sasa, 1958).

ZFYG Ao BHHo2 ALEHE AALYO2E ammonium salt, nitrate, 28 3
urea 5°l o Ammonium ©lY nitrateS AAYOZ AL ulz| 9 pHE W3t
o QAEZXFIE UM (NOs) o]2E F439 wix9) pHE Eolxxz o)} wt
W2 (NHy)' '8 F5389 wixl9 pHE PolAt}, a7t FAYo2 weaS AMLEW
iz 9] pHE A9 ¥3sx FEth(Davis et al, 1953). GAEXFE 429 FF3
A 43, 243 Yeg FIFSHY AE o xFoly AEE =33 cH(Dubinsky,
Berner & Aaronson, 1978).

o 718t @449 (K, Mg, S and CI)

_37_



(1) Potassium
ABIZo2 1-2%E A ALFHEL9 B4 "4 ZHold(Hawker, Mas-
chner & Krauss, 1979).

(2) Magnesium
Chlorophyll, ribosome 3 @A) J& o 2X (Metzler, 1977) 8 7HA BA7HEd
254 g4 oltWyn Jones & Pollard, 1983).

(3) Sulfur
o] S& sulfate?] §dd A

(4) Chlorine
Cl& 2 Chloroplast @43 ¥l Y=dl, 53] photosystem O 2H§o] P53 o]
th(Izawa, Heath & Hind, 1969).

(5) 71
1 o}9}9 v|BAHE o 8= Mn, Fe, Zn, Cu, Mo 5°] At}

A 3 A GYEXFAAN FEHE F8E4H

1. Vitamin

SGAEZF vitamin FFS XHFuY v, W) Zx wfAxA adn FH G
5 98 712 Ak gFAgME DetA ¥ (Carlucci & Bowes, 1970), di7-&2 &4
vitaming GAXEF g g YJF g ESAF o] vitamine GHEZZEFA 9
s Ao PHHAY = AEE of 2vdd. a2ln GAXZEFY vitamin
wulg GA] widxda FAdAHd oe deziti(Aaronson et al, 1971). #&

- 38 -



vitamin® 2 A riboflavin& 197539l Chiorella vulgaris® BFAA &= AHSch-
warze, 1975).

2. Pigment

DA EZFE chlorophyll A9 MAZE A9} T phycobilinolY} phycoerythrin¥}
22 24" M4, a8x dYdd carotenoid AFY MAE FAdh £ 5T
DA EZF QoM e oj2id Br1H<A MAE chlorophyll AlF 2 Mirxvh Yo] A
71 @, olgd VHMEZFOE B-carotened TFLZ FHIE Dunaliella
salina®} astaxanthin® A43= Haematococcus pluvialis 5°1 ATHLwoff & Lwoff,
1930).

Cartenoid= A 34 A5 22 isopolyene MAolt} g3 Yoz vf$ {83819
AA 42 (Emodi, 1978), AF 71584 17159 A M HBauernfeind, 1976), A
&zte] M AZ7}H(Moorehouse, 1961), 283 71&9 AYARLS FRA)7)=d o8y
(Jackson, 1981). YA EZFo ol A cartenoid AlE2l 2AE FE2 photoprotective
agent® 71%& 7HA™, photosystemol A= H#7}H Q0 MA 2 243 (Krinsky, 1976).
g GAEZRRY AAHLE cartenoid AT 42 wEojAd(Batra & Tollin,
1964). A8 Z 22 abscisic acid ¥ vitamin A9} Z-& cartenoid =M= HFER

Z8 0 gdAdo] Atk (Peto et al., 1981).

3. Phytol

Phytol& trans-3,7,11,15-tetramethylhexadex-2-en-1-ol(CxoH3sOH)°} i, vitamin A,
E K % B-carotenedt & EA9 AFAZ z8R39, chlorophyll LXALO 2 7}4R

HAA 4 & Aok

4. Amino acid
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dAE2R7E Adste Foluixdte wjgzd R FAFH g ddsng
(Tindall et al, 1977). 2 <2 Aphanothece halophyticas RFFA7] T¢dle =&
435 5(2~3M NaCholAM glutamic acid, methionine 2@l 3 phenylalanine®] #%o] 7}
g3, ol vz fx7] FAdde ¥E HF=(IM NaChoA aspartic acid®] &
ol 8ot B usof gli(Tindall et al, 1977).

5. Polysacchande

ggHc W4, &84 agln AR ofH: U ZFHAAA HEY £ Ae
£ macrophytes! Laminaria, Macrocystis, Gracilaria, 7183 Eucheuna

(Gellenbeck & Chapman, 1983) 982 AMg3t9 A3 Ao a8z EF} =§F ¢
TR 488 E A2 e Rez delA YrH(Furusawa & Furusawa, 1985).

A dAEzF 9 AHHE OdBHEE FUdHeE o¢  f43,
Porphyridium cruentum, Porphyridium aerugineum, 21213 Porphyridium sp. 59
QGHEZEZFE ol &3t ERT IFza3dM A2 2uA Fozn 58 £ ot
(Ramus, 1972). ojgj&t I HFo= D-xylose, D-glucose, D-L-galactose, 3-O-
methylxylose, 3-,4-O- methylgalactose 183 D-glucuronic acid $°] ¢ (Percival
& Foyle, 1979). 423 F < 7~10% Y X9 ester bonded sulfateE #9381 U3, 5~
7% RE7L 99AR s

an FAARAA HArld dBRE SHGE QATIZRFE Yd olgs ©A
ﬁfﬁ?‘r&%ﬂl& Dunaliella tertiolecta, Duraliella salina, Isochrysis galbana, Prymne-
stum parvum, Pyramimonas sp., Rhodella maculata, 1831 Rhodomonas sp. $°) 9
“HGuillard & Wangersky, 1958).

6. Polyols 2 7)€} carbohydrate

GAEZRE 948 dIHE P43 starch, floridean starch, glycogen®

[o]
~
X774 24, 283 glycerol, trehalose, mannitol, sorbitol®} 2 AE¢z44 2AL
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At x2FQ Pleurococcus vulgaris= ribitol® &2 8t3 Trentepohlia aurea$t
Trentepohlia umbrina= glycerol, erythritol, ribitol ¥ volemitol 2 & 3cH(Kremer,

1980).

7. dGE3 BESF dPEZ

7}. Phamaceuticals ¢} antibiotics

AESFZEF] SAELZF(eg. Chlorella vulgaris, Chlamydomonas pyrenoidosa)®] vl
Fd FEEANM dojAe BAL in vitro AFAAM Gram positiveH Gram
negative@ o] i3t &Ado] glth(Aubert, Aubert & Gauthier, 1979; Reichelt & Borow-
izka, 1984). 18l Porphyridium cruentum= arachidonic acidE A4 3}=d)(Nichols
& Appleby, 1969), ¢} arachidonic acide P42 438 ZE8Ao)w prostaglan
-dins, prostacyclins 121 thromboxanes$} #-& Cyo 31389 AAAF A o)},

U 43 34

Chlorella 2 Scenedesmus$t & QAHERF 222 91 2 UAEZF
F2]& Z7ZAlZtK(Balloni, Florenzano & Favilli 1968). &t ol Scenedesmus obli-
quus® B+FEEL Rhizobium japonicum® ¥l A yeast extract$} vliste] 3u)
°]4 F4&°] =vh(Fingerhut, Webb & Soeder, 1984). 18]1 QHEZFS F582¢
HNE ABAE FXAAEL s, ol FEHOZ auxins, gibberellins, cytochinins,
12]3 ©& hormoneo] EA3H7] W o] 75 tHcf. Abetz, 1980). £ QM ERFE
A ge] 433 @Hol Y& 1-aminocyclopropane-1-carboxylic acidS A4 &t} (Nelson

& Van Staden, 1985).
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A4d z259 4% 599

(4-1)

7] N& gAx

=z , t2 FAALo|Y, BRE HZJ 9AF A o}ehA
434 2ASES 44 gy BAAS G g
a - N (4-2)
ln-I‘\% = pt (4-2a)

4 (4-2)9) MZASEE NFZA) G 1 grol MY % Aok

A QAN vFAEEE Y A L B9 AR Chorella®) $EZ7HE vehy)
o, o1RAE dYgo s dF ATF 1000004 LA £3% HEolg MEALE=

AZF oldox AMZYY, AMEZH L FFS(optical density) 59 $goz &3 o]
7153},

3. vl F

]

Sk 9%

filo

fl
e
Y

3
T



7l 3 =

Azl e WA FAS WS FA FANEA Fxo T BE p9
M5E 248 & A Fig. 2-2l €24 298 AME3HRE W Chlorella
pyrenoidosa®l ZEo} W& F4 348 Jehdich ¢ 100 foot candles¥ o ¥ FA &
E pE JUFt 196(day ) Boln Utk Is= H vZAEEE et FEol,
5445 2L FEANY FE bt 57 7|x2UAE FASE dd 28% 3
Zojch, FYg AXY W BF I g FEHIAVIE dl$ ot H2d 23 o
g 29 HYgBHez UE FFY W A ¢ ¥IAZTAE U 8 &
8 Z4zte] ARt ZE LFgoA UE g wieh @ Aozt WE we g Fxt
A3 g g

Chiorella®) “RFZTANA Zzhe) Azrt 2 Frsis A& AY F371d E74
3tk Strain(19650)9] )&H 2% chlorophyll &40 FA7t 5md of HAs3a J
Fg 80% &Frste Aeq M. ol F3 Chlorella 3¥9%e] ASdde 7 Al
E7 AE A 9 Ao 30~40%F Fste Aoz FHE Chorelia®) 33
Ao Hag H4 FEE 400 foot candleR B iH o] gt

L
W FFY 23E Chlorella pyrencidosa®) %41& 20C 2 30TalA ¥t 25T

oA vl wzch £33 Minerd] 93 APor]E oftoll= 57} g 15~20T2
Welzte 2 3e 2339 Y dex nvj2d & FAEEE 2o o



Specific growth rate(1/day)

I, |
Light intensity (lux)

Fig. 2-2. Growth rate of Chlorella pyrenoidosa as a
function of light intensity.

. CO9 ¥%=

COoe FYHY B2 A2 VAEZZRY FA4E0 A P vAed



Chlorella’s COz =& HCO39) HFelZ ol5 JFFIHAZE HCOs or COs). E3}
CO; =% dF 01% oldtoln, 5% ojdolM= FAAs7E JdehtA do. oA
Chiorella® ZX&E7l COz ¥E 01~-5%M e 9L w2 @A dgo o3 v
dME 5% COE A&7t

Z. A7 A

&L wjFAjte] Ao dAMIEY FFHo2 A FAKEIE HA st
A dch GHZRFY FSoE & 4} ¥ vEFE MR Joes o
4R FTosA neHR] G 23y 222 JAds AVAAAYG o] o 2
A Z-&8ct, Chiorella vulgaris® 735, AE WolA Ao ux] Fo2 uv]$ ¥
e BEAL wiEsed. o2 AN AFol AHE €A Ed(Prat). o] EFZ
“Chlorellin”o]2}5 3t @& Z{u dtdeiops) AFx AAP. a2l Chiorella
pyrenoidosa’= ¥relEole] A4S JAE F4irstE AW Fehd AdAg BgEd
2 g2 A AvHSpoehr et al.).

Table 2-4dl= 279 718t u]BEE oA 2o FTAZPA & vFAEE
g vzdte Jehid
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Table 2-4. Growth rates of algae and other microorganisims

Organism #™(day™) temp(T) conditions
Bacteria
Escherichiacoli 60.0 C lactosebroth
Azotobacter chroococcum 149 c Hrea, gluf:ose
30 c sugar, mineral salts
Yeast
Willia anomala - 14.0 30 glucose, yeast extract
Protozoon
Tetrahymena geleii 4.1 25 yeast autolysate
Algae
Anabaena cyindrica.. 0.74 23 light, COz,, NO3
. 1.96 25 light, CO,, NOs
Chlorella pyrenoidosa 0.92 25 dark, glucose, NO3
(Emerson strain) 0.48 25 dark, acetate, NO3
2.0 25 light, glucose, CO2,NQOs;
Chlorella vulgaris 11 23 light, glucose, NH4sNO3
(Wann strain) 067 23 dark, glucose, NHiNO3
Chlorella(Tx 115) 5.8° 39 light, CO;,, NO3
Euglena gracilis 14 25 light, CO;,NH4', Bl, B12
(Vischer strain) 0.58 25 dark, butyrate, NHs', Bl, B12
Euglena gracilis var. 097 25 light, COz,NH,4', Bl, B12
baccillaris 097 25 dark, butyrate, NHs', Bl, B12
Prorocentrum micans 0.46 18 lig.ht, sea water,
soil extract
Scenedesmus quadricauda 202 25 light, CO2,NO3
1.08 245 light, CO2,NOs
Scenedesmus costulatus 0.48 245 dark, glucose, NO3
1.08 245 light, glucose, CO2,NO;"

* Additional useful data on other algae are available, but not adequate for
accurate estimate of k.
* In terms of log e units per day; a value of 0.69 corresponds to a generation
time or doubling of once per day.
: At the optimum temperature of the organism.
* Preliminary value only, from unpublished data by C.Sorokin.
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Al5d FHA

1. 33489 39

GALEF AT WAL A AUALE B Auixod BAEZFE AZA
2 #9%3 QoM HF AUANS BFYL SHH s ATP S} NADPH Fele)
S8 JUAZ ABNADI 1B ARG AT/ BRI HE VEHEoY AE §
AL BET o] W Ba% Va9 TLE COolT, Bol BAAET 20]7] Yo
Axst 92z waEY. |

v

TEFY BILE ABA A olFojrt FEA G A Yzl HE
=eol Wty AAAGH o FUE Qg FPE FYAL ADAE
Al e gE4d g4F W Frolt F4E duAE Bag MiE HEHo]
o xggozy sy os 43 oixst goh
FAdE F M ded, 2 F ddes Al 1 FAd da 9E e Al 2
Ayt AAE NADPHE AAsts], & 88 FEHSA 0.8 84488 o
ZA date AAdedAE a9 HAs 28 FdH dyzol=gE A
717t 245, ol ATP 49 30| doh. Wo] EAY o 3
' ¥ duxzt ATPSE NADPHS #& slet ojyixz wigd
o] BEEL ol &3} COE UMY

A
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2. 394 7179 A&

FRY Hare Fe BFAY B4 A &N, o Jol wa} ojPYR f4e
A 2R 24 5o B GAEzFe ¥ HA A4 chiorophylld &4
F 49 450 ) L 650~ 1100nm(FE HJM JH)elx, Carotencids F2
400~550nme) o},

._47‘



7}. Chlorophyll

SGAlExFo F¢E MAE chlorophyll aol™, 2 FXE Fig. 2-39] vedigien,

a9

Fig. 2-3. The suructrue of chlorophyll a.

1}. Carotenoid

Carotenoide B34 AEY ¥ HYiolx, T2 HF 400~550mmolH L F
T, FFAAAM el Mare AYE stxn FAH2RE BERE 59 /5L
ok B3 BELS WE wAuit AR BHE 0.25EH GIAH ANAR
A€ wEA dd. o] @ Carotenoid MAE o] AAEAS] AP EA(quencher)2 2§
o] AZE AP P2 RE B3

_48_



o 44gge 24 2 Qepsols

Aol FHAole We A7) @ Aavt T8 Axs "k AE WM Ao e
Wol 4717} HE4E BolxA "k & W Ay 2 Atk EAFANE M4 E
FAZE GrRe) 3448 JAE bacteriochlorophyll ¥ carotenoid®] §4& A Alst
Al "k

3. 3P AR EY 77

FE8A g0} Astg o] ¥wEF 4 chlorophyll& AAAGA N AAFAMe}
SA2A Zt 243 ol AAE Fig. 2-49 YU e olg £33 34k
3}9t3-(cyclic photophosphorylation)olgtm @tk a2y oJRLZRE HAE 353
F 71 dEd 849 mEd FEHE=Y FH2 843 YY) daME =
oE dxdoe]l a7d Aol Bo EFu} §A] @ik wel AAEE ¢
ol 2EAQ Aolzt ded, 2 olfE 08V vaF e AYaxe B s}
dojyr] wiEolrh Fste] B O7txolnt weld 2HFS} Pol EL o] g A

A 4422438 B34 (oxygenic photosynthesis)& stha 3t}

o

F4E 2 vy FAAsuE (noncyclic photophosphorylation)o) et 2} % o)
A B EHFig. 2-5). AAAD FAAA Abslg w$F4 v Fzzgde
€ AN F3E AAAGAZYEH AAE 3, FPSARA Geyejega
Y2FE ojgd Axe dd FEALEs9 Ao o]ggr}

e L o
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Photosystem
I

Fig. 2-4. Pathway of elecrtons in cyclic photophosphorylation.

M

229 23

=
=2
M2TAY B

FAH o=z ZA I (photosystem 1)olet ¥2& uhg-F4leo) v@Adsig
2 SEFH AAE ¥E F YT WF ZAHE AdsAst Hx R,
gA4oA FATIL B9 & B9A9 JYolA 2gst= 34 O (photosystem T )2}
T e I BHEFAHF W ek FAIH FA O A B8 A5
713 ¥2d FEHLHEE YA E dlo 27HE 4 ol FdAYY wsEs
A A &9 BLELS FADY G433t el F2295 B4 ] 9 Ag
d AHQ S229e =25 FYAY AAAGAC o8 Lvidd. FA1L 87

FAuNES uiAg
4. 71A A<

SAEZFY Y 49N FEYY JEReNe Be g,



1)
H,0 + CO, —» (CH,0) + O,

ol ol AFH oz Y daE BAMFH 7|JE RozM FRAol JPHE F
<G AL DA HI GAHAQA o)AHVALE PA gFez e @49 0; 7t
o] A&ZAHQA FHo] 2AHAY FPA AHL_Yo] HE2 FEAHA AAZ s
dHHOo 2 COE WA T &3iHo] A FHZFE FFAEY A $AE7}
BE 7tgoz uigo] VYLFE e F o FUHF wd dAAAE Aotk

A6 A 7NE Fx vu

DM E ZH(microalgae) W Y71&-E 19708 FukR g 1980 xyke] Ax F&
A AU ol vleEe BFHL gl GAX 2F ANE Aty 2= 4
Fo2 o] &37] Y& Roloey, olgd FAINEL T35 2HIAE Holux 23
A}

MEFZEE dFE A% FuUY Ao oj&HURL, A7ld] YA AY AAFAe
2 RS TFSHAGY ol A wigzdME 2HE 2F9 A, 29 B35 7Y
32 ®ate] Wo) Adz FFHA Rie B P F AR YA HYsHT de DA
X9 Afole HE 83 TILE F A €k o) L FAH wWEA wyz
o Hole 15~30cm ojdez ¥ 47 A a3 wMIYFHL Eol7) A= )
¢ EAAE F7HAACE 7] WE dgs Qe Aol WasA dul

E O dyde o Iy sgze) Feols 2k AL £ QL B opye
CO.8 THE ojfA doh SAEZFY $4S 437 P FH&T g2 Y
8F g249 Coe WEx BHAA Loz JFHo] DTZF trle o) &
Hed, o Btz 2 FFAMYG nANE gdd e SHMEZRFT COt

TEs THHAE ZAo) At 7] Fol EANE COY ¥ 0033% FE2A, 49
T S3 A7) fEe] ded FrlY FHFOEE COvb MiAS oz B
THE 7 Aok Y DHZEF gt AYHE 08 FEE TFHFHA Aojgo)
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= uiAe] §E5A Hol 238 dAHERR A dYIE F F Ye A @
A Aok 2 olel FAFezE MA wiFR &x 9 AFEHo vig ofFudre A
€ & F It olYHT Ak AA8A WEe o] 79 vjFxe BUEL wE
g a2y wiR Tl W LS ADE FTFAFVITL Y, v F AP 2y
g WIS dd Jbeside oHE AR, ui¢ W BHH wFzrt Yoy o
T, #E4 7170] AASHA ¥ 8 dete Ao ol AR wIxE
ol-g3t= WL I3 HBAHol & + 3t
33 7183 FHE =7 }H**ﬂ HFz] Az BE A8 7t 2AZH e
ojFed F3AYE, &, PVC T Az 4£AZ o4t FEI v, I BAE
AsA S gol, air-lift system R HEZE o] &3, o2 WMAFXE Raceway-pond
2t g a2y ol ¥ systeme 259 AFEAC] BT CO0l FFE EW
Mo 7tA FAE FHAM AYsted], o] FPodE st2e EEFHA FFS ANA ul
29 & ¥uH ¢S FA15~30 cm)Z %l
Oge Zt2F] o2 e MAYE A nlg tA2E FYAIE dgel o
oo e 9L §E stxFo] §do FEUFoR AL HoE FoEYE Ho
o, o] 9F W& 27 LTI Dol £ U 223 ® Y gPoz:
pH 24& T3t CO; a3 %0l ZAHEE %9, pH A9 W97t 3] @R Folg=
HAE € F U o9 B WYz AL E Fig. 2-69) YEHATE o] agoA &
T ARol AL B, wEd B ode 9¥ $r Y Fig. 2-691A4
HRo] of Mgz 2P odgeie FFANY EAHE ANHA wYzRT
a7 A8 Aold, ad FAYL g4 o #dY F= Y= FHog
Fig. 2-79= 33wz /MFHAd F2& vehiigldg. o] wWgzE Yo 53¢
AE FBER o)Fo)F 3, GHE ZF uiYo] oY JYPE == wYde Py
AU FH A e Bl FFEY oABgL) FTFL HITE 539
Bn, vz A FHE AdaE wFdo] I Folspr] el AALYG, L4
S FEFH e 2FH9 Y HE = wYgde FIZ JsiN BAYne
TAEE BY Holg AFsE 84024 FgaiA @t ojge A= B AR
HEFZ AXE B39 2 A7E A & 4 9.

!

als

B4y o
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Shunt pathway of
cyclic electron flow

\‘ Plastoquinone

% \ P430
P+

NADPH"

Plastocyanin

Photosystem
[

Photosystem
1

Fig. 2-5. The cooperation of photosystems I and Il in noncyclic plant

photosynthesis.
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Inoculum

Salt 28)2 Light Water Mixing
v v v v v
C Culture vessel D
Biomass | «— |Separation| —» | Medium

Drying —> Product

Fig. 2-6. The structure of open system for cultivation of microalgae.




vy

Fig. 2-7. Schematic diagram of Cylinder Type Photobioreactor for

cultivation of microalgae,

1. CO; bombe 2. pump 3. sampling part 4. cylinder supplied light 5.

light source 6. apparatus for elimination oxygen 7. cooler 8, inlet to
put wash in a reactor 9, measuring optical density 10, measuring pH 11,
measuring temperature 12, pump for supply medium 13. outlet



Fig 2-8. The structure of Plate Type Photobioreactor.

1. CO; bombe 2. pump 3. sampling part 4, light source 5. plate
supplied light 6. apparatus for elimination oxygen 7. cooler 8. inlet to
put wash in a reactor 9. measuring optical density 10. measuring pH 11.

measuring temperature 12. pump for supply medium 13. outlet



Fig. 2-8dlc %3 wWigdz=S Yelydrl o] widxt F /A9 Lol 534F F Ute
P Bo2 FAHR, JYe] & PRLE BHY Ao2M, HY i HYoe FF
o] & AAAA et Ay FFL o)g}t FL FFo] YNE HE F39 Pt

o] AX¢ 71 Yl ke AL GHE ZF} Wl A&3Q HZFo] o]F 9
AxE g ZHojrt 2 7o FAE W FAAIE A9 34 o3 dAHE=, B
% lem~5cm AToln, /34 gz vase Lo FFL& FE3) olFoj3n w2}
A Eud BYAY 8-S FEANY F AZ, AAd QoM E 3 WwEgew JjeFHo
2 A71F 2AY § Yok oiidetie FFL Y g RolA e o] HY Ad
o], £ F=Z2 §AL FYAFZ] Ao BAEE AL E AAALG

HARY G BYWFzAXG Zo] IR olFPR2A we} Atike] o
& GAE {7 4B AT Bk 2y o] MYz FHL VE 9yE £3
02 A&dA A8 F HA ¥& 5 AVl dAE, &9 G Bd TES FHA
4§ dd 2283 93E A9 AA wIRE ATAE + 7] W NIRE
FoAHAN ERF 71 ok 2y Xojo] Hold FFAE wigo] Y/ I
2L (Chlorella)?t 2L ZF9 widal oAM= 2 At Qo] ojad wIY=zE
A+88 F At

go2 dHAE xHe g o]gd +
T At o reactort F2 WE FAANL F At AIHY) MYz 1 YRo=
FH 712E FY%2, FAt29 55 5 wntx sMsEA $o mubagd @
HAE e FAGF ol E&HEd, T A FIFAAAMPEH 4239
& = ol27|7A AHEE F7t itk

2o FF Al AAME DA Folg NEHY @ BAM AL FgL @
ot 2P E wWiF(10g/L)ol Aol W B Aoj7t HUF 5cm FEoltt ojg gL
TAE USSP Yol BF ARHE Folg XNEFHY A} factor 1598 RS,
10L BAdAM AA £F°] 25% A=t W& ¥x R¥dn 2 £ k. a2y o)y
& reactor®] volumeol #AR o] welry W WA Rate FEE FA Fristsd, A
S 5000L9 reactor volumeoj A @3 10~15%%+o} AH&7Hs volume2 & o] & ¥},

Bubble column reactord)l 1= bubble?] Htol & o] &8 3 Eol9} 2579 u
(H/D)7} 103 =019, W FF& 7MY § e Hd vLe 19 Axo|u} et o

8l #AHo] Bubble column reactor® &
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Hg A ZE Yol o] bubble column reactors= 237 BE wFxegn Egjof g

o] A9 FHe Aacl AA L ojisigie FF, Wito] foldn], £ HYY
ol9jo] e1EHQ Wel JHMNE shEo] ke Holoh oA e} FFS AAMY
AEe 2Yo2H olF 4 U=d, 2FA FY BY wIRAN B F A= @Yo
et €

GAE ZHIRE AUBHEAL A7) I reactor ol Stired TankE &
F oy, AUAA & NG D Be)u|§ @EH o] Stired TankE #717}
H7h vl =S BEYPEY o) 3P o]45T Ut

A7d4 2 &

GAZZRE WL7) Astd ALH 712 Mzt ARYo] FE o)F
o olgjel BY L VYN WYz ol &HR Utk ArlN Bo B 58 AL
MGzE AARY] AANE T NFE WolA Yojus AEeA Wse WezAg

RHEAFE Rojojo} Hu},

Z7% 2L BIPAH vREQ A= FHA YT Yol a7HY 2xXA
B FA FES WS ZAFE AL ded FA oplh vIBEAR AEAY wiYo)
AAM LEZAH L incubatorg AHE3AY, Qe 252 1AW 2EZHAXNE AL
gezrM z2dd 4 Aok 2y ol A2 FE4Y UPEY 2L Yrzy
A7t FolHo] A gov2 FAYAA ZF9 WY AHEE + gl

WAE Yol xEAYE MEY 2PYH) e TASHA o] A o]Fo}
AAT GFFH] AP =FNAE AL FE UP Fokn LEE Aol A
BEZAX 232 = Aok 2 Be BYYNLBEL A5 BxAel Y

10w, 259 AFE AT FHNM U M=E2 AFHA FYo] Fasit,

e A

re

4



ATRAL A8Y © 1 B PEaAePe 2 347 Yoh 750~ 1000nm
Welel A= e} W ojgsE 4TI AYHoz FYP WIWTE L 2
£2 A8 A 99 Wl 24 8 28U ZFE 00mmET Db We ALS
s BYHL Aestme ANFHARERe) Fun AW TAY HA £4
o] B YFSL AHEHE Aol YIHTH T o] YV wTH Y& Jg P
22 Moz 4880 AHLES AL JFA gk

ZHFE STl oM dHoez HeFd TUE AE FEF 49 COE IF
#F= otk HE 7|2 R WA COt FASo] Solrt Aol YojUyxe &
o ddIdx d7iFe CosEe 003%FER vig denz Xz AYELS
olgi g Aeistoll A CO:9 F&Ae &l e g wrt 7/HE Aok A2 A9

o

2 FHEA COt FHE 3718 FIAA 1-5%9 CO& F53t= Aol 19

R
o] o= pH Ao A/ A3 J22 HHE® xHo] Has "ot

£
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Al 3 & Chlorella sp.8 X A3 A &

A14 A 4

o] FHo A FTEH SFAEY HolxFY Chlorella sp.g AFRNHE 9
& sz o) ML= Chlorella sp.o HH A% 39 %ol AFFHolg, wety
Chlorella sp.8} A&l 4% gAs Z4F AAY FF =& o3yl A3 34
P 718F gz E AR Tt YR, °]F o8& wWiFeE, pH, F71 FTF
&%, CO: ¥84% ¥ 2x9 Y93E Chlorella sp.9 Y524 E(specific growth
rate) & 71F o2 ¥R, AEFAG.

jekz ol 7|8 el Vertical Tubular Photobioreactor(VT-PBR), Recirculating
Vertical Cylindric Photobioreactor{RVC-PBR) ¥ Plant Cell Photobioreactor{PC~PBR)
2 H3Jn, L& Chlorella sp.2E T4 B Hatd 2 28 widzdN
o] H|FAEEE vwEA.

A24dAs 2 Y
1. 71& Mgx

7}. Vertical Tubular Photobioreactor

Vertical Tubular Photobioreactor(VT-PBR)9] A Mefex Fig. 3-19] JehiQ
ot wlgz BA= 3124 bubble column reactor FHEA Hez2 AFsigoen ¥ F
FAA, 24 AA, 37 € CO: 3FE5E A2 FAsAH.



gz EAE A% 320m, ¥°] 3lomE BFol st5siAl syed, wigxed A F
B el fi7hez 98 4983 & A 2mme] f#e Aastd Chlorella sp.g
F3a ARG A BAsE s D v F9 JAp WEHES stddh 2 38
AN2E 33 WZ 445 WIRY FHA 10om HHoz WA} R, e d
To} o] npEbA ZEV RALEER g on, ZX A (luxmeter, ANAFY, Japan)E A}
43 Wel =& 3ok Y=z 2xE F&7I(MOMIR 152, SANYO, Japan)
g o]83td A FAHEE AT 7T AN FFol d/min Q) FEZ2 FF
dQo0l, F7s COo £ 71AE 2 $E0JE(RMA-13-SSV, Dwyer Instruments
Inc, US.AYE ol&3td A aelz 4R 2 RHY 249E& Hazstr] 93y
Z+ 71419 dFo= AR E s

Y. Recirculating Vertical Cylinder Type Photobioreactor

Recirculating Vertical Cylindric Photobioreactor(RVC-PBR)9] /g X+ Fig. 3-29)
HERRIT o] sz VT-PBRY 9 ES MAdsr] st wdze 4F8 BA
o HEE SdATix e B2 dFA.

Chlorella sp.o] ¥igZFdl A48 249 A58 AAE Astd 712 23 E B3
o Chlorellal sp.®} %7} EolA& @) wFd F9 Ax7t AAHEE stQut WAl
Hoege W FFAA, FSEY Aolg A dAAA, 712 FIEx 24 A 2
A%Y BAZ 748U 25Y EAE A7 98m, xol 3lond 9 opadyz Al
A3, WEgo] 3788 A5 EAE A At dAFAg kA FFEE
24 ZAE VIT-PBRAA G e woz FAdHR, & FI3FNE Ad3d 7t
& 20 H=ZE APREHA
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Light source

Mixer

(

» DO probe
Xﬁ Culture
)
—k

> Temp. probe

_____1“

Aeration pump

co, Biomass

Fig. 3-1. Schematic diagram of Vertical Tubular Photobioreactor(VT-PBR).
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t}. Plant Cell Photobioreactor

Plant Cell Photobioreactor{PC-PBR)¥ RVC-PBR7} pHE dAstA #Xst7] ol#
& @] 2o} ol AT 2N, CO: TEEE AN o] @E pHe zHo)
7V Ag4A 729 ar-lift¥ fermentor(Model KLF2000, Bioengineering, Swiss)ol
illumination jacket-2 A3 AlA Chiorella sp.8] g APFEE Az Aoly, 2
MZFEE Fig. 3-3¢1 YeriAch

A=A o2 pH controller, pO: indicator, illumination controller, gas mixing station
22 o]FojA control box% BYEE AR U= illumination jacket & FASA
3, FLEE WgR 54 AAY AL ¢,z © WGz A FIE 7pd7)
£ olg3d 2AYEE FASYY 283 pHE CO:Y THFZ wet zdHEE 3
il 3

2. Wl4% Chlorella sp.

Chlorella sp.2% ZFRFAIEFH FalFdAFE FFELNM gD ENA FF37]
g =3 g n U= et Chiorella sp. £ Gottingen A8t 2 /FF= B
BaaM B G5A Chlorella vulgaris 211-11b5 AH&3Ed ¢}

3.8 A

%Ay Chiorella sp. 94 w2 : /2 WiAE AFRSRHGuilard and Ryther,
1962). sz} ¥ A& Table 3-19 Yehfiiesy 121.1T, 15694 1587 HF

sted Apgetdeh a8la SlAk Chlorella sp. Hl%4 wixl2s AF A4S ALY
on 1 AR AL Table 3-29] e Aet.
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CO,

Mixer

o

Aearation pump

i

DO sensor

Gas
exchanger

Biomass

T

Cuitrd

—

| Circulation pump

Light source

Fig. 3-2. Schematic diagram of Recirculating Vertical Cylindric
Photobioreactor in casacde. (RVC-PBR)



co,

Biomass ‘TD‘Q—

Codler

- Sample
Gas out
pH controller A
DO indicator -

[; Gas controller ¢

Mixing speed controller

<._.

Temp. cortroller Culture
CT“ vessel

—3

Aearation pump lllummination intensity

controller

Hlumination
circle
rt—

Fig. 3-3. Schematic diagram of Plant Cell Photobioreactor(PC-PBR).



Table 3-1. Composition of {/2 media for Chlorlla vulgaris 211-11b

Component = ° Contént(mg/ gy -} Componér::x't' o ‘;:,..:antent(mg/ 2)
NaNQO3 150 ZnS0O4 * THO 0.044
NazHPOq4 8.69 NazSiO; - 9Hz0 60
Ferric EDTA 10 NazMoO; - 9H20 0.012
MnClz 022 Bz 0.001
CoClz 0.11 Biotin 0.001
CuSO4 - SH:0 0.0196 Thiamine « HCI 0.0002
Table 3-2. Compositon of artificial seawater for Chlorella sp.
‘CSfﬁponent conﬁént(g/ ¢) Cémpoﬁént | content(g7 2)
NaCl 30.0 KCl 15
MgSOs - TH,0 100 CaSO 20

4. Chlorella sp.9) % &3A

7 AESFe A

Wl ARG Aol gl F EHORNE 10mm Rolo YRS AFF HH s
o EFASVNE AHEEd FEAnF oz AUt ojh AY AE Fo)7] U
i 53 WE Assin FF AEFE FEHACG



4. 0.D.9] A

o QAT Aol wigde) FHWOoR FE 10mm Holo) wigHE dAF AH
3 EFFEAZS AHEEA 750nmelA ) &3 % (Optical Density, 0.D.)E SAsAH.

A3HdEd3% 2 @

1. wjgz=d WG AA9 9
7t VT-PBR

1) &x9 g3

&<t Chlorella sp.o] A WY 258 2Ad7] Astd 57 FFE5EE 2.78vwm,
ZEE 20000uxE AN 3, 17T, 20T € 25ToA 109 F widstded, o o
9] 3 F{AM S Fig. 3-49 Jehdiich

Ao ¥]Z2% X (max. specific growth rate, #ma)= 20THNA 0.18day ' 24 7} #
o], 17CAMNE 013day’, 25TAME 0.15day ' Ah.

71 TEEX9 #del wE Chiorella sp.8) B3A&E WIS Yolry] Yo,
Y X8 20T, 22X 2000uxE AN F719 FIFEEE 056vvm~556vom
o] AN GejsA& W vFA SEE ¥ 2o Fig. 3-59 JeEbA

7] FFEE5) 056vume W gt 74 AN 03lday 'R, TV FEESES @
AT E Chiorella sp.9) F59 pma’t FHolAE A S BH oA, 3719 FHE5E7)
Y2 Chlorella sp.8] T5} pamx’t & &% YERAAG 28l WG 27] 397
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A= F71 FIFEE7 05%6vvm2 9B 167vom L 278vwwmd ool wigR Fo
Chlorella sp.®) 4ol 238 23t ol 37 ¥34%E7 € dole B 49 ¥
717 wj¥Zz WE fFYso AdHoz B 49 COvt vy Fo &7 B
2 AZEAY. a8u g 3Y o)FRHe FALEY ¥sE Chiorella sp7t 333
A ARRAAN A4S AP we e de) wigd Fo £2 A4 FEZF i EopA
7] dEo2 QzHs] i Weissman et al., 1987; Boogerd, 1989).

ojg} e H|FA&L T Aolrt §& A4 FEo ¥ A& HEAAE Fol B
Aste], WPy Fo2 FIUE Aae) S/ 2 porousd F71 A7 (spargen)sh
Ao £iE7t B nozzled sparger® AHEHAL Wel Chlorella sp.9) ¥l &
=& vasig ey, 2 d3E Fig. 3-69A4 veruiich

A9 £87F 3L nozzled spargerE AMESIYE ol pma®t Chlorella sp. %
7 g & e Jedd, ey o] gilx wig x7] 3YA7A = porousd sparger
Z ALHYE Wl AZ9 vt dd =4

3) 259 g3

Z5d W& Chiorella sp.ol FAEE ¥3tE JAF7] Ystd, igexs 371 &
FEEE 20T 056vwms nZA7R, ZES 6000uxlA 20000ux7tA @el o
129 B WA o o, X 15000uxst 20,000lux ZBNAME 27 Chiorella
sp.9l ¥58 z+zt 28X 10%cell/ml R 32x10°%ell/mi2 Q3 6,000ux L 10,000/uxe)
ZANME 155X 10%ell/mi2 Qo8 1 A= Fig. 3-79 YRR
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£ | N
© 9 e
S 4 AN
x ‘/
= 10 A ! »
S - M
g e
= e
8 |
s 1/
O 54/
© 1/
O

0 T I' v I T [ T ' T
0 2 4 6 8 10
Time (day)

Ilumination intensity : 20,000/ux, Air flow rate : 2.78vvm

® 47°C ® 20°C A o5°C

Fig. 3-4. Growth curves of Chlorella sp. in a VT-PBR at different temperatures
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20

-
(6]
|

Cell Concentration ( x10%/ml )
o o)
| |

Time (day)

Cultivation temperature : 20°C, lllumination intensity : 20,000/ux

® 056vwm B 167vwwm A 278vwm V¥ 556vvm

Fig. 3-5. Growth curves of Chlorella sp. in a VT-PBR with

different air flow rates.
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100

Cell concentration (X10%/mf)

Time (day)

Cultivation temperature : 20°C, Air flow rate : 0.56vvm
® Nozzle type sparger, 10,000 Jux
8  Nozzle type sparger, 6,000 Jux
A Pporous type sparger, 10,000 Jux
v

Porous type sparger, 6,000 Jux

Fig. 3-6. Growth curves of Chlorella sp.in a VT-PBR installed with

different types of sparger and several illumination intensities.
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257 6000ux Boh @} Fgoe FPAdA Fag FAst TEs] FFHA ot
A Chlorella sp.9} 4%3&0] Yolzttn &2ix Jed, € dFNHE =57} 6,000/ux
QW pm’t 034day” 24 7HF 3o, ZE7 AUAA E Al 238 F4o
ZolAYG, 1 olfE ZEJ UF Fod @38 photosynthetic receptor system PSII
7t &£48 dolyq FAMe] FA Asi(photoinhibition)E Yo wWEoz AAHUY
(Stryer, 1987). ol2}§ ZAI}E 2 uvlFo| Mo} Chiorella sp. I HH xx+=
6,000ux REZ BVAH UG

4) CO; 38&HEY 4%

Wl o CO9 & F, CO: 37 £/ HSAEE nXE &S Yo} B
71 989 Chiorella sp. Bl viA o FF3= CO; F85EE 0.028vum, 0.056vvm 2
0.083vum= gestd wdct o] @ CO= otxgeol8E o] &3t 0.56vwme] &
2 FIFHE 3719 EEo FFEAR, iYL EE 20T, 2EE 60002 Y
t}.

a ZAAE B9 Fig. 3-8A % o] CO8 FIF&LE7 7HF AL 0.028vwum¥ o
Chlorella sp.9] pmax?t 7} 714 0.12day ‘o), pH7F 50 ol&t2 Popx|d A9 A
datA XaAU, 57 #Fade e JYEhAUAY. 2822 Chlorella sp. WY¥F 9
CO8] TEFL widde pHE Hol=2elx] ¢+ MY WA zHdHolol &8 &
AUt

a3 VT-PBRY &% UF &AL ASde CO:E 4% FF3dx wigde) pH
7 wkobA7) wi ol (Weissman et al,, 1987, Boogerd et al, 1990), CO:9 A&HA ¥
FroE LR pHol wet COE #7148 22 ¥ 3 (incremental feeding)dtedot &
g5t A o

VT-PBRE ol&3t FYPFAANFA Fal¢Aad7a $F 220N 2P il
Chiorella sp.®] 8l%¥ A& ZAEI Fd3 WY HH 25= 20T, £E 6000ux &7)
TFEE 0560vm, 233 CO; FFEEE 0.028v0umQ 1L spargers nozzles¥ o] & 73
ol A},

aglx VT-PBRE A A dig FAH 9 u(S/V)7t AN Axe FE7t oAt
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T Wo] 223 FIHo] Chlorella sp.7t DX o2 4 Ax FHo] AUoh )
G} o] UF 2y} Fo 49 CO:E2 FFsAE wjgiel pHrl Yolxlz
Chiorella sp.8) F21o] vla# 3l gdo] qAch
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25

- =y N
o [3,] o

Cell Concentration (x10%/mi )

&)

Time (day)

Cultivation temperature : 20°C, Air flow rate : 5.56vvm

® 6,000lux B 10,000lux
A 15 000lux ¥  20,000lux

Fig.3-7. Growth curves of Chlorella sp. in a VT-PBR under

different illumination intensities.
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0 T T T T T T T 4
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Time (day)

Cultivation temperature : 20°C, lllumination intensity : 6,000/ux

® ., O c0,0.028vwm
® 0O CO0,0.05vwm
A & €0,0.083vwm

Fig.3-8. Growth curves of Chlorella sp. and pH changes in a VI-PBR during

cultivation with different CO, flow rates.
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L

—

(=]

VT-PBRE Sdi(scale-up)Ald © S/VE 2A fAsd Fdoz Azste
olgx oz ettt a2y #F vz B9l WF aerationo] E7HsER
7t AstA 2HHE gdo) gAHYen =3 WY §Fo] AUAA Zotxq HZFH CO:
FEE 7] o8 e FE A}

22

e

Y. RVC-PBR

RVC-PBRS VT-PBRY 9HEL AAMs7] &t wjdze 4393 A A7|E
#4713, 3AE AZS Pejoltt. 2AY 0,9 A% AAS A% stx BIINE
arstel Chlorella sp.8) 57 BolAe Wel wjged Fol 24 ttFe) 0,F A7
FES STk

AAPeoz= R FFFA, WY S5 AojE U WARA, = FTILE 23 3
AW QEY BAZ FASC] oo, wode AP AFY F I Y A
2 28574 #99. RVC-PBRAA Az 77te €2d AZS ALg3
Chlorella sp.& MIHYE We] Aos ted g

1) CO: 559 4%

CO: 38 &5/t vi3A&xd nAEs &g Gotrr] A& it Chlorella sp.g
Wtk of o, wixlo] tstd} COSb B71E A4z 0625%10 womst 0.7500mE &
et FFEAL, WY 5= 20T, 2EE 6,000uxE FACt

2 AFRE 29 Fig. 3-99dA4 e 2], CO:9 FFLE Z7ldlE pHZ 70 o3tz @
ol Aejoll A Chlorella sp.7t T2 547t wigo]l A&y wat pHl 70 o]Be=z
Fold 5UMREH FAo] 43 JAHAT. o] W] pE 046day Ao, ol2HH
At Chlorella sp e ¥¥ A pHZE Holx 70 o)iFolojot o= A& &UY
AAH

CO; 33%E 98 AL o FAE&E Wsgl pH Wsle] #AE Lolrr] 9
# W 27l CO% 3719 EFUES 0625X10°vwmst 0.750vm=E 8] FFch
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7h, Wl SUARTE CO, FIFL 0375x107°wmz 2N 7S HFLEY EZEE
20C 2 6000xE FY&A 9L 259 FHAE Fig. 3-100) detuiddh CO: 33
£E 2 065X10°%wme FYL ol MYde) pHst 581~6.78 HHAN Chiorella
sp.9 %7 A9 dARAG 22t CO, FIFEFEES 0375X107°mwme Ee o
o= pH7F 6.92~7.70 A A e, Chlorella sp.8l 571 FAsA F7187] AAstA
t}. E3] pH 72~75 Atolol A Z4o] 714 483 28R CO:E 0375%10°vwm
2 FF9E UE pmadt 056day oA, 9] 2] WGz AN Bz} mwde st
4 52 e v,

a2 g #i5Ak Chlorella sp.9 W% A3 pHE 72~75 AoldE € 4 Al 2
2l o2& BIH= Chiorella sp.o] WFS AT Iz dAd ojxe COE pH
ZA7% AASY FFHES Aol 2 #9¥ F Ay

2) 7k 2#rie] 4

7t AN A AA ZRE Fobur] Astel, TN LE2AL FE
% HEE i cUHE Y F FRAMY SE24E FEE A vud B
Fig. 3-11] Yetdidet.

Chiorella sp.2) W% 271l 2y REFG g £ FEAMY £834449 5
7t A} HolE Holx ket zElU Chlorella sp.® ¥%7F F7180) oiet wjg=z
Woll A o]So] FRAPEL & w FAANT= 429 X/ FobAA, wldzdgA 2]
2 Yrte gy F9 2342 $E FoAE ¢ F Ao, & dF6A A,
AHEE 7tx m@VlEE Hg 022x107%wwm A4 AA ZIE AL F AU
RVC-PBRE ol 4% w2d8 3 CO, 3FEEE 0375%x107%wm, pHE 72~75 A
oJR i, Jtx 7Y AHLE AL A AN FHFHIA

f
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60 9

Cell concentration (X10%/ml)

Time(day)

Cultivation temperature : 20°C, lllumination intensity : 6,000 lux
Air flow rate : 0.75vvm, CO, supply : 0.625 X 10°%vwwm
® Cell concentration 4 pH

Fig. 3-9. Growth curve of Chlorella sp. and changes of pH
in a RVC-PBR in cascade.

_78_



P

520

o> 8

=

X

§ 7 .

S -7 &

C -

8

c10"' [~

o] =

0 -

ol - 6
}.

o
(8]

0] 2 4 6 8 10 12 14
Time (day)

The amount of CO, supply was reduced from 0.625X10°vwm
to 0.375X10°vvm from 5th day.

Cultivation temperature : 20°C, lllumination intensity : 6,000 Jux

Air flow rate : 0.75vvm

® Cell concentration A pH

Fig. 3-10. Growth curve of Chlorella sp. and changes of pH
in a RVC-PBR in cascade.
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RVC-PBR9] #H& 712 2@r]9 afge] ©& aerationd] Y2 FHu|o Az,
gl Y 449 (A AA, wigde oo & Az HA ¥A F& S
F Ao

a2y RVC-PBRES AAHd tj@ EAH 8|(S/V)7F 4im' 24 VT-PBRET A
Moz oA Chlorella sp.& AW FE7} 52x107cell/ml REATT. E=F 72 1Y)
X COE T8E W diy] Fo2 BEHE CO%¥°l Beld ug w@rts A5A7le
820] & F AJx dFE pHe -] oYt

o}, PC-PBR

PC-PBR& RVC-PBRo] pHE YA A A7 ogje 9ddE /MAss] Y384,
CO: F8EHEY AA Tl @& pHY ol 7ted APd F29 air-lifty WY
Z(Model KLF2000, Bioengineering, Swiss)oll illumination jacket® A 2ZAlA Chlorella
sp.g MYl HFNEE /NFEF Aol PC-PBRE ol &3t Chlorella sp.& 31 F3stA
< 9o A o Zo

1) A Chiorella sp.ol W%

7 F, 09 FF 95 @& sEY(batch type) Mol YojHY LE24L B
T AsE 4¥Br] Ydsd FriE FFIAA & dlFA Chlorella sp.& ¥t
o agx F7E FEHA So=2H L= Chlorella sp.9 A& 7] Ao
AdFe (impeller) & ©1 43t 1,000pmo2 I AAIFIH 83 ey, 2EE 6000
lux, 1} &5 20CE ek
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DO concentration(mg/)

0 T T T T T T T
0 2 4 6 8 10 12 14

Time (day)

® Gas exchanger

B The end of cultivation vessel

Fig. 3-11.Changes of DO concentration in gas exchanger and at

the end of culture vessel of a RVC-PBR in cascade.
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wjgdol datd CO.3 02x107%wme €52 FFsgsh, Wit 6UA »E pHut
7002 IRHEE CO2 38H5EE ZAHINAUE W9 Chlorella sp.o Wi¥ FHAE Fig.
3-126] YJehA

ol wiF ZAAMNE HA wjFedo] et COE 02x107%vwm 2 F3HL o pHIL
5457t} WolH R, Chlorella sp.o] 4L A9 & + UAd. 284 CO, T3¢ 3¢
SRS o= &F ol pH7F 70572 453t Chlorella sp.ol F21°] A &EQoH,
o] Wy¥ wigde] pH’ 70 FERZ FAHEE COT #F7/H¥oz2 FFgozHy
Chiorella sp.9) 4ol 343A AYHo] 047day ') ¥]Z A& 52 YehuiQct o)
3 232 FE CO9 #3 wal pHIl Z4AsY, Chlorella sp7t 38R L dodle
d B8% CO¥2 pHS 2 BAV ASE A 8AF 5 AN

RVC-PBRY 7 pH 7.2~75 AleldlX=  Chlorella sp.8] ¥I1EA& %7t 056day 'Q
oy, PC-PBRY 2% pH 70 ¥2oiM9 HZAXE5} 047day 24 2358 $& v
FHAEEE UgUAY. 22122 Chlorella spe A3 pHAA &3HE CO, 3FZE
TEANE | Hd ¥FASE £ F AT ¢ F AN

Fig. 3-139= wl¥ 4dA s} 5 Atolo] £&A4A FE W3S AZHEZ Yehigl
o FAxPe] FAFEA 3F 2Ago] udA APHAPAM 2L FEE A
3tirh, pH7E 70822 ZAHUAL o Chiorella sp7b $48A FA8WA B4 3
Bl AAE A42E2 A wgd Fo SFAL FES FF8 Foled Ay
0.0147vvm7t2 £448& & F AU

Fig. 3-149l= ¥ F9 &304 v W3E Uetudd. g 2719 1~59
Aboldl e &AL FE7F FAade Rol #AHAJE, o] W pHE 50~60 Abold
A Chlorella sp.7t A9 F2A8A dtm, 2388 a2 57 4 Z42¢e BAY 4
AT

PC-PBRIIM HHd &&444 HY 5= F7)d 98 30 I8 ujxeg 42
A FEQD F 0.7x10%wme} Fulol @at= F ¥4 2 A, Weissman et al.(1987)
< E3F7) olFoz vt HE W A4t 2358 FAd AAE doldy En
At
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30 9

Cell concentration (X10%/mi)

0~ T T T T T —T1— 9
0 2 4 6 8 10 12 14
Time (day)

CO, supply was controlled from 0.2X102 vvm to maintain pH7.0
from 5th day.

Cultivation temperature : 20°C, lllumination intensity : 6,000 fux
Impeller speed : 1,000 rom

® Cell concentration A pH

Fig. 3-12.Growth curve of Chlorella sp.and changes of pH in a PC-PBR.



2) @At Chlorella vulgaris 211-11b9) ¥l g

Wk &% 25C, RE 6000ux, ZHEE 1,000rpme] ZAAAM F7le TF3HA F3L
wjofel el pHE 7.0% 752 FAHAM @54 Chlorella vulgaris 211-11bE s F3t
< 9 ¥ FA&E WS Fig. 3-1594 YA

Chlorella vulgaris 211-11b% pH 75 ¥4 WAL Wol HZA&ET} 096
day'2A pH 709014 sSFRL A 055day ‘2ot AN 42 Chlorella sp.9t V=
A pH 75582904 F2o] $48E ¢ 5 AU

pH 75 220X Chlorella vulgaris 211-11bE W% o 3719 FFo] §E2 9
5o ojyd AFL nX=AE A7 QH, WG 59HFEE F71E 0200me
&x2 FFRPgen, 1 AFE= Fig 3-1601 YA

E718 BIHA G 4UAA §&2ALS FE & 0.021vwmdl ol2RTIL, F7
o) 23L AMHLL W 2 FE7 00150wmelst2 FolATh 2% 3|2 E3d
H5uA] Fof 2FAA FE08X10vem) BT ¥E 002lvovmo 2 HE5E wiF N
27182 3389, YA Fo 2447 938 WY Fo A WMz d
glx Ture E3 Chlorella vulgaris 211-11b9] RA Wxjd & T AE otel, Hj
ool Fo X3d A2 AANE E T} YL € F UAAT

ady AUAA e I 33L& 23la T AdE nAE Aoz AFHY
7] W&o, 7] FFEEE QXY 37 FIEE 2 AY ZHAN ¢ 7 YA
o], wixjel widted 056vwmoldtrt Hojol & Aoz AZHUG I Wy
aeration®] obd A$olE JtAR@rE AA WG, o F7] FIFL 8sA 4L
Aoz AZHJYC

233 pH 7.09) #i$4 Chiorella sp.9 @A Chlorella vulgaris 211-11b9) ¥ 54
&52 was B9, Chlorella vulgaris 211-11b8) ¥ZA &7} 055day ‘2 SlF4t
Chiorella®) 047day’3th & & el o2 Kol At Chlorella vulgaris
211-11b7} & HAAN 9 § o2 #IAHUY.

weld PC-PBRAlA #h4uh=x]E o] &3te] Chiorella sp.& ¥d AAE TH&W

(<



THFAVEZ Y SlFIAFAL FFE29 Chorella sp.o) Wi¥3HA pHE 7.2~759]
3, olF ANEE COE FFdtc Aol uiEAsd. zzjzn LA oA
Chiorella sp.5 WIE o, vt} Fo Axst S£E4L9 AAdE 3719 FFo ¥
FHolAet £A Gottingen thEtollA B B @A Chlorella vulgaris 211-11b9)
g wAAA e HF pHE 75 ¥ 2otk 283 dguAiids gulzldqA bF
A&xrst 27] q&d diF sl sS4 Chlorella sp.BY% 954 Chlorella
vulgaris 211-11b7} 9 &89

2#v Chiorella vulgaris 211-11b9) Wl 4= AES 57 2o, Weo) T4y
o] Ropxlmz wiYdZRE HAY ddt S/V/F AANEE AdAsAqor Ik agn
PC-PBRE VT-PBRe|Y4 RVC-PBRell dl&] S/V7} ztopa We) 2E HA ojfd 3
FE Wgol 912 9m, PC-PBRE 108 IE2 SdiA7™ S/VE 317 m* AEZ o
L oA AT uiF S A dY Yz s RAFEA HE dHdo] AU

2. Chlorella vulgaris 211-11b wj %X 9] 43

Chlorella vulgaris 211-11b9] %} B 75 Chlorella sp. ¥} A7} vl AL o,
GS3 22 27HA BAAe) A7 g

A, & biomass FENA Chlorella vulgaris 211-11b2) Z3$ Chlorella sp.o) ¥
o AEAY Aol wjg W] o) MY Fol 2 FE oW Yol £y @
A& 9% + AU Chlorella vulgaris 211-11b3 WFE W 33X 10°cell/me2] 5
Eo)ME 6,000uxe] Wol T o] iz WhHM ) 2ET} o 5000ux FEQOS
4, Fig. 3-1790A4 9 o] 175X 107cell/med) =AM E o 760w =7 AA 3
ol o

aYe2 2FE I lFz WRgHE FY 259 6000wE T ZE7 Wo}
AA Bl o9 RS FAE FIF WA ESE light inhibition B4 WEo) =
HEE7E 2ol el QA 2ok @y WYz S BAY go): light inhibitiond
HAstr] A M2 2L A B op, wFz s)stetd Hehe) AHo] )
T T8 gk &, WYz JuHE ARY 9 A gF FWH) wi(S/V)IF F
A7t A5, FAE A4t 952 BASE Ao light inhibitione HA8st= We)st
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g ZAolg.

4, Chiorella vulgaris 211-11b8] A% 3d3E& T8 Chlorella sp. Bt} A&
2 gL AL BANTIER, §E340 FHol BolAA Ho| dF wiFAdEs ML
o 2% FAA&s AAA gk adez F3FHQ AL AA whgo] dFgojol
kool # Ax AA Yoz & AFAME 34 I WG T e
oo g £HE A4LE TV FFE FTIHA AAsE Yo, 2ex 8 WYy
Bgole FXAFE MFAE d7is FAA FHE AL E AAE F e M2 1@
71€ AAsts Aol ARAHY Aoz FAHUY

3. 95 2 g AN A2 Chlorella vulgaris 211-11b9] ¥ g

g4t Chlorella vulgaris 211-11b9] & wiAjoAe] HEAH & Uoluryl & S
2 e wjAAA wigste] 2 FAE vusigc 9y dE Fr)dy 5= 93
A dn s ddd FHFE AHET G5 290AN 2EF BT, 2EEZ 6,000/ux,
IREEE 1,000m, F7]1 FIFEEE 30L/min2 st pH 7594 wiIsgon, &
A G 7HA = S iR A L ZH SR Chlorella vulgaris 211-11bS 8 33}
At

2 A7 Fig. 3-189 A9} zke] Chlorella vulgaris 211-11be dl wiz| o)Al uvjoFal g
S wWEg geuAdy o £& FALEE deEuddt F Hd ¥FAEE pomE
s 29 gruiAe] B9 Ll2day'2A 2e mY 71§49 #F wAg
0.82day”' 2.0t M]FA&E7E Rk ol @44 Chiorella vulgaris 211-11b7} #14=0) 4
€ F4d Aag 2y oz #agdnt, a2 Chlorella vulgaris 211-11b7} 2
HEZ s 22wt 35 MG E FAo] 7tssigdoens, S0 BEg Sl
g qgo AFY TN ZHAEY Yol YEE AgEE Ao A5EL ¢ £
AATt.



Cell concentration (X10%mi)
DO concentration(mg/)

0+ T T I T T T 0
0 2 4 6 8 10 12 14

Time (day)

CO, supply was controlled 0.2X102vvm to maintain pH 7.0 from 5th day
Cultivation temperature : 20°C, lllumination intensity : 6,000 lux

Impeller speed : 1,000 rom

A  Cell concentration ® DO concentration

Fig. 3-13. Growth curve of Chlorella sp. and changes of DO
concentration in a PC-PBR,



DO concentration (mg/)

Y T I T T
0 5 10 15 20

Time (hr)

Cultivation temperature : 20°C, Impeller speed : 1,000,'fpm
Cultivation temperature : 20°C, lllumination intensity : 6,000 Jux

Fig. 3-14. Changes of DO concentration in PC-PBR during cultivation
of Chlorella sp. for 1 day without aeration.
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Cultivation temperature : 25°C, lllumination intensity : 6,000 /ux,

Impeller speed : 1,000 rom ® pH7.0 B pH75

Fig. 3-15. Growth curves of Chlorella vulgaris 211-11b in a PC-PBR
at different pH in the range of 7.0~7.5.
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25 25

DO concentration (mg/)

Cell concentration (X10%mi)

0 1 1T T 1 1 0
0 2 4 6 8 10 12

Time(day)

Aeration was strated from 5th day.

Cultivation temperature : 25°C, Illumination intensity : 6,000 Jux
Impeller speed : 1,000 rpom, Air flow rate : 0.2vvm

® Cell concentration A DO concentration

Fig.3-16. Growth curve of Chlorella vulgaris 211-11b and changes of

DO concentration in a PC-PBR.
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Cultivation temperature : 25°C, lllumination intensity : 6,000 fux,
Impeller speed : 1,000 rom, Air flow rate : 0.2 vvm
® Cell concentration A Diffusing intensity

Fig.3-17. Changes of light intensity at shadow areas caused
by concentrated Chlorella vulgaris 211-11b in a PC-PBR.
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Cell concentration (X10%/mi)

8 !
6 A
4
2
0 T
0 1 2 3 4
Time (day)

Cultivation temperature : 25°C, lllumination intensity : 6,000 Jux
Impeller speed : 1,000 rom, Air flow rate : 0.2 vvm

® fresh water B sea water

Fig.3-18. Growth curves of Chlorella vulgaris 211-11b in a PC-PBR

in fresh and sea water.
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4. 712 Mgz njx

WG F ol Chlorella sp.9) =7t Eobd A% 2o FFd 8 FAEET 7438
ged, olglg 4 MAd gy FAH u)(S/V)7t AAFE ZASA Ao 2F
FxrEe S/Ve wigFo =93 HU AX $EE vus B9, S/VE AFASLE F
g AE 5% 7A3AE & F AU Table 3-33 Table 3-4¢= T34 2Ed )
FxEF AP AR WGz ES] AH dig BHHY vi(S/V)E HEbRUT

S/V7t ARl wet Lol FastE o7t AAA o Chlorella sp.8 X7t Eo}t
AE deo] BZo o3t FA Fo dFL dojuhx| Ut aez wWIzRe SV
ANEE gz 713d FuHE AR AH @7 ARELS BF FEsHA 7]
ARoz A & Qlojok 7MY & AMAEE ZE wFz/ HE FA3A
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Table 3-3. S/V of several photobioreactors

Culture vessel type S/V(m™) System References
Open system

Raceway pond 3~-5 Vonshk, 1987

Inclined PBR 40 Doucha, 1981

Tubular system
Tubular PBR 30 - 120 Gudin, 1991
Lee, 1992

Laminar system

Laminar plate 50

Plate-type PBR 5 - 60 Pulz, 1991

Vertical tublar panel 60 ~ 80 Tredici, 1991
Fermenter system

Stirred vessel 2 Takano, 1992

Vessel with light diffus-

ing optical fibers{LDOF) 500 - 600 Matsunaga, 1992

Our culture vessel system

VT-PBR 60
RVC-PBR 41
PC-PBR 32

Table 3-4. Comparison of S/V and max. cell concentration of 3 photobioreactors

~»Phbt9§§9reactor ] S/V (m") o Max. Cfi;;?;;mamn
VT-PBR 60 842
RVC-PBR 41 522
PC-PBR 32 204
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A44d 2 &

VT-PBR#} RVC-PBRE& ol&3to sls=4} Chiorella sp.B #%3te A 43 =31
2 2339t VT-PBRolA =W a4t Chiorella sp.d) A widzde &% 20T,
ZE 6000ux, 7] FFEE 056vwm, 2832 CO: TFEHET 0.028vwmeldt. =%
RVC-PBRE ]88 W32 HH CO, TFEEE 0375x10%wm, pH7t 72~75 A
oldx, k& n@vle] QgL ArAA x3}Ho|A

PC-PBRYA = pH 709 #l<4t Chiorellu sp.& @4 Chiorella vulgaris 211-11b
o] HFAEKEE vIdr] Y& TYF 2PN SRS W, Chlorella vulgaris
211-11b9) MFAEE7} 056day 24 54t Chiorella sp.®) 047day™ 20} 3o}, o2
Yol @2} Chlorella vulgaris 211-11b7t &AM o $53 o2 By ch

Chiorella sp. e ¥% Sl F2o] Ay wel HA B 4ol CO: 5 oz 3§,
2 5%3% pH ¥sFe M2 23S FAE AR 7] dEd Ix AN E
o] 7t & @A}l o] BAHAY. £3 S/VIF e o= We) REog 9
o X wido] ofduz WYz AAAME Yz sty Hegd wE
Chlorealia sp.®l FA& 57t Zdsojer .
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A47F 23 Iz AF 54 6

A14d4 A 4

A FUlel XS] Chiorella sp.o] Wlgols Itz oz AR Fejo] ALE gzt
ol g5 Utdl, Chlorella sp. F@Ado] Wad Yoz (A JFHE o] &= o
&g Fejo AR Fed. o sFRAgME 7] WG 7B s A7 HA g
U, AR AE 20t T8 4R Fx olatel HY We FHAs #UdEHA RF{AA
Yol A Wz W] n2x FIHA &k g wigx 2 R4 Aga
T Chiorella sp.9] ZA$ole £ ¥& IF & F A €4 ol & A4S
H218t 7] Qs we B Yz X933 syt R 7] gEd 9% 39
o] ALY wFxe] Fedle dad] W "ol gasA dth

=3 QGAHEEF F, Chlorella sp.o 233 tEol F@A ¥ CO9 FIFE
ZA7t 8o 92 YoM GAHZIZRFE dAE FHLEY FXd 5
gade Mgz P02 RE WGy Fo2 IFHE CO.E¥H FIged 1d
gl Chlorella sp.9] Bi¥F AR FY CO.Z FF3AY, MY x7]o= CO9 F30)
Aste] wigFde] pHE Aoz WMSAFA H22 Chorella sp.o FAd 34
FEE PAA "ot depd GHAEZRY 34 Axd wel COo FIFEE WHAA
of gd. F, COvl %] FFH™U HCO; ol &) uwjgodiel pH7} Wete Hg 2
st wigdo] YR E pHE AAY F UEE CO, FFEHE 2H7E ol §319 CO,
o FFFE =AY

a2y ARY MFRAME COt FFY F9AE Wl Agof Fo] wuld Y=
Chiorella sp.ol2t CO7t 83 FFHE 9Ho] Ut wely B dRdqAE gax
EF MG dAd 9TL A ¢ e 4F AAEL FEq 2y WYzsS A
At AAE 71 HYEXE 7|22 Qo ol BHAANA FHE dFsA Az
3L Chlorella sp.& Si4adA ofgigo] A&7 HAdstn FAAHA Wz =
He AAQsAG



gz ARdE 452 A5G E AT Jx TR Mgstn, AdxE

= AAge
2 wPze] AN e 9% FY uP A2de FRsnd dYch 29n

microencapsulation 3d& o]&3t Chiorella sp.8] LS uwjdo] 7b53A &3 F
Aol wiz}e) 3] 2 biomasse] F& di7t 7HedA A

A24d A4s 2 Y

1. gz +4

st} Al zteAd £, 2D HEF
S ol839 Chlorella sp.7

ZFol 2 09

2 A F

AMAst g @
Cz9l o] ojFojAE 7}

yg Aojste zAs) Bpe
A Az gzs FYRA,

7ho gz dH 4A

lFz el A BEAgol 38 doreE Wl FFEE AR LE FA e Hol
T4E T o AFAME widze JuHE dIEEH, gde Fyd @ %
2.

W= BHAY u(S/VIE A F3o Chlorella sp.ol BFAEEE 7|EC2 &
B 23t o

gz WelXe 3¢9 AAAN O FAER AHE, o] O B o]z
Wgde] A 23812 Asfacdo]l Ho| Chlorella sp.o F4& Asigc} =& 3

FAdE CO7t A olng, Ztaadzldre WIdd Fo 07 AMASD COt F
e Fo WF2E FHHAES s A xdo] FAHEE A
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t}. A7)

Chlorella sp.2] W %Ald] FFHE COxe B9 £aldo] (HXL0:102 393 [H']
¢} [HCOs1e2 #sidd 94714 [H'] 9 sxd wel pH7l 8322 pHE S3FS
2H oI Za5Ho] de COY WiFL A4 F dd. CO9 wixAZ9 FF

HAL 33 T g4 @ EH(Chang. R., 1994).

COz(ag) + H:0 & HzCOs(aq) 4-1)
HCOs(aq) © H'(aq) + HCOs (aq) (4-2)

o] wio} 1} dle 4 Ka't 42x1070lth 14 sl2l€¥ HCOs & WAl ©&3 o
22 dle] GAE AXA @

HCOs ©® H + CO& (4-3)
o} wjo] 2z} &) A% Ka":s 48x10 Mojr},
H:O © H + OH (4-4)

83d CO: 2571 HCOs9 Fe2 HEHJn 7Hgad, (4-2)9 w4 dAM o
<% 2ol 4 (4-5& FET F AUk

H.CO3 © H' + HCOs
42-107 = (H)?%/[(CO) 2

(H])?%=42-107- [CO.] 2 (4-5)

714 A (4-3)3 (4-4)9] HCOs' s} H09 sheldl 3t AAMEE [H']Y 7ldxs
HLCOz00 ¥lst FA1% & gk a2j=g,
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pH = -log [H']
(H')} =10 (4-6)

et 4 (4-5)% (4-6)22%H g9 A& fFxA € o] 4 FFE COvt
100% W gdo] gHBtE 7P ste] o A4-NE FEY & Atk

(CO2) 2 = 10°% / 42-107 (4-7)

A (-ND2FE WIde pHY faHo A= CO: 39 FAS ¢ F 4. 29
B2 Chiorella sp.9] 8ol A3 ol wel CO, 22 &S Zrtstn g wjgd W) CO;
FEE ZasA H3, pHE F7MeHA €t

ols} & FAZNE Chlorella sp.9) %ol ALPo @ CO9 vEE Zadn
pHE 3718<¢ & & Atk @y CO, F3F4E 23719 pH meters AAANA A
¥ pHE #FAFEE s igd U9 CO0 F& 4AsA /A & oz 2w
" CO:9 ¥4rE I|Y F AEE A

2. 23 gz Py
7}. Cylinder Type Photobioreactor

Cylinder Type Photobioreactor(CT-PBR)9] 24X 3= Fig. 4-1¢] vebuigich o] )
FxE 274 9T BA, vt 2@, CO; TFEE 2AY), &8 = ¢ FAzx
TAHAAUY. iGN 2F 98cm, ¥°] 3lcmE 59 ot2¥E AW 2/He YEY =2

& 9239 «35A s

Y T AAME MY HeAHLE Y £ UEE FAFL o] &FHA)
COE 5% "o wigde) pHIt Wolxln 3o} CO7t FFE 754l A o
T 4 pHE FASE ¥ Wil ax¥o2 COE T3 +
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F:2 ARsATh
ZAFAE 8097 CPUSH A9 ZE7), £ds: 450 wel ¥ng Adsds 9

glo] ¥z FAs pH mlIHAM EdHE U357t AR A(pH 70) o]dold ¥
BE 15% ¥ H¥sted CO.2 F3sn AA widdo] @ 30x Fd O =
2 NEE Pol AU FTE oj83d HAA FFL 2}

CT-PBR] AHFHFE 4¢/mingdot, Midze] &3 s olFst= wixg Fol
Hn A% fYo2 AFdHo QoA Chlorella sp.8} T4 Tl EAE Ot W F Al

AL ZAE7] Qo] 7t Z@7jof EEA2FLE vl FohAA . o)t 071
F7) 3o WEY & AE FEo) 7t @7 See Q7] dEIH.

2y d7] Fol &8s EHE st2 TR FAH(0.06m’) BolojA il
Ed 2238 oS RolxA gk aexn ¥3% o AFuje 4048mN)2 vay 3
< "ol

u}. Spherical Surface Type Photobioreactor- I

Spherical Surface Type Photobioreactor- I (SST-PBR~1)9] 24X & Fig. 4-2¢] 4
et o] sjgze 2o FF WAl st A e wFx2AM, 7€ FEE
Mo 78 Fepa3a 7tx 28], CO; 335E 247, €8 J= R Jdx2 74
A

7t 2E7)9 CO: 2A7I= 99 CT-PBRAANS S 92 Aot ity
S AR AR 209 T2 E223 UFdAM AFoz EFHR FTFEA HAES
2 &7 HgEE 39 FdE ¢ dFHE HAAAY FAF FAA9 BREgL

Ztz}t 44 /min2 ZAFAZ, o] wel EAH o MHY w¥E 80.38m ‘)aiu}. agx
SST-PBR-1< t}& uigdzo ujs Wg = wigds T4/ vj$ s EXNS

ZEA 3 A

t}. Spherical Surface Type Photobioreactor-1I

o] BigdZxE SST-PBR-19 HHE 7|02 o A #29 Spherical Surface
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QoA 4 SST-PBR-1 9 /AFEPA o] widze WE ¥ FE& U
el 2714 A4A FX AR Fd@ Feold AAHeze YT PE I
o3y ¥, CO: Fd8&5E 247], 712 237, ¢8 = 9 JFzx2 7434
G £ HEo o3t wigxd N FENFE FIFH 7Y ofad ¥
g AUdA 9g i s

€ 5oL

2}. Plate Type Photobioreactor

Plate Type Photobioreactor(PT-PBR)9] R A X Fig. 4-49] Jelido, o] wjgx
T X 237], 7t2 237), CO; FBEE A7), plate, €3 AT a3 JJzx=2
FAHAt WLF Y9 Chiorella sp. F%7F ®obdol wal Wel AL 80| A Eo
A HFAE 2em FEWA FHE F Qs AL Bt AR

Plate 732 30cmX30cmX2cm2 3t) AF of EUAH ) vlE HusiAzlozy &
T & FUFAAY Plate F-olE 2cm Ao 2 A9e A3t & F 4em?
57 B& dRANA L, #e AM Zol: 2mo] @AY, £ plates} Ao B
ol 3 B(baffle plate)S HA st ZAMe Lol Chlorella sp.7t #ole 4L

OH

o

A e
FAsA A

719 WFzAME 2o FEFE 72 € F RV M ArsEd TFE729
22 JEEL =17l 9 plateoll /& HY7(sparger)S A st wjgy FF A
Aol 7t27t FFEEE ok PT-PBRY MAHFHE 44/mingdony, 383 o
AAe) v 1133(m)Qh. 283 PT-PBRY 7RE 20009 digos Jgaz A
= g4 dgol ArgsiAct

v}, Raceway Pond Type Photobioreactor

Raceway Pond Type Photobioreactor(RPT-PBR):> % dH 9 siudzE sjRog
3 W] FF TN ERE AL 2¥oln), RAEE Fig. 4-5 of YU o

WFREe 2E A7), 7t 2], CO: FFEE A7), ¢3 BE raceway pond
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type plate ¥ HFAZXE FAHo] Yok, AA PR L e Wz v 2 &3
Hzo] o&ia c@8HA FAo 222 AHFFL 4¢/mnA2 EFF o AFHo v
£ 833(m™")¥. RPT-PBRE ©& =23 ujgzol vla sjdle) Fdo] 37| Fel
cEHE AEVE A7) WEC dxFo] B dolt wIg 3A Fedo] vy B3k
on, AA &Y LY FF 34n/min - m’A,

B}, Water Wheel Type Photobioreactor

Water Wheel Type Photobioreactor(fWWT-PBR) ¥A] 9434 ujd=xo d¥& B¢
AA AA sG] BEASH R vz 28-S FYAY FHolY, Y XEE Fig. 4-6
of YeErATh R 39| Chiorella sp7t R& B ERAHL AYHAA D Iy
o] £ X9} o] WolAA Fo2H 09 WAito] Lol3tA 317] AE R wiRz 2 A
7tx 287, COr FBEE 237, JAZ, Sadwol Fei wheel ¥ wheel & 334
71 2HE FAsActh Wheeldls 9 99 o8 R&d &4 44 28 wiIgd e
a5t & 24708 AN £2 63 AHEE A
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Medium reservols

v sl

NS VS

o

—

;2 Separator-Bypass

Separator

Product

] [RELAY
9 pH Q
18086
v annd

E Heater or Cooler

Gas exchanger

Fig. 4-1. Schematic diagram of Cylinder Type PBR.
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Medium reservoir

h vl

ok

Separabr-Bypass i} co

| g RELA

8097

Separabr e -

Z Heater or Cooler

O

Product

Gas exchanger

Fig. 4-2. Schematic diagram of Spherical Surface Type PBR-I.
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/

<
M

/

K\
;E Sepanator-Bypass ] i,_ — co,

o @ RELAY
Separator gr— l {isogg)

/

Product
Gas exchanger

Fig. 4-3. Schematic diagram of Spherical Surface Type PBR-I11
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Separabr-Bypass

Separas

Sparger
Product

o
<~/
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~z
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s

e fem

@

2

Heater or Cooler

Gas exchanger

Fig. 4-4. Schematic diagram of Plate Type PBR.
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Medlum reservolr
—
N f PUN— —
Separafor-Bypass @7
< Al (RELA
M
Separator P-—{i8098
Z Heater or Cooter
Product

Gas exchanger

Fig. 4-5. Schematic diagram of Raceway Pond Type PBR.
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M Medum reservolr

A v a—

‘_—_—.
T Sepantor-Bypass \'ii'

| g RELA
A 4 y 4
Separator ~— 8096

-
Product

Gas exchanger

Fig. 4-6. Schematic diagram of Water Wheel Type PBR.
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3. 3 wj¥zo) A9 Chlorella vulgaris 211-11b2} Wl F

7h ¥l AHEE dAEEF

}

Ay AR DHAEZXFE 5Y Gottingen I ZHFFA BN EFES
Ay Chilorella vugaris 211-11b3{c}.

Y. Chlorella sp. ¥} %¥& vjx

GeAb Chlorella®)l WS4 wiAI2E /2 WiAE AFE8 32 (Guilard and Ryther,
1962), 121.1TC, 15914 158 d#sd Abgstad

. AEse) 23

D AEs As

W AT A uige F EFHOERE 1I0mm Fold) wigAE JAF ANHF
o FAEVE AMREY FegdEnF oz AFsdct ojdf dPLxE Folrl Yl
i 53] HE Asn FH AESFE FEH

2) ¥3x =24

AEF Asst FAY WYY F A2 RE 10mm Foje] WFRe PR AFH
st 2BBEAE AHEe B 750nmol A FF S (optical density, O.D)E SAH&A
oz iz Y AN FUL QAR olRE AR, Chlorella vulgaris
211-11b9} 32 AEE OD.8 YehlAes, 0.D.% biomass 439 YBBAAE Fig.
4-79) JeRRAT

A34d A3 2 2@
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1. v 23

7}. CT-PBRo} A 9] ulj%

2709 #8e AFs9 WE CT-PBROIA Chlorella vulgaris 211-11b& w43 A 2
e BFXEE S82hxQRL, 7] FEE 0081(0D)AH. 2832 COE FH}W
A 259 7t o4 9E W Chlorella vulgaris 211-11b9 & FH31x 1.52(0.D.)
=gsidoen, 1 A= Fig 4-89 YelAT

AFH o2 FF 00576(0.D/day) BES FAHAEEE FAHGR 5 AT F 4
At ol AT AH8¥ CT-PBRE A 7ol ¢ 10cm AEAM FAKEI wigz 9
2Rz L] T3 7hed A=de 23T FAZ ASE uijste Aoz VojAY.

. SST-PBR- 1A 9] wi%

SST-PBR- I 9lA Chlorella vulgaris 211-11b5 w434 mlo HIFXTE 5424
xR oew, 27155F 0055(0.D)AT. COE FASAA 17439 widsAdes 4 2
X7 A3 0885(0.D) =Eslgew Hy v FALEEE 0.0488(0.D./dav)R o,
a A#E Fig. 4-99 Jebdiqo

o] Wigzxy wFdo] F7) Fo xEHFE WHol & wgFRd ¥y ol Z7]
o] wiF Fol wiggo Ftto] AdA dojues dHFol AAY. £¥ Chlorella
vulgaris 211-11b7} L3 JZF = AlZe] ofF Zolr FYHAE AF T8I 4o 2
o] FRHA Ea= Aol AUk olg} L TAHE HAsd SST-PBR-TE A A,
A 2t Aok

t}. SST-PBR-1 A 9] sk

SST-PBR-T YA = Chlorella vulgaris 211-11b9 %715 =7} 0.02(0.D)A 3, 274
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o ik Fols T/ H3 0522(0D) =8t od, wiyg A== Fig. 4-109) 4
1238 P+ a0

Ha vlFAEEE 00186(0.D/day)dod, o] wjgF=zel 79 Chlorella vulgaris
211-11b9} FAEE7 ©8 MGz dAA B2 tdh & ojfE WMd ZA9 dxFol
Aol FExEst g Qoly] oz wagceh

2}. PT-PBRoj A1 9] wi %

PT-PBROl M= Chlorella vulgaris 211-11b8) %27] %7} 0.245(0.D)Q 29, 3547
o g FollE 2 FE7F A3 1L177(0DIR 2, o]# ¥ Fig. 4-119 Jelidg.

AT vFSAE4EE 01373(0.D/day) e, o] ZAE 2008 F2o BHWYRE 12
L2 TR FA(scale-down)A1Z] Ao Fd&t

ut. RPT-PBRolA 9o} wj %k

RPT-PBRAIME BT ZE7} 5949%ux, Chiorella vulgaris 211-11b8) %7] ¥ %7}
0.083(0.D)A 3, 3BYL ¥iY F9 H3 FEE 1.2740D)KReY, 2 FHE= Fig. 4-12
o JeEblAct

BT WFTASEE 00340(0.D/day)Re.m, o] widze wFAe] T Fu¢Pgo] o}
€ Wgxd Budty v g& 44-g vehuid

v, WWT-PBRolA1¢] sk
WWT-PBRAIM = Chlorella vulgaris 211-11b9) %7] ¥ %7} 0016(0.D)¥ 3, 259
e wig ol 3 0593(0D)9 EAAE JehiY e, 2 A3 Fig 4-139) Y

2atiieR=4
Chlorella vulgaris 211-11b9) H# ¥F A4 5= 00231(0.D/day) 4t o] gz
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Mg olojA wigde] 4 TL R 2 So] EAFeR AHJUY. £F o] WY
zoMe 428 oz «8NL F dT iFAe ol FATL o] 2R E]
g3t dojuA Retpg, c8HE uddY ¢H Fdzt eFHAA

A34dd d 8

28 wjFx2A Cylinder Type Photobioreactor(CT-PBR), Spherical Surface Type
Photobioreactor- I (SST-PBR- 1), Spherical Surface Type Photobioreactor-II(SST-
PBR-1), Plate Type Photobioreactor(PT-PBR), Raceway Pond Type Photobioreactor
(RPT-PBR) ¥ Water Wheel Type Photobioreactor( WWT-PBR)9] A 712 Y&
A ztsta, @] Chlorella vulgaris 211-11b% "I A-& w9 AxE 8983 o
&3 2.

4 FEUY HG B 2271 @49 wE g zelst Arle sdded, 4 2y
gzl X Chlorella vulgaris 211-11b9] H@ ¥|ZFA & X = CT-PBRAAME= 0.0576
(O.D./day), SST-PBR-1°X & 0.0488(0.D./day), SST-PBR-IO°lA+E 0.0186(0.D./
day), PT-PBRolA = 0.1373(0.D./day), RPT-PBRAIAM &= 0.0340(0.D./day), 28z
WWT-PBRe A= 0.0231(0.D./day)d ¢}

ojgig A2 vjFo] Mol B AFA HiZF AN FF 2Y WYz FdA
PT-PBRo] QA XX {2 Chlorella vulgaris 211-11b2) ZAld 713 g¢o= wiq s
g T AN,
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25

Cell Concentration (x1 Oelml)

O.D. at 750nm

Fig. 4-7. Chlorella vulgaris 211-11b concentration vs. 0.D
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0O.D. at 750nm
1

0 T T T
0 10 20 30 40

Time(day)

Fig. 4-8. Growth curve of Chlorella wulgaris 211-11b in a Cylinder Type PBR
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O.D. at 750nm
|

0 T T T
0 10 20 30 40

Time (day)

Fig. 4-9. Growth curve of Chlorella vulgaris 211-11b in a Spherical
Surface Type PBR-1.

- 115 -



0O.D. at 750nm
i

0 T T
0 10 20 30 40
Time (day)

Fig. 4-10. Growth curve of Chlorella vulgaris 211-11b in a Spherical
Surface Type PBR-1II.
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O.D. at 750 nm

0 T I 1
0 10 20 30 40

Time (day)

Fig. 4-11. Growth curve of Chlorella vulgaris 211-11b in a Plate Type PBR
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O.D. at 750nm

0 11T 1T T 1
0 5 10 15 20 25 30 35 40

Time (day)

Fig. 4-12. Growth curve of Chlorella vulgaris 211-11b in a Raceway Pond
Type PBR.
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0O.D. at 750nm

0 T T T
0 10 20 30 40

Time (day)

Fig. 4-13. Growth curve of Chlorella vulgaris 211-11b in a Water
Wheel Type PBR.
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A5 F WFxY AT

A14d A A

A 4 ZAXE 6719 28 IR E o] &3 FTHFAIZFY FaFAATLE IFE
29 dlA Chlorella sp.%t 59 Gottingen 8 Z2{FFA BR2 9] Chlorella vul-
garis 211-11bE WP 2 2Pz Mo HFAEEE vEsHY F, LT A2
ol A wizto} 7} 2} w9 sjFARE vlwdn PC-PBRo| 7t% 8L &
AdeA.

a8y A 2N BFALEE 2T ol YUl 259 HY FH 25
7t 284 zatolzt @ & Wl glew, od WE AE Y 7 ' oIl AN
th. 53] AdHoR R Folst AstAY 477t n2A R F e o] ofy
€0l 6% A8 Fyd e, A2 ZeFo] B FAIdE o9 #FL2 ¥R
o] uf$ otk wely WY xE, W =X CO; FFEE T9 F U0 YAFHA
FAHE WEFHE 24D, ol Fo] Y ZHAXN Chlorella® WIFS Axdn
2 A2 REH Hd A4S Jdells gz g ddsianzt A

aeln o] FoAe GHEXRF Hd FAESEE AT ZY wWigxo Hd o]9q
g A2gE HHEAI F e Y FARE A AFAY F, GAEZFE
F88 4, ¥ AHANAAN wY - $8Y 4 A= microencapsulationy 2 o] &3}
o ¥ FAHYUCE RUEY Chlorellas AP AN ¢ AXEE Qo =3 o
AZTZFY A5G S A Az GAEZFY w5 gAY 2%old, d&
oM E gS AT w9 ALHA 297 dA4dY gty YAZE FIAA
AE&MEE 3= Al Chlorella®] Bxx Fole WS Adsidd.

A2d Az L3y
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1. Wgde =4

YL 7t2 5m, A2 34m, ¥°] 3me] A2 APA-L M2 = A. o)
FAdel TEHEE HYE AL e FEE §39 FEFHE F2E Hol QoM WY
4 HoMxE Aol me} 29 ojrt A7IA ddt. 222 wFde #AF & njE
24387 A%td % B & JIFOE Fig 5-1949 o] N2 9d& ¢y =%
g 34%3, &4 YAdM9) x99 MY WsE Fie. 5-20 Yehldch

Fig. 5-2¢] w29 wigd dolMEs 2% 22 A 2x71 7H4 o9, 3&%5 4
UE Atolals 2% 9 zolrt A3 53] o 2t H4x 2E9 68 Fxu
HAoH, FAd o8] Yz E AAHA Chiorellas WIFT ZSoles Iz 934
A7) Chlorella®) BIFA& % A 4L 0]l & Qlgo] FAHAUAG

meba RE gzl FYdS #FL AN A dA WG YRE G 9
€0 IF2RH FEHE U 443 Agsdd a2n WGy WelN 258 F
datA FAE7] At HFo) 9] AF 2P T A9 FF 20000ux °142
ol Wiz FH FFHEES 3t T3 dU§ F27)|E g4 At gz
grlexst A FAHES Qe

2. Chlorella vulgaris 211-11b¢} wjek=2A

2

HELdPolle =Y Gottingen T ZFFA HBAA 2Ygpe o
Chlorella vulgaris 211-11b& A}&38tQ ooy, g4 wixjd A w3 ATt = 659 23
HFEE TS 83L& A4S R MRS Chiorella vulgaris 211-11bS uj %
S of W FFLXEE 25T, 2EE 20,000/ux oA FARQLH, CO, A% =4
A2gg gA 2R8td pHE 758 FAAAT
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Window

B A
E
| H G

Door

Fig. 5-1. Light intensity measuring points.
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Light intensity(lux)

10000
8000 -
6000
4000
o w
0 T ¥ T T T T T
9 10 M1 12 13 14 15 16 17

Time(hr)

- A 8B —4&-C —v-D € E

8- F —0—G —O—H ——|

Fig. 5-2. Light intensities at various points.
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G4 Chlorella vulgaris 211-11b9] siFuix]2 = /28] (Guilard and Ryther,
1962)E 121.17TC, 15b°1A 158 Fdstd ALgstaddh. el Chlorella vulgaris
211-11b9] % 53 & AN E id 4R Y AR Migd T ZAL2FE 10mm
Zole] ujgAE AARF AN FFFEAE AL AR 7T0nmelH F3FE
(OD)E X338t AR AT

3. Chlorella vulgaris 211-11b¢] 29 x v

7}. Chlorella vulgaris 211-11b8} w4 {&3}

n] B &9 3 A3 (immobilization)= 1900 At} Zol] Az A o0y (Vorlop, 1983), 27]
o= polymer gelg o] &3 ujAE E= §4 9o ANZFoE F2Z bead FHZ 1
BAA o] &8t 2 Y bead FHZ RAHHAZE o= bead?] ERA A
EZmo] 4ol AF dHol Utk o] #AYE e o] vtolmZ <& 3H(micro-
encapsulation) 24 Spiekermann(1990)e] 7Q#g ¥ Sefton T& beadd Z7)1E A
e systemE WL R, Cho 5(1994)2 violaz Q&3 E AF3ANINE FAE
Mgste] dFALEY 71ELS vl AR F2 YAEZe nA 3} vlo)z
2 &spyo] o5z oy, BAEZFAE A HLHA ¢ 2H Ao}

71E P ezE MAEY x5t 10°cell/nf X1 microencapsulation®
S2F NFER UAES WYY 5 Jdoug 5~108 o) 7A ABAke) =71t sH5E
A dd =8 379 249% A ¢ A FZ(Chilorellad FRAE F714Q 3A
< UAR X ¥oumz HAAA Yo o]g4d F Ut}

2 dFdAMe 59 Gottingen WER ZHFEA HBAAGAN EYwe i
Chlorella vulgaris 211-11b€ vlAdl essdd. &, 43 S22 Y€ Chiorelia
vulgaris 211-11bE€ 7|22 39 2% CMC €4¢& AMzsHch a8, Yae 4
Boqste 2% CaClz 8YE AZx3n AAZ o] CaCl®} ionotropic ¥&3E 0.8%
Na-Alginate &%& Az3Ack AEo YA Hstod HFs wiYd Chlorella
vulgaris 211-11b%} CMC(2%) ¥ CaCl(2%)Z 4101A 0.8% Na-Alginate £ 9o W&
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2 gojm=3g I ¥ A8t HEw 729 AAMNE At 2083 2% CaClll 3
ANA P&e f3sqeq, A4 A YEs #FHE Fig. 5-39 YEAAG

U, A3 Chlorella vulgaris 211-11b9] ¥ X Y

ulAdl &35l 8 Chlorella vulgaris 211-11bE bubble column® @l g=ojA 8 &3t
on] o] o ZEE 6000~12000 Iux 2 &2 B2PoZE COE ol 88Ut ¥
71 Z7)(aeration)oll 3t wiFoRe] FR3) FIFHEE FPon, FXNY RYEE
Fig. 5-4¢} JetdiA .

Wbz WRE HHoR FARY gR=2 EeAA Chlorella vulgaris 211-11bE
WES P& ¢dto] FnT oJRNEE st Y YFT A IR Ps
S Aot Astn BFBrA2 750nmold Y FFEODIE FHHAC
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A34d a3 2 22

1. 23 wjgxe AT

6F9 28 uwjg=zo) z}Zt Chlorella vulgaris 211-11bE HFA712 119 &<t v
31492 W9 7wzl FAFHE Fig. 5-59 YetlA.

Chlorella vulgaris 211-11b7} W< 1o)X 5 Alojo] BHAHo 2 FA3gen, Z
HFxoAe HFA&EEE F33 zolE Jeldid. CT-PBRE 2oty Fei9
PT-PBRAA ¥ZFA £ 57} 713 AM pgmas 1.06(0.D./day)3dt. 282 RPT-PBR9
LmaxE 093(0.D/day)R o™, 2 222 SST-PBR-I9 gmax’?t 0.81(0.D./day)
t}. 2a8 3 EWol Fele] WWT-PBRS gma’t 0.78(0.D/day)24 thF-&9] vl
Z59 pm’t & && JEAATH A2 Chiorella vulgaris 211-11b7F & 2= &
o wel &, S/V7F 23 9g BE Aol AFE vFA&Er 2 F¥E BAdY 2
gy o9 A Aol Zopd aunF £IEEI wojA F ¥ = CT-PBR#A wigd
o] o] :EHE= AZto] MY R R F3 SST-PBR- 14X Chlorella vulga- ris
211-11b9) HZA&=E 28 IR RN Zze gt 022(0.D/day) R 018
(O.D./day) A+,

2. 39 wjgx9 A4

2y gz HFAHAE vwgoR HFHoR FEE Hd(scale-up)¥ WIS
A 659 28 wYgx F, CT-PBR¥ SST-PBR-1-2 Chlorella vulgaris
211-11b9] ®|FH&E7 da Whoy, ol AlY¥ RPT-PBR, SST-PBR-1I %
WWT-PBRS #A #E #(scale-up)ell 7} ol AH&H R gl PT-PBRAl XA
Fe ¥ @Y pmaE HEUR2amB o)E PR HE}o HFHoz HEE
gdAA.

- 126 -



2% Carboxymethyl Cellulose + 2% CaClz
+ Chlorella vulgaris 211-11b

4

dropping into 0.8% Na-Alginate solution

§

" Microencapsulation

4

Washing

Stabilizing by submersion
in 2% CaCl; solution for 20min

!

Further cultivation

Fig. 5-3. Microencapsulating process for Chlorella vulgaris 211-11b
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° 8096
o o o pH .
o lo . meter RELAY

\. Microencapsulated

- o]
—

0/7 microalgae

(o] o o ]

° [o] [+
o o o solenoid valve CO2
o o Tank

o
o] o
AN @
Air

Air pump

Fig. 5-4. Schematic diagram of photobioreactor for cultivation

of microencapsulated Chlorella vulgaris 211-11b.
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1.2

O.D. at 750 nm

Time(day)

—— Spherical Surface Type Photobioreactor-I —@— Plate Type Photobioreactor
—W¥— Raceway Pond Type Photobioreactor —&— Water Wheel Type Photobioreactor

—@— Cylinder Type Photobioreactor 4 Spherical Surface Type Photobioreactor-I

Fig. 5-5. Growth curves of Chlorella vulgaris 211-11b in model photobioreactors
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o] @, RRT-PBR& Chlorella vulgaris 211-11b%} ¥|ZAE£ %7} oy, #2& &4
Al7lE AH e Wol FAstE dHo] demz2 SST-PBRY HUIAE HEAAH §& 7
Bl & HFAEEE e F e FHER Iz E ARG =@
WWT-PBRS w3l ¥x2 RIste FuUyoyd 45 JAE wIzz ol&s=
P2 Azt FR2E AR

}owTY TXA 0GR

Wy Z3¥N wigxE SST-PBR-IE oAzl Re2A, O FZF Fig. 569
YEtH Aot

FARA QA2 Bo FE dAsn H7PY WIS sERL deos =Y
Qch 7Y wGd sERA e AL FEE FolA IR S50 dBHEE 1Y
s sict.

U Al 38y sjgx

At F 338 w9 =(Slanting Plate Type Photobioreactor, SPT-PBR)E RPT-PBR%
T2 SdAY FH2A Fig. 5-79 2 FZ2F YeEhiAH

RPT-PBRAIM & Chlorella vulgaris 211-11b9 $4& 4L, W& wdu o]
8771 & #2E HdAIIE W& WS ¥Hol HedA dEd wErM
SPT-PBR& RPT-PBR-E &dA7)H, Chlorella vulgaris 211-11b8} F2]o] ¢A33%
SST-PBR-I19] Helg HEAA Az}t &, RPT-PBRE A22 %o} §& 2%
o2 33 WYFBE AP MAXNAM F& FUAAME I Ho] ZAFHL
o, B Yol 227 FIFE F UAXE F gDy wIAe FASE gl AT
F IA FAT

o Edgeld vz
oty wMFxE ol HEY £F WWT-PBRE Jd2 #2& &EdA FH
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24 1 2% Fig. 5-8 Yetlidth

28 ugzANE 52 RHE P Budels AN oY, TH L83
go wHol AUtk WM Al 272 FZANY dele B dotd] dE ol 85
oo oz HolE B TAZ wWiYzE PN T wMIHE o)8Y o
O 8%9 AU Qenz wYgAe BEZ FAsA gn A9 FARAX WEF
v A A JAsE WFde F& ARG

3. Wt system®] A3}
7}. Chlorella vulgaris 211-11b8] U X wi<}

1) 2zt =21

aAE LFe CMCS CaClE °l&3 9 Chlorella vulgaris 211-11bE "l Al €2
2PN 7HssAnt oA FE3 288 2% CMC 1, 2 R 3%9) CaClz
2 nARgAZ T 34 A2 vasty P dH CMC FEE 2%2 3
CaCLe Z+ 1, 2 2 3%Z 38ta] 100709 H&S e, CaClE ASHoE FYsHA
ke u H&o FAHEY 285E Aoz 1 (FANE 2AEAT o B, A
so] fAHE dol 1%9 CaCls AHE3AE A $ 42T 158, 2% CaClke 6412 20
B 383 3% CaChe A$dE 5A3F 378#0] £85Itk ol pjFof Bol 2%
CaCl®] 73 %ol <& (capsule membrane)9) FZ7t 713 A4S Ao g JFEHAATH
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Fig.

1]

Hea

exchanger
Heater
& Cooker
Tenperstwe
.{‘ . sensor

Sensor Unit
pH oD
T
e {
: | CO;
- tank
h 4 \ 4
pH oD
Temperature L@ . ..o i e et
Control Unit

5-6. Schematic diagram of Spherical Surface Type Photobioreactor
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/ - Heat
,\\ exchanger

Heater
& Cooler
Tanpeatwre
-4h . tensor
Sensor Unit
Pui 4——:
> oH oD 1 :
: : » |5 Solenoid :
: A valve
I CASRRRELRAatE o,
N ! tank
- ¥ ¥
pH [¢3 1]
L P T
Control Unit

Fig. 5-7. Schematic diagram of Slanting Plate Type Photobioreactor
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Heat
exchanger
Hequr
& Cooler Teanpersnre
iy . SERMOr
Sensor Unit
pH oD 1 ;
: : Solenpid :
X valve
P R RRRAEE co,
- tank
Yy ) A
pH oD
Temperature  |g. ... ... et
Loy
Control Unit.

Fig. 5-8. Schematic diagram of Water Wheel Type Photobioreactor
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(2) 333 Chlorella vulgaris 211-11b8] Q% vj%g

oA Peydez A3 AZ Chlorella vulgaris 211-11b2] siFA}Zhol] wt& ujokoR
ZFo wx¥stel nARAA G A9 FEWIE 750mmoM e F3FE(OD.) B3
2 vt Table 5-19) Yebuidct,

ARG A T 2FA XS Ao st H4 108) ojde] FE Aol B
Ak o= Chlorella vulgaris 211-11b7} 3133 P& WX 1852 HIYJLS L
SJojats Rez A, ulAl W&stol ose] Chlorella vulgaris 211-11b2) TAE ¥ o]
Mg $AY + AU

238 gAY CaClz 357} 1, 2 2 3%239 ovl4d AEgez AL
Chlorella vulgaris 211-11b9) CO; T8 %o W& FAFX4-& Fig. 5-99 Fig. 5-109
e AT Fig. 5-901A1 ¢} o] v Fol CO:F FF8A 4% o poE BY,
248 BANNY CaCl FE/H 1% W g 0076day”, 2% W pmach
0.206day”’, 222 3% @& 009lday 'dAH CaCl, $E7 2% W Ho) wZA&E
7t 7b2 g a8d CO:E FFIRE wWolE Fig. 5-109048% ol CaCl ¥E7}
1%Y @ pmact 0234day !, 2% Y W= 0448day”’, L83 3% 0550day ‘24 M2
& AolE WEM%X}—‘E kot CaCle %7 2%Y o Ao sjFA&557F 7P Hot
HABH o2 COE F3F3te Rol Chorella vulgaris 211-11b8) F2]o] falatdon,
Az A P& WA Hd vFAEEr7 9= dASRAE ol nA
dAd M 9] CaCld} FEE 2%7F 238 Aoz AzeYr}.

.—«

3 2Ex wFy Foy

ojAl ¢ 3H(microencapsulation)® #& TR £& FX £8 ASAA ¥R 4}
£ F A <Y Yol B AFA DM ERFQA Chlorella vulgaris 211-11b
g oA edo uAYNANA MESIYL u AN F4o] 5EL I 5 g

ole 23 P& FAHo) Hol CO% 0,9 EHo] AFatn, MFz oM &
e T FUE 2T B 5 AEE FANYY] BFolh. AAZ g8 o w
5 AYAA AL FAe 71EY IR oA ATy} Ho)x ok 108 o4
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e 82 4L F ULl ALY T, GATZFY FAL ¥ s 9
2N CO:5 TR e dud o 159 Fxe & F&E
e F AJH
Z, Chlorella vulgaris 211-11b& ol }& a2 AFAPL2ZH He Wallx 9
nIYE sjgo]l Nz, MY Foe COE FIsE Aol wsAth. o8 o]
A He U2 2] GAEXF] G d8HA free celld] wiFo] vl
& g T BAY F Ae 24E FY F o, Y Fo GAEZFY T
Mo FEriv $5718 "aR A g ol o, sy Fo FAEol H#IH
A Yge & s MAE s A AT £ d' Al A4 2, wIFT
aeration ZF A F7] ¥ & F&o HAE Aol I dPe] Ut
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[able. 5-1. Comparison of CHorella vidgans 211-11b cell concentration between ummo-
bilized in capsule type and free cell type

(Unit : O.D. at 750nm)

. Celi unmobxhzed L e

S i capsule type - o Free Ce“ :
! 0.5530 0.0800
2 0.8170 0.1540
3 11220 0.1500
4 1.7550 0.1760
5 2.2200 0.1920
6 2.6880 0.1390
! 39130 0.1760
8 4.8030 0189
9 5.4700 0.3130
10 6.9930 0.3610
1 9.3130 05360
12 10.9800 0.6200
13 10.2370 0.6970
1 10.0000 0.6950
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O.D. at 750nm

0 3 l I T T I I
0 2 4 6 8 10 12 14 16

Time(day)

@ 1% CaCI2 8- 2% CaCI2 —A— 3% Ca012

Fig. 5-9. Growth curves of Chlorella vulgaris 211-11b without CO; supply
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O.D. at 750nm

0 2 4 6 8 10 12 14
Time(day)

—@— :1%CaCl,  —#-:2%CaCl, —&— :3% CaCl,

Fig. 5-10. Growth curves of Chiorella vulgaris 211-11b with CO; supply
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A

Mge A% YAz

2 !

(1) d5uiFe 54

A&uge wWF Fo wizY FIFEEG wId wWEEEs dAHA FAHES
sty wjokubyolrt FEuiY(batch culture)dl M wiAlZl @3 Lu]HA wigo]
Za5x9 A% v (continuous culture)oj A= oj]EH o2 FHEA WIS A5
FE FHE /A2 U4

gutx oz FEujFAAE DR = GAZIZF F NIEEY FAF 4 712

Qe Av), ARAHES F3o] AP wel WiGBE, 712EAE £ AL 2
=% pH $o] wdt}h o]d udd wxujgol} et x ALuFAXE chemostat
cultured] 9J8ta] o]E QAxEol FA dASA FAHE B /A sHesoh

gurH oz ANAHE FAANIE HHOZ chemostatE o] &3t=dl ol WAF
FE 2R £52 MAEAE, FFEHE 71A T At nFEo] ujBE T4, A
Ao & 2azudre F4 7AFez AY YR {F T F35TY ARL
8L 732 AR ol2A st Wyl A%ujRAAME chemostatE o] &5t

97t Bow B AFAMNE o] WY& o] &3to Chlorelladl A5 g A4

BAZHRANE ojBEY HFAEEE A&, £E WATIESEN 98 2=
WA TIEEE QHOoT upRE Ao njPR HZALEE 2A4Y $ Yo}

Fig. 5-11 Monod chemostat model 2% AAtg 314 & (dilution rate) Do} w&
#2713 5 S, AXEE X, 282 AZABAAY DX d8E YRS D7 g max
o A23W So} X&= F73% Wdsied, DA ©E S X9 ¥WsE BY Db g madl
A2 72 s 2 ¥WE7 QA7 pmax SHAA A7 BHE G Do #2maxd ™
X—0, S—=SmaxE HE 8448 ‘wash out'gln st}

}m__\lrlr
o
_{

(2) AHAZRZE o] &3 Chiorella vulgaris 211-11b9 DF X AEulF
(7hH 9£eYgE 3 Ay vFYEE
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Chlorella vulgaris 211-11bE /2 X E AME, 23 wFz A wigstAct =7)
wwol HUEEE 0257X107/ml, 448x107/mioldtt. o wlZA&TE 0597
(cell/day) & th(Fig. 5-12).

(h) A&uGA o AEANE detE XL FE7] AT dujddan

7t Mg B AT YehlE dads olv] o]EX2 7Y v Jdon £3
)R A WEA&x 27 o)A Eie gos FHHOE wash outE A7)
AR gojck. ey B dYPodE o] gd A3 st ASuige] H g3}
A8 Mg W AXAPMHE dolpgtony o] AF}E Fig. 5-1391 Yeth U
Fig. 5-13°) Yehd 23} o] FA9 N gL 058day ' Aoz veyith £ o
o) Az AdExE € AAEEE ¢ F AA

(3) BHMZE o] &3 Chlorella vulgaris 211-11b2] Q& AAAL

A Ao A4S vigtoz 3o FHd AXARE YellEe FAAE(D=058)ANA HA
25 o]83tdg &2 1FE Y Chlorellas AR 1 FBFAE Fig. 5-149
BT 271558 096X107/mistAR, Mg 494 He @2%E ChlorellaE 3§
& £ ey I & FF 09x107/mid) 2= dg 159 AE BYHAe
U ALAeE dA FE Chlorellas 853 + AT 2 Aulgoz nxx9
Chlorellas 423171 948 AF7F 883 o|FAxn Yoy EF ¥jd&HZQ WYe
2 ool M2 xZo] §olaA] Ry EHFolY wixle] Ao]jgo] ErtsIUE A F
o] d3ol =2ivx itk webd B d39 AAE T EFHQ ¥ F& ol &3
A g3 G FHE o)l giYen qusoR nEx9 Chlorellas L& F A

te 9% A&Hoz o8 2AY 4 At YoM oie EFHHoYT
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DX (g/l’h)

S (g/)

X (g

D (h™)

n__ (Max. specific growth rate) = 1.0 h™
K, (Saturation constant) = 0.2g/|

Y, s(Yield) = 0.5

S, (Max. substrate concentration) = 10g/l

D, (Max. dilution rate) = 1.0 h™

Fig. 5-11 Changes of cell concentration(X), substrate concentration(S)

and biomass productivity(DX) during continuous culture.
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Fig. 5-12. Growth curve of Chlorella vulgaris 211-11b during continuous culture

- 143 -



Productivity (x107/ml/h)

Cell concentration (x107/ml)

Dilution rate (n™")

—@— Cell concentration —O— Productivity

Fig. 5-13. Changes of cell concentration in photobioreactor and

productivity with respect to the dilution rate,
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Cell concentration (x107/ml)
Product concentration (x10%ml)

0 T | i ¥ T i lj 0
0 2 4 6 8 10 12 14 16
Time(day)

—&— Cell —O— Product in settler

Fig. 5-14. Concentration changes of cell in photobioreactor and

product in settler.
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A44d 3 &

AT =A4L T Z gz AAHA AF AFE Psigo. A€y 7ES
Chlorella vulgaris 211-11b9] pgmxE BlE& BH £ YR E A= Ao
3 gy 3712 §ZAZY GE nefsto scale-uprlZ vi¥EE A3

deg w¥ZE Spherical Surface Type Photobioreactor- I, Raceway Pond Type
Photobioreactor, Water Wheel Type Pimtobio_reactor?& t}, oj2HE ZZ vty EX
2wz, Ald FRY wgxE, Sedoly MR 2 scale-upAlH T

g A2de) AASE A E Chlorella vulgaris 211-11b9] B4l YEPHR
RARFZANA DAL LGS TR, o]S Fate] Unt uwigo] ulstd 10840 B3
= R%5%9 Chlorella vulgaris 211-11bE 88 ¥ AU, =3 Chlorella vulgoris
211-11b9} A&ug g HAAF7Z] A8 AAZRE wWIRd FAANFRoH, YUdH=
Chlorella vulgaris 211-11be Az AR Y oA 1 $571 B 4H
A uieo] 8H O BN Chlorella vulgaris 211-11b8] AAFE ol + YUY
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Al 6 A MFFA 53

A1d A A

GHEZFQ Chiorella= 4ol F FEMGHAA Xole Hold FEAH EFAE
9 Hol2 o]§HE ZFolth Chlorellas 4 A 53 Zol 3P4, & HY AUAES
o]&3% VAU(COIH 7Iet Frige F3d dsld FEFHoZ FAY £ oY,
COx% HlY WA E EZ o] 83 autotrophic microorganism® thEHQ djojc}.
Chlorellas 5ZF9 %39, Chlorella ellipsoidea, Chlorella pyrenoidesa, Chlorella
vulgaris $°] At $8 dee e @A F2 9 wFd 43tA Chiorellas A4
s ded, o] Ao 7IF2AH 2 AL 229 A AuHA, FE, 4F
(R®E) 5o 4% 290 Az FAZ T3 QU

32 FHojgol FEER B AN Chlorella® 85 333 U olgdxE
ojFellM FeldtE ATAA FoAF AF JIsH £ £ A EAo] HolAE
oA B AF diFEo] g Ik AU AEAH EFIAEAAN FHgs A}
A dz7ete G DAZZFA d e 22 FTUdn Yok o) BHAA
el Z1F 2P BAglo]l CHEZRRE 9F FHE s A3 gz ALy
MF Aj2g e AFste A3 digsiolor & HAojtt wely B AFAME Chlo-
rellag 202 GAEZRF dF WIS NEsnz oy, FITF L A5
71nzt st ol g 93t B AFME FEA EFAE] oz F Chiorellad)
WE Aol A UG FUE AT Ao cdd 2 RUHI A2ags &S
A =3t

A28 FRAFHE AF AN A=

1. MgEd A5t 53
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TEA EYIE HYolxFQ Chorellaz 424

W odad 2 uidde pHE 2 FE CO,9Y 3, 283 AR 259 FA7 A
Eol IFold. a2y B AFdAN MEste WPz 2ol ATE FH wiY=E
el e olgid =1L dAHFA FAAXIE AL HE o] ofvr}, =8 Qe 9
< ZAAStE A cHNFESG vjEd wWFFLo] 4 FzANE Chlorella
7b AR2d AR B9 Hidx ASA WY & lovz wIA AL Fo5}
f7EY 2dn B AFdXM9 siFRE vE FUE YadAw dgayI g
< HuPY ZFeEd Sy Bong MigzAL 4 dAsA AAT Y
o Z4zZte] WFAAE wjgdeElel mep zFzFe] sestAl oo drh ame
Chlorella®) Wl o RE ZAEE wiGAdeo) el Aoz 31 .- BN
o, HF gz dFA FAANIE Aol HIFFH AT BFHolg,

2. 7} WGz 29 34 A5 A4

2 aTalA NEste 718 widze dul 2 F4 2AEHE A A g 4
2 953 ZY. Fig6-12 7H} 580 & Iz F3A5E FXNS AxNg 7
HAEE Bolx Ao

71X Chiorella® #HA =AM wIA7 7] Hstd ngd 53 Aujs 3
sensor units, control unit, 21831 IR FAZ YE F ok AA sensor units= i
¥4 pHE Polsol= pH-probe, 22ln MBS &AHs= O.D.—probed FAH
o] g}

£3% control unitdl= pH-probe2¥-H dojx e 44 pHats ¥ ZdA solenoid
valveE 7H#AI71= FA, OD.-probeZ¥E 9 e FAHoz AN wAAHS
Het = display 3 A, £ sensorZFEH 53 25 A xyH HmEq
heater?} coolerg FFAI7IE ZA, 28x YAy £AXEE Aojas Iy §3
ZAZAE T gl

ERG FA = 2F stainless steel 322 FA o] A=), heaters} cooler’} vpgz
Fol AR50 glojA, wFdd A R WIE FAPHoE sEx ¥3 NPHozw &
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g
nlo
o)
rir

=

£ zAss o] SAolY. ot MAFS WA2YL LEwst] ©E
W 2 2ol o dms FAe 3L YA 16% AEE AADh

r

Al 3 d Test-bedd FAAFTI A|2" FA

1. Test-bedd A2 T4 2 FA AL

WFEA AFsE Y Test-bedd A2 Z42}e] probeE2HH ¢o] 54 A%
g BEMsle MRAZHL 4A3EE heater, cooler, solenoid valve 58 ON/OFFAl7l %

o e R ]

g FAsdd. 28ln ZE Ao7lE duhe] control boxdl IAHAA xHo] &ojs

Chlorella®] Wkl YA ZHHAHoZ EEE #FA3te ALY Aoz EE
ZAH3E Aol WME AN 2EE WA £ AR Chiorellad] FHo ZA FFS
Fx] ooz uwlokzo] heater ¥ cooling jacket3 A Ax&Ych Test-bedd wiY
z9 FAARE Aade FAHYEE Fig6-20 JeRAUTH

2. Test-beddq W] gx A= AHuj

7t ]l g

(1) RTI-820

RTI-820& IBM PC, PC/XT, PC AT9 4L R4 R 32Hsto A28 5 E analog
/digital input/output boardojt}. £33 16:0'd9) analog V3% L 16 AAd 9 digital 4%
£ d8¥ol analog #tolY digital o2 3T & QdojA] B AF A 2w o] &3}
[k 47144 YA E gtol analog @Y W dFHE A/D MWYE £5Vold, analogE

89 &L 0~5V, 5V EE 0~20mieldh. 218l RTI-8209) 7| & A}k thes
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g )

@ I/O address selection of the RTI-820 in the computer’s I/O address map
@ Interrupt request line selection

® Analog-to-digital converter data output coding selection

@ Analog input setting time

® Method of initiating A/D conversions

® Analog output range selection

@ Digital-to-analog converter data output coding selection

w3, RTI-8209) A338e ogd gol ueld F Ao dogids, Aoz,
address A%, 123 interrupt A= /O backplane bus(P1)Z Hsizich dlojg 3%
91 DO-D79) 8-bit bus A1 &= /O backplane bus’®] bidirectional octal bus trans-
ceiver2 sz =dl o} transceiver datag A 3tAHU backplaned] M 55 noise
& ZA2ANNAY data 3ES) BEE 2A3EY
gy Aojadiy #e 4-bit address(A0-A3) & data®] A& HM ©E octal
bus transceiver@ X uWAth Aoju address AN EE decoding®= 7] A 2749
progammable array logic(PAL) gateZ X uWlo] Zt} PALE data bus WA,
digital-to—analog conversion, analog-to- digital conversion, 12} 3 board “dl*x& =

E addressE decoding3le 71 7HA 32 Ut
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Heat
L exchanger
;\_ > — s
1 ————'—/—' Heater
&
l _————-——“"‘"_I Cooler
e Temp
7'y :
Sensors Unit
O.D pH Pump
N/ Solenoid 'S

valve

v v CO,

tank
0.0 pH
Inverter
Temperature
r Y
Control Unit

Fig. 6-1. Basic control system in bioreactor.
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AV
A

Temp. probe

L YR

/]
| |pH-meterls
: lInverter [«

C

O.D-probe pH-probe

Compressor

Pump & | —

Solenoid valve control

4

Cooler control

Heater control

Fig. 6-2.

Test-bed type control system.
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A9l 6-bit address(A4-A9)%} Address Enable Signal(AEN)¥ 8-bit address
comparatorell 2&o] ®x] - ZA¥cl 18] 32 comparators address bus® A3 7]

€ 7HA2 Th

(2) 5B02 Backplane

5B02 Backplane2 16-channel(input & output ¥3)€ B/} Je™, input
moduleol A = internal series output switch, Z8]3 output moduledl = track-
and-hold® & + Ut AHE /A3 Ut &3F Ao} systemE ZF 7HA e
5B02% external multiplexer7t ¥ 23tx] ¢¢ow B& output channelE A& F 3l
¥ digital-to-analog converter ©}&3% & gt}

28] host data acquisition system& 2 ¥ 9] digital output signal2 5B series®}
module address& A3tcdl o] & H I inputd outputs AAFEY F Aok 283 5B02
backplaned] FEHE AYL vf$ XA} 12VE P32 39, fuse’t HHGE BAY
g AEE dAso Utk 5B02 backplane®) At%-& Table 6-17 th 1ejx 5B02
backptane® Diagram< Fig.6-33% 2t}

(3) 5B30 Millivolt and Voltage Input Module
5B30 millivolt input module® *5VeA *£500mVe] JBNIE ol -5VoA] +5V
o] & golt 0ol +5Ve) EERE P B xFE A2dd M= pH-meterdl A &

AHE @8 ol Aojsi=d o] 83k 5B302) block functional diagram-2 Fig.
6-49F 2t}
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Table 6-1. Specification of 5B0Z backplane

16

Physical size (with modules)

35" X 174" x 32"
(889mp X 442mpx 81.3zm)

Weight

11.25 oz. (305g)

Address Selection Inputs
Max logic "
Min logic "1”
Max logic "1”

08V
20V
0V

Power Supply

+5dc £ 5%

Power Consumptiom

0.16W (32ZmA) TYP
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4 ;16 OUTPUT ENABLE
L |
/
. % INTPUT ENABLE
7 7§ 1
FROM DAC OUTTPUT BUS
10 AD R . | INTPUT BUS
I T ! 1
-h-———/ _......__/ Lt —— - - — -
/ /
+5V )
POWER
e & o
— I;l — | A KRR X=X
= o z l l
} Lo . Oy Dy
| L |
| ! i 1
T T T T
@ 0 « ¢!’r® o © ®J! l@ 6 o o |r® o
j L
CHANNEL CHANNEL CHANNEL CHANNEL
o 1 14 15

* ADDRESS DECODER

Fig. 6-3. Diagram of 5B02 backplane.

- 155 -



Hi

Lo

3 | 4
+EXE| @ (NC)
ot CHOPPER
3 6 DIFF
PROT
Bt & AMP SIGNAL
@20x| | ACTV 20
pekety FILT soAToN | Bl L o0 v,
2 5 5B31 ,I. 2-PLOE 19
ONLY) I D 1
1 3 1 1 2 COM
@1—<INC) LASER v |~ READ
L__ ADJ I p.s. ! EN (0)

REF
(NC) ;
POWER
ISOLATION 17
——— s5v

RECT ’ ] v POWER
3 % %
[—_ 0sC. 16
. +— FILTER PWR
< —2"com

< ? * INTERNALLY COMMITTED. RESERED FOR CJC SENSOR CONECTION.

Fig. 6-4. Block functional diagram of 5B30.
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(4) 5B37 Thermocouple Input Module

5B37 Thermocouple Input module2 &% sensor type EolA 4135 wo} 0o]A] +5
Ve 23gE A9 Cold F3 BAIEE ddde AFFAM $AHE dFas
E 3A89 screw terminals® YA BAS 2 +5TAA +45T7HR 9] €}7] &
T A= 25T ZBAHE 7kx 2 Aot 5B379) block functional diagram2 Fig.
6-5% ztt.

(5) O.D. INPUT MODULE

OD. input module® £ Q3zo] AQ A3 EHE FAHFANZA A go)
old AdHez ZEHEE ZA43E moduleolth ol EYHEI YubHQ optical
density, & 4Ae sAFoz W izt 1 we] FREF S o] ol
2 AFERA dA 4R X2 AT Chiorella®) EEEE 38 718 Bol
AL o, 271 $& 2 I FEFEE #5344 Ao HRdiodedIA B
WAE 28 PR ol 1 wf BASE A3ZE AAstA displaydtAl # 25 A
O.D. input module®] 3|2 +& Fig. 6-63 2o T3 214 A3 O.D. AA4= Photo
6-1] Yeba gk

(6) pH Input module

pH meter2A1 & SuntexA}e] SP-701& o]83 o™, pHe AUEE 001 pHEA
o] Wio] FAAYE ImV7t |k et 0-14 pHE 0~1400mV 2 Z 3 o] slof, o
A4ge AT Polso Hal9) pH g€ & 5 AA "oh SP-7019 #E ALY
< g3 2o

Rear Panel Description :

1. Power : plug base for DC 9V adaptor

2. Recorder output © plug base for 4mm pin signal output
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+EXE

4 25V

—— NC) | 100 M ohm
R

6

PROT

—
A | LPF
P!

CHOPPER
DIFF
AMP SIGNAL
ACTIV 2
ISOLATION LPF o0 Vo
2-PLOE .
— I Vo
¢ oM
2
LASER | " READ
ADJ [ ps] EN (0)
REF
POWER
ISCLATION 17

RE&CT Hg - POWER [V
2 [ % OSC. 18 ouR
FILTER P

Fig. 6-5. Block functional diagram of 5B37.
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12V

12V 400 ohm —O :
O_ +12V +12V
A J -

— &

1 kohm

% PN —0
2 kohm

1 kohm

0.D probe 12V -12v

Fig. 6-6. Circuit of 0.D. sensor input module.
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PR L i

]

Sensor.

D

0

Photo 6-1.
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Photo 6-2. pH sensor and 0.D. sensor in bioreactor system.
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3. ATC : plug base for A T.C. probe
4. Karl Fischer : plug base for 4mm pin K.f,
5. Ref. : plug base for 4mm pin reference electrode

6. Class : BNC plug base for pH metal or ion electrode

pH A3 Az ODAME Izt HYZ Apold] 234 01, Photo 6-2.9%
Zo] Yyl 71X A%o] pH MM E, 2EF0] OD. AME 712712 U

U &85

(1) 5B39 Current Output Module

5B39 Current Qutput Module high level®] analog 413 & ¢j&utolr 2 FE Ao
2 AdYE 4-20m4 == 0-20m42) process current A3 E ST g m +0.05%9)
=< A8A L 7IX 3 Qo 5B399) functional block diagrame Fig.6-7% 2t}

(2) LG Inverter starvert-iG

iAol 348 ZASE Inverters 0~60Hz 7HA ¢} Fo WYE X1 Q. F
< Z2aYPEAM A=-IH0~100%) wel wigde =AY ABA S HE

SSR(Solid state relay) F&3 2% ON/OFF Alof wao] »as 717124 5B02
Backplaned|A] 2385 2A3(0~5V)E o}l 220V &8 WA heater, cooler
2 solencid valveE TFEAI7]=dH o)]&HE FEI2olth. SSRTEIZE Fig6-83
rig=y

- 162 -



SIGNAL T
4
ISOLATION
v 18 INPUT | 1 track ®
W —— | RANGE s 3| our
SELECT | 1 woup 2 g) H
—
out
vo 19 . \Y) ‘%>—@ L0
CoM (})
ﬂ PROT e
WRTE _ B
EN(0)
[\fl POWER
ISOLATION
17 J Ve
+5V -— —
POWER g“% REfT
PWR 16 0sC. FLTER | ¢
com °

Fig. 6-7. Functional block diagram of 5B39.

- 163 -



ULN 2803 - +
1
© ook Ak

1Mo~ o fo [ [o]s |-

Fig. 6-8. Operating module of SSR.
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PROTUYIPRTN 2
P e I X

Photo 6-3. Control unit
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e Ao ¥

Aol e AFHAM AR AadE el AP FFF ALse 715H
zZ B9le] AXMERE JAPL A5 S AFEA AL FRo2A ¢ R =
Ay JIERZ TP gl Photo 6-3A = Az Aojy-E Holm 9low, pH
meter, Inverter, SSR #5322 & Holn e}

3. PC9}e] A Holx T4

AFEHE o] 8 Aoj717] ZA FAAA e AFHS FUAANE A= F¥o] 2
239, ol 7% 2 &S AHHolxe g WAoo FFHE o=
g5 doley, Aoy, MYFE I3A YE F oy, A o=z A o
olHE d&¥ ¥ + UA A= U

R FUAXNZME A A//D, D/A, D/, D/OZ U¥E F don, 24z 939
2R e 48 9 ON-OFF 432 23 glon], sajolue o2 qE Alagd ¥
ON-OFFZA4 &¥3 gl

B AT AEHACIAE Fig. 6-99% ol F4€E RTI-820 Cardg ol-&5Hom,
12bite] A/D, D/A 71%5& 7FA 3 o9, 24bits9) D/O ¥ 16bits®l D/19] 7i%& W3
3 3 SWIdAME /O oj=d28 XAFsde 294X2A RTI-820 Cardd if
=H2E AAsHor vt =3 D/AE BBIR e Z2AAE 8741 slave
processor24] 8bits one-chip micro processorelth ¢ T ZAAME dolg A A
dbits A X2 & 83t ggon, A/D U R high impedencedl® AZHHAL y3t
T e WEFAS dAH U+t

2

=

4. Man—Machine Q1 g3sojx F4

Man-Machine JE#jo]A= RTI-820014 YAHE AIZE Z2aPgolA 2FAA
HFEAE Aojste Aojtt. ol AEsojre F4L AlojHol st ] 2A
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AAHAG. AojgAe wE ON/OFFe2 SSRE F%3tA 8te] solenoid valve,
heater 183 cooler® E2Alzict. z2elx A /s EEHE sensordA {JEHE
NEE ZUHo| displaydte] Chlorella®] Wi%¥ BxE To2 ZAY & YA s
3R NPRE THY EYE sensors £ Ao A L RE AXNA
noise & AAdL 3= 08% olHE FaAAG

ZY X sensor2 &AHE Chlorellad 32 AxE AdAHA X7 oflth. E¥E
sensor® E3 displaysle 9 AL Ax dAY ¥ 2 5FAIU Chiorellags ©°)
439 o] wo] AYE HAsH M JMHAM 2 o) gEL FIAA MDA

& AYe UMY displayHA dAch welM o= Axe X7} displayH ™
Chiorella®) & 4s1A7HE ¢ ¢ A &3 HIFdse o 508 oJHE setting
o] 7bsdn &5 A3 200C Ha 10CE - £ YA FASAL. 28z v
do] #HETE T2 APA 1%9A 100%7H2 &Y F Aol AR 40 £/ming
WgFd S ¢IAY £ Qo
stagol 24 g A ASE gol FAld displaySIE2 AYHAE Fo2 &
A & A Az, TaPAM vlg] AT EFEE data® AL edit BRI
Al Zbo] W& datagt & WY AEES AAEA st g softwaredll A thA] BiFI AL
A & QA sH aelx 22ad AP A AL 4 g Y, 25 sd 1
gln wjgFe spoz FAs gled Zze a2 tSFd 2oh(Fig. 6-10~Fig.
6-12).

Fig6-10s) Yebd Xg stdodls 7Yz 424 € A3 283 489 =239
o] AZo] Y Fig. 6-119 4 e MIzdE HFY & AxF AH
keyboard® o]&3%td AAG wPzAZ wix 9] FHEE(0~100%), pH 2 Y
Ro] EE HAY & Atk vpALLE Fig. 6-129 widF Ui vigRe £
%, dA pH 28l dA9) 255 displaydtd A& wigzA3 vjud < A A
th. Graphdl M e F Wgds € EEEE Yehln glod, A4Rdoe L9 ¥
g ARae,
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1O Address M Thiee ] Port 0

--.00

{BM Backplane Bus(P1)

Select 88t
Bidirectional 24
.||mu|AIv Ports Pot Ty Oigtal
) vo
/. 8 Port 2 Channels
w . — 8 Connector J2)
Ml W | e S : IIITv
ﬂ Comparato] ° 8
swi (CHO-15) CHO-15
Card To oA
Select > A D Channet ,|NUI' Channel
Stages f Selector
Y PAL Select a UPQ!
—oweps | B ——— nector
Control C Docoders Strobe
8 Up
D) mﬂﬂ.& 8741 pAC 1
C Siave 4(Cata) Outputs
8 IIV| « Py u Total
ot o C ]
Data Convert 8 g _ Line Analog
bus Command jad W)M: Bufter output .FV
Transceher e _\ Panels
Direction Control hl'
@1 DATRBUS ]
N/
b A
ﬁw\ 8 Status | anc ADC b 12-8it
Latch (¢ Hi
Control AM' BYTE m AC >_”N_.“u 4
Logic 8 r_”o Analog _
10V SHA | Butf Input .
interrupt Panels _
Select -«
ADC D) Up
/' Lo C 16
® AN.V BYTe 5 tnputs
N ./. % Per
q Panel
L e2v o e A0C Sutus (64 max)
s ® +8v
J Connector ._ﬂv U \IT‘IMO’{Q-Q Convert Command External
SW2 < Convert

<+
ey = ﬁm N Channel Command
Select ,|o|mu|v_ 063 AD
-12v
A Butter Strobe ] Channel
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R SEF X probe2F-H dA o} AT viwdtd 1 D)ol oxth
39 coolerg FEA7I1= SSRe]l AYE HAARUNF FFstan Dgtol 0B od
heaterg F¥A17] SSRo] WAL FF3 Yo 258 HA 252 =AANIE
gdugFoltt, WA operationg times <{Jutol HAAHDE A4rH  heatertt
cooler ONAIZIt}. Heaterd] FAAIZtH HAFEALE AASIA operating time#}
ZAY 2Y heater R cooler& OFFAI71E 28 334 €0 2% Ao} ¢xE9
flow chart Fig. 6-13¢) YJeEiA T

. pH Ao ¢ndF

vjFeie] pHE pH-probe2 78 Qleiytol U4 pHgtst wlusted 2 gh(A)o] 7xth
2o data output-d APSASE R, 2 gto] 78T W operating timed Yol A
4 pH(DE AAstd SSRE FEAIA solenoid valveE ONAIZIT Solenocid valved)
FAAZE AT FAILE A4St operating timed ZAY AW solenoid valveE
OFFA171& %22 33t pH Ao} dnelF 9 flow chart® Fig. 6-14¢] Jelfiqct,

ajN

o w5 Ao ¢y

A3 IR FE£E T2 P APA] PP FL(0~100%). AL inverterel ¢
8 deviceld HelHo] Digital/Analog converterft o2 W LTHHz). WP e

inverter® F&AIA F34o #W3lel wel motor’t ZAFIFAHHO~1750rpm). FE
Alo] d2]Z 9 flow chart= Fig. 6-159] Jepuidet,
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AUTOMATIC CONTROL SYITEM 1IN PHOTOBIOREACTOR

Fig. 6-10. First screen of Operating system.
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- lgnL( )“__;_,'Lh;‘ !ll

Fig. 6-11. Second screen of operating system.
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9d

8

s

Fig. 6-12. Measuring screen of operating system.
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A4d NRFEF FAAES] A=A FA

1L A29 T43A AL

NAEE TRAETE M2 computerE o)88td] A A T2 aBAelA 2
E 71718 FEAA Aol E Test-bedd 2E3} Al2g)7 v|Rdd o] 749 3le)
A& AYx A

A Test-bed® A2we AT FANA of2) 74X WY2AL vmate] WY 2
HE =3P £F QY TestE Bo] AARoernz Aaqe FxE o8 W
utA At 25 SSRolY magnetic switch® FHAIFE driver® AH AR o=
2 AZFYH2 235 E 7)7deE AYEE 2T o 2o Qg A gl
932 £ 5 Aok g B dAFHdAe] E¥o A d4H L AANE Hd g9
olfldAlE Bok A 24 £ AR WFHE 23 Axdo] »edHA o e
Xl st Bk RAQY A4S Astd AREY FAAAES} 29 FAsHA
A

2. 2% T4y

7} aen

(1) pt-100 &% sensor input module (LH-900)

LH-900(LG sty ¥, LTD)E pt-1002 FAdA ZHHE AZTE glaiviel 2749

HRoM Heater ¥ CoolerZ FFAIUt zelm Yukxel PV a2 ojxw
aEln FAEARY ERe e g
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{ START )

Temp. read k
D<0 D>0
l D=k-25
D - Func 1. D -Func 2.
' ’
OT take OT take
v ]

Hold Time | Hold Time |
! '
Haeter ON Cooler ON
Hold Time F Hold Time F

NO
YES YES
Heater OFF > Cooler OFF
Data Output

Fig. 6-13. Flowchart of control routine on temperature

NO

NO

Last Time
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{ START

o/

Read pH value A

D- Func

v
OT take

v

Hold Time |

v
Relay ON

>y

Hold Time F

T

S SN NO
<= Fi>0T _———

v
Relay OFF

NO

Data Output

<7 LastTime

T YEs

A 4

( sTOP )

Fig. 6-14. Flowchart of control routine on pH.
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(D

A 4

Input flow_rate 0-100%

y

Hz = flow_rate X 0.6 0-60Hz

y

D/A Converter (Hz)

y

Inverter operating 0-60Hz

y

Motor operating 0-1750 rpm

e

Fig. 6-15. Flowchart of control routine on motor speed
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PV je&n
ZZA%A : pt 1002 (-1999 - 400.0T)
qeE AEY F7] 0 05
gE wlojojx 1 -100~ 100U
dY duda - GAd IMRol4
BURN OUT : A @A 2 PVIE H9 2FAd ALOL EAIsE FAI9 0%
=9

Aol 24F
Aols 2 : PIDE 2
- HEg (P) 1 0.0-999.9% (P=0 ¢ = ON-OFF #|°})
< HEAZ (D 2 0-3600% (1=0 € 9 I 7 A
- Tl EAIZE (D) 1 0-3600% (D=0 & @} D 3 9U3)
- w3 F7) (T) 0 1-100% (Falo), 3g¢EE A
A% 453 Ay
Aol 29 : Aol ¥ (o] YAH(SPST), 250Vac SA(H A F-31)
AFEE : DC4-20mA (3 &¥343 : 6002)
AgEd  DCO/2AVE10%(SSRTEEE€ ), W¥ AT 15+10%
4B%% : RELAY ¥4 %3 (ON-OFF SPST ¥zl°))
- EV1, EV2
- &% A7 : 250Vac 5A (AgA ¥38h)
38 Wi A dAd g" 2002 ojs
5 AgA 4™ 40 o)
ARFA PVYER] ZAB (B3R, s33e, A - 334 8)
HAZE, AdUigt B8
2" Al 2% 0-100C =47%

A 4%
FEAWA : 4z2be] 299 7SEGMENT LED
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AAWA : EPROM

FEAAE : £05% FS*IDIGIT

FAYE  PV(EALE), SP(AHR LX)
EVENT ¥4 23 : EV, EV2
AUTO TUNINGZ XA : AT
£9¥A : OUT

-43%
43 MODEW &5
4R A °] &7
2R S

ARA 747
(2) O.D. input module

O.D. input module Test-bedd 2E 3 Al2d9 moduledd daE FI3s4 OD.
probeS EZF2E F{ oA Az AladAd. OD. input moduled F
A& Fig.6-16°] Jehi Y,

(3) pH input module (pH-6000)

pH-6000(Dongil Istrument Ltd)2 2% sensord)A AEE wo} 3

f s

Jn

g 4 3
panel #%-§ digital pH(ORP) AN zAA It AZIYLdols QY Ymer9) IC

=

€ AYst] sensor 540 R XAE RFEIZ S NIAH dYHos A&

rr

30} 753t £ £HAUSE computer}s] AEHo|AE Yo isolating signal

2 Hojglrh. 2 wjFolA ALESE sensor™ Model GR-1 typeoltt. 223 UukA}ok
< g 2o

Range : 0 ~ 14 pH (* 700mV)
Accuracy : £0.35% Full Scale
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Ambient temp. : -5 ~ 45T

Control set : Electronic V. R Setting

Input resist. : More than 1078

Output : DC 4 - 20mA(R. L 0-5002), DC 1-5V

Indication : Digital display 3 digits

Relay contact capacity : Inductance load AC 250V 1.6A
Resistance load AC 250V 4.04

Power sourcw : AC 110/220V %= 10% 50/60 Hz
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12v

7805

12V
400 ohm (:)
AN S12V +12V
DK J
< 1k ohm out
2 kohm
1k ohm
0.D probe -2V -2V

Fig. 6-16. Circuit of 0.D. sensor input module,.
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28R

(1) O. D. display module

Test-bedd W YZ A2 ME wWIdHE PEE computer monitor B4 display
goug AZAEY FAAFTH AAPAAE graphE Yelde Aol otz A HHow
222 JehdA ddch. olm AHEE 7)71E S-1100(Sejin electronic gauge Co., Ltd.)
2 duiapde o g

INPUT : THERMO COUPLE, RESISTANCE BULBS, mV, mA, V
INDICATING ACCURACY : £ 05% F - S
RESPONSE TIME : APPROX 15m SEC
AMBIENT TEMP : -10~55T
POWER SUPPLY : AC 110/220 60Hz (£ 10%) , DC 24V (Option)
EXTERNAL RESISTANCE : THERMO COUPLE 100 Ohm

RESISTANCE BULB 10 Ohm
RELAY CONTACT RATING : 250V AC 1A
OUTPUT : DC 4-20 mA (Option)

1-3 V DC (Option)

WEIGHT : 430g

o Ao} ¥

Wz A 2AAM Chiorella7t T4 8t7] HdiMe 284 Jad W, d4d B A
AEE7t AFHoly, ffo] nUE YIS AHMME o8 8471 A AojHoo}
Lids

BFE Al2gdd A Chlorella®) T43 R34o) #A, @234 A, 2299
A e 43 E3HQA dA SAGH. F, Aoje] FHAM BRA Chiorella
9 FHo A B, F2F, 2 T WFX A2 o] Wl =, o] W
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Zol g8 4ol Feunt

2o, Chiorella®) 247 oS Wastel BAS Bust %e2 Gk kst
W, oS W4ol Ws Chorella 34& WAHY = Woj2 BANoe FYsy) e
olth. theh, 4¥HA Wl dHA HH) %e FAY & e oy ¥y AW
@ AlS PBar] AANE A PHo s AYRHA Ao BHL nAY 5
Qo o] T3 B2 AYL TN AL & Aok 2, Ao FUEs 3
A EA AR, Chiorella 24 4%z Zzte] Wast 45 =YHos nAY &
A7, SR vEe YRAZ T 5 At

e ge 9 A2we nea

1
Ts+]

G(s)=

q714 1= A2 ARFEZA ZFAY 632%  cl2Ed BT Ateld. &

Chlorella?} 4A58A, B2 st B4 L 2EAH7F A g8 A5z W
dohm @ W, Aloje) BEE o]g o] Ws: Bad L LET A YWY +F
o2 FAsE Aole @+ Atk 23, 4714 Chlorellas) 427 Wazae @
29 2 x99 Wt dal 4z ARFE ¢ & Ao, 29EA AolE P £
LA Bk,

Bl Wod e dAY FFL A% RAGE BFo] daANE 35 o
g3t YRS FFo] HE2 ATZ AT FY & Atk £, f5A0ls A4l 9

OIMNE HES £EF IHHA AE Y, EEHE f&0] I3aeA Aog F
Ao mWetA, Aojd Aol e FEE dad € 2EAE} ¥ £ A oY
S20 dENE &3 £ Wstste Fel A A FE FAHs Aojg Pax
HFZAE Balof ¥k =F VAT ¥ L 2% W3lEe JR9 2Hd oA
E Ash dein, o2 @ dF o] =1L Ao S Bred 9424 EAEn
webd, gRe] 23] WEA FAYel W VAF L 2EE Aosy] dsME
o Ro] WEo W& wes) AstE P + Y= AMoir) MA G

2 7ol E 25 R B2%9 Aojd o853 U= Aol PID Ao L
ol-gstrl2 #h F HAS it dis WAooz HEHoz nmEHoZ Q

42
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ZolA "t Yt oz widesE A 2AE WA FHAIE 4LE &9, A
FoA4E AMYHLAS ol FE JTE &, v 24% 343 WsstE 34 F
wEA gos 48 Ik 23 PIDAAY JAd oM e FAFHA e 1
sorgte &80l

3. PIDE 22 5& °]83 pH Ao ST

PID-600-& DIN 962 &3 compact size® &3 & EARAL 71X A% o -
%22 photo isolation®] o} 2™ sensor AVIFG ZAGLE A7|H oz HIH
Atk 2gn Alo] FA49 M AFo] sl vlE, AE & ON/OFF S/W v

£ 223 3lo} pH Aloje] Wa# 758 7T Utk EE casecade Ao1E A 9
2 oag PSR AL WF AHUSH casert EFO] A7)e) Huj} gojg 54
g AR Yok 71E AGe D g,

d# 2% DC 4-20mA (88 A 2500)
238 A% DC 4-20mA (3 A% 5002 MAX)
d&8 H9A /O Isolation
Display Digital 2 1/2 DIGIT (¥4 LED)
1) B34 :0-140 pH (34 F8% 0.1 pH)
2) & 8 :0-100% (4 &35 1%)

AZle) 32 FAL Fig6-173 o} AojAldlE wl=A XA Algte] &R sng,
pHE Z82 A& FEXZ AA7|= AL & dutxoz g uezj
3t2lH AojA= W E(overshoot)d ¥ (hunting)2 A7)1A 83, 2R ofej 1

38 $go] mATh $Eo mNE QWFES AAE wal IHY AojE Hm
Ae Agsh 7o) AR WKEES Yhn Y& B9rh AN AR, Aol
A7t 8%, 2H0) o tEta 2¥ 4 AL, FFHoL o T ANE Ty
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%7t 4 Agsdan sd

2 a3 wgz A5 FANE PID 5L ol &3 pHE AsAct PID §2
e v AESR nREAe I Ao AAANLE /A Aodddx Held
Aoldsg AL aRL vAEAAA Yol e F=gE AlE 3, HEF
oA L TAe AFHOE FARD, vlEFFAA dd digd $HE Bt A
o] 7b538ty] "ol 2gSHel s &38€ PID AFE 25% FHE HHo=9
e Z2AYoxn HAzAY Ho FAFE A AU weA dFE F¢ S
A9 PDAS2E B¢ A$E A9 29E PDAZAC] "add ¢yol 2 wr
A A AIZHAARAZHDE 82E % FAE AW, ¥FES} BAAs 23 FS

d= vlAINE IA T
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[

Process

100/Pb b

ON
o-sw

OFF O < v

integral dt

[
| ON
'[/ A\ 1-SW AUTO
O /
OFF P(O) ’_OMENU

RESET M

Fig. 6-17. Functional diagram of PID600.
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A543 TRAASH A% 2 2

E oM wdFd A2 disia g3 Aojdtel dal =eiriz do. 48
AolE yF 7L 392 FHYow, F4L 3%, pHE 75 S5& 2B AL
ot 4¥d4d2+= Fig. 6-18~Fig. 6-207 &t} o47]A, Fig. 6-18& pHY AAZAE 4
gl glen, 75 ¥y Wy F Fddn e AL A4 Fig. 6-195 2E9 Al
o235 Yehdn e, FRLES Wdaox 25 WM FY}E RS 2A9. 2
oj9le] & H xS Aojt AFzHoz PsPor F4 dFHA, aAT2+=
et A &tk AMolE 3T B3 Chlorella®l 433/dE Fig. 6-203 2ol Yetdt

Aq6d 4 &

2184 EHAEQ Chlorellas WFste dde ¥, 2% a8z 3 pH $o] I8
st olo] MAFTRE AFHor A7 st Test-bedd 253 |22 MY
3t HEARAR GG R AAReF T A ANREY FAHAFEH A2¥
< TASA HAA AAEFR FRAT A2Ee B AFEHA dF9 orloA B
5o HE&5e Aolmg WFAol Hojuxn o] tHst AP E Ao Hgst Ao
a2l opd AFs A29MEE wiANE st ety oz dEgojle FAYAE
ofdl A& AlAWE ML Hoh F&AH)D & F&L I& F UE
< A7t Jgsojol & Aol

32

My

o 2
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10 La
9.5

Y

8.5¢

pH 7¢

6.5}

5.5}

Fig. 6-18.

1 1.5 2 25

Day

The result of pH control.
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Temperature
(§0))

30
29
28
27
26
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24
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Fig. 6-19.

Day

The result of temperature
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100 T L] L] ¥ T

90

Y

80t .

70 1

Growing

curve

Day

Fig. 6-20. The growing curve of Chlorella,
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A 7 A Chiorella R.E&WY 32 dd
t:ﬂ u}}oc}:}t_,] 6]2(} Z;'l A("]

A14d A 4

Aol HF FR LA FEA EHIE T Xoj9 A8 Chorellag 2AH dl
2 wjgstd AAsts A$dE, F8F Chlorellat Midas @4 Adgez J4HE
glst e EYAFTAHL AN 10Ym AEY nFEE $5A ChlorellaE Rastd T

% FEAR EFIE Y Xojo HojAlr g FFIE o] BEolth

dutH oz oUEL YN FUYF ¥F Chiorella® B8R B2 A7l
oj g3t Utk oleF olHE NFE FF Chlorella® B 714 Bol ALEs: %
Hol HJ2ojxe BEojg oy 7jEY IEE FHAT LS BHo] §o]A gl oyl
Fol 44e Chiorella®) A$E B9 $534E AHk n £ o o 299 9
dx ooz gigoes y@Adn YA Yoy, FALHE BASAGI o o

| 53t AtR2 23 Qe Aol dwrH ol

addl %2 Jdetal e " Chorella A4 Y o2E Aol Ady A7 =
Aol Aoz H#LH7 Qo A £2%9 43 FEo] #AFAd &2 AE
AAolth. agln AojgAdre Wd dF ¥ Chlorella® /E FAT gubygo
2 oj¥iEe] A3tn UE Chlorella WMFE HEuwYololA wWiRd ChlorellaE YA
AT Fol ALE3A Eh 23 FAolF AFAY F, FEAHE AR 2
F AHE AT UL ER Chiorella®) Ea4des F2ojddA ¢ Fos 24l
g wety F£28 FFAFIEA FHol FL& Chorellag F887) gdaiM= of gl
& Foll IoE= WHoR w5 A Fojof do.

ol Ex 2 HIT FA Tl YA PAE £E FFAFE0Z deiAdN 44
°jdol WlekH o wHstn Jon, AN 2uFE FHNA T2 Yok IR § of
Fre AYol glolob dn, o FIt Agse AR £k JYSLIE HFE JAFes
250l A ghofotr |}
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add A Aoz WA Ye AANZ A% ANF =9 AF, Vibrio spp./t
o= AJNFo g AL gt} Vibrio spp.ole A 30 JF0] ¥2A dev, 1 F
dl X Vibrio parahaemolyticus, Vibrio vulnificus, Vibrio cholerae, Vibrio mimicus,
Vibrio fluvalis, Vibrio hollisae 59 12%°) 1zt A% B0 A+ Ao ¥#A
ol tH(Ballows et al, 1991; +, 1993, & 5, 1996).

adzn $8 vt MY dgy FL& P #4h FF, T F3 AN
19923 49 %E 1197k 20670 gy s+ E At ZAE A4S 29, B4
Vibrio spp.2] A&&o] 44%0ln], F&0o] & 7dA 949 Alolol HE &0 76%°0
ol2zittn Vrh(H, 1993). £F o] SoldE st 29 PPN ojFel A
Y& do7E Vibrio aguillarum® 3L Vibrio oj9jel uioje] A(virus)Zt #dsta] of
FEA ojvisoA g s g Fu o

ojg} o] ofFol AWML YosiE wojd2y UAE TE AW A S A4
Vibrio spp.2 29¥ #iF7t iAol F FRMIY, F24F £+ APz FIHE
Sl ANEY szt A G TR ol2A Hrh ol BAEIA sl F FAo
NEL HojFad "4H 7jx ALER] Chlorellas) BEYWHE F&AL, FAoFa
ZEd oz offol AME YodAY 7S dEo] H4FHE Yoj=gE HF FY
upolgl 2 e WHUAd AT AdE AT By s 238 o & ¥ HEhd
3 Qe Aol

add {2 AFAY 2okl E A2E FREAY udAE 2EEn de A4
A Fo ¥ F7}d(ohmic heating)§& o) &3 FAelo F% A7 BLeA AP
2 Utk A Fd g3 ohmic heatinge 1910 th(1911~1920)0] = Liverpool tha}e]
Beatty 9} Lewis7} %9 A& 4 (pasteurization)ol #HzxZ H&&HAUch o5 %
559 U FAsA LF L AF IAFE FIFHAALE W $F HEd T3 g
7t AEE BA&3, ZF AFIE 79 A RHYLE FAFAC o} A9
2 A7) 1929 Zol tl=e] Pittsburghdl e AFBE $H9 553 o] g
Al 28 ohmic heating x19] -l AR (electrode) AFole} AL &A 389,
Mol Hole £83 719 BHE 42 ¢ Aol FAHUG

ol¢} o] ohmic heating& 44 A Fo] HRFAA, AF Ao g3 &4
VeRE ANGRSAE BT8R, 27]9) AF ol O o)ie AFE APHA ¢

i
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Ak 2 olfE WH T BY I FAE o8 A ol &5 A
st3, ojojA 1L A2 (UHT-process: Ultra High Temperature process £+ HTST-
process : High Temperature Short Time-process) 715 F°l ¥gsHA ol 7]&9]
AEd AFHoz $&HU7] BEolch

agy HEZ =& AFS A5 o2 dAHAY £ 2YE HAE FHE
B AEE dAstnz e Aode ols XY 7I€E O H 8o FAE Sl
A HAd 2deg o AFEE HrFez AY ALdstnx de Bl AMEA
AFH A, H20E ohmic heatingdll dld Q77 A2HA AP Ao

AFe A7) JUuAE FFHY, AF AxEe ARASL opdnz A7) duiAst A7)
Agdz AoEH AF UFda 2do] dojun, 571 F3EA Fsds Aol A
& 7149 dAdeld. a3d SN JHEEEE Fede FE A AVARE
oy, A/AEETE A&A = A H4FL wedH(Halden et al, 1990; Sastry
and Palania- ppan, 1992; Wang and Sastry, 1993). 28]l3 n]gx} A4 F9 B¢ A
s F=7t 00lg/em’ 3, 1% ol4old ohmic heating &7t Bdsictn o
(Wang and Sastry, 1993).

H AUl F FRNIT T HdolHF FARd FIFHE drE dFY Fr)as
Ao #4022 7 U} At GEFTET 32%(32%) BE, SX28H P 9
o4 e GEFEE 34% BEolH, AAA s BF dE¥EFEE & 35%0]
o GEEEs 35%Q d4 Fo) F2 oY BEE, Table 101 vehd uisp o),
Na', CI, Mg”§& T ¥sto 349878%c) ol&tHZ §, 1979). 2222 #4F ochmic
heating sl 2% 5ol ul¢ wE AYL F5E + Aok
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Table 1. Content of some electrolytic ions in 1 kg of sea water containing 35g

of NaCl
Contents(g) |~ lons ~ Contents(g)
Br’ 0.067 H:BO; 0.0045 Na’ 10.71
Ca® 0.413 HCOs™ 0.140 SO 2.70
cr 19.27 K 0.385 Sr* 0.007
F 0.0013 Mg¥ 1.29

* Total content : 34.9878g

gl B AFME g F9 ofF WA Vibrio sppd AATE A s
£ ohmic heating A3tz AHEAE AESAY 28l dzdwld F9 Chlorellas)
BEYYOZ L Chiorellad] 3717 AL &l ol &=z e $4A Fo9 2L
Y olelo] Wdg FuA Fct

Ea B AT HFHoZ FuE A} FEE TG AT DHAEXEF
HEFZRE AA oSl AMRFHE Aol 71EY ofPEo} o] &3 Y'E ARY W&
z9 vt AN ol FAx M= 7S A7) Y3 A wIGxE &
Aol FF3 oREo] Y ALY F JEF At

A24d As LBy

1. Chiorella® B.& %3

7 ALHEY

&% Chlorellas 4T AZsts ¥4, 25T AFste 42449, a=8n 2
A F 5T ARaes F2AZYL vk o] W, Chlorella®) A=+ 509
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¢ AAAEA DO. meterE A8t IR G A0z SETALFE FHFHA A
stgdd. F, Chlorella WYRE ZIA1A 231232 L ¥ty

A BA Chlorella ©19d] ©& vl Eo] AKad 34T A dE=
AAEE &AAJT o] W, Chlorellad] B&E %7] YstdM = DO. ¥& FvF
U2 AR 29 FFE Adstd. adn 4B 7 AR T Chlorellas &
4 &%3 ¥ Brachionus plicatilisdl] 3889 HAARE 59 ¥sE 71gez2 3
£33

U BE3 nEY

Chilorellag 320] BESE WYPozA FZHRL FLAA BEHAA A7 A
Ae Aesd. EUsdE AFFEA2Y BRI Y L olgsdyd. 1F5AA%
Holl XM= Chlorella 5% %& T2ANIFT T2 &g 3217 9L, oA ¥
a3tsldl, adn BRAZYAME Chlorella 5592 1025+02TAA BEFAxXA
Aon, ols ¥¥ ChiorellaE A#3sd 3 Brachionus plicatilis® 53334 43

R & sx9 ¥3E sjFow @Edﬁaq

RS

At YR AFER 3F AFE ol&IdE 2719 FAE AAsm o] o]
L% 65~75TC, dAARE 800V/moil X Chiorella ¥&38g dxas A3 dAAL A
B3l

2. dlge] A

7b &7t A X9 A F}

Ao ARE S SWAY static ohmic heating system®] HFEE Fig. 7-10] el
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Ak Kim et al.(1996)2) 2ryjo) w@eb 55x125cme) Eebs AS5WE 10cm (PH=
R A Axstn, g g uge fewg dX3tod AHEEA T Ohmic heater<
AXE Y29 polypropylene2 HEde] ¥AFR Pgol dojuz FEEF AT
Ohmic heater®) 2t %919 2%+ An et al.(1992) 2 Cho et al(1992)9] Wl uwe}
A Z3 T-type copper-constantan g A%2 o] &3 &Pt

%3 Ohmic heaters Zo] 10cm, AE°] 7cmQ 97159 4¥Fol 27 35mmo} =
& IS B B HeFRE AFo2 ANt Agsid

ex Zx MM 3y YL Hxe FHL A FZ7)(amplifier)= IC(integrated
circuit) 257 6B50-2 ¥ 6B-11 59 A/D- ¥ D/A-¥&7)(converter)2 T4 3ATH
agn A 7MY AAEE Fig. 7-2 2 Fig. 7-39) T2 94 a5 LHAHE
£ 3Ad.

Ohmic heater WollAe) &= zd, Algd9 I3 ¢ dolg #3 §& ZF A5
393, L= PWMl(pulse width modulation) ¥4o2 Aojslx s FUS™(An et
al, 1992; Cho et al., 1992), A& W7](transformer) 2 A3 A

Y. Vibrio anguillarum®l ohmic heating ] €]

£ WAF9 Vibrio anguillarum(V. anguillarum)& 25+2T2} TSB sl X oA 484
b g £ AFS gl 27l E 76x100/mi7t S HEF8H9 ohmic heatingdll Al
&3t
ol o, dlF2e FAFAA 71T AFEY FHFIVF Yol AAE Bjuy #2
Ao A A A o] Fx/t AA FEF 121.1T 158 AT EA A}
239t Ohmic heating £9 V. anguillarum® AF & APHA.(1984)Ho] we}
2512TCoAlA 48A17F vt & &g ATt Ul
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N

Fig. 7-1. Schematic representation of ohmic heating system
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[ ||
Initializing A/D | } L Initiatizing

|
]
|
a . . . 2 la] | .
Initializing VO I aﬁﬂﬁiﬁ?ﬁkuz : Heating time input
I ]
' |
arameter l " time input
tializing | wc?:mt?m : Holding inpu
= j
i | Setting tme Input
Temp sensing | | Main routine :
! I
' |
! | T
Heater ON : : Batic dscdharge bre gt
I Data output | J
| I
l ] Data file name input
] [
1 1
arget Heater OFF |
<r> { ON/OFF } Pump #1 ON/OFF
I
Yes : I
! |
! End ,
Initializing 'l_ g
———— e

Fig. 7-2. Flow chart of controller operating program.
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Main mutine

—
Temp sensing
No
Toating >
Yes
No
Moo <TEEne GE—
Yes Heater CFF
Yes
Heating tomp.
Heater ON Heater OFF enntrol
1. |
1
Graphic
Dats storage
Data output

Fig. 7-3. Flow chart of sub-routine program in Fig. 6-2.
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3. 2/ BR3P WGz I3 A 8A

2 ATRAY ALY A FBY NFE2S AIE JAT) AHB AduFy
d 82 ¥ AFEAL HERAG widxe) ¥, 24 L AR RolA, Chiorella
o WA s T BRAAMY HFAP L s Ad HHBY S Z(Slanting Plate
Type Photobioreactor, SPT-PBR)E dAo] ¥ F3goen dA4M A&t e 7]
9] 94%3 wi¥Z(Open Pond Type Photobioreactor, OPT-PBR), 314, Chlorella, L
23 AHg Wi E g o] 8HUA F Y] H5E vz

YR A FAFE A AR “SJAF AN E AFE By efFxE o) 83
o 344 d¥Foith

b % 38 7|7

Al o 19979 8¥ 4d ~ A (ML E AHP)
g A: 1979 99 279 ~dA (FAHEE AHAD)

. Chloella®) vj%3A

wA AGuidge ARY I zAM Chiorellas 3t Ald FBE vz
HEANA s 22 ALugo] 715 FE=7HA WGd F YA 5
3, 3 g ugtE g gz o, B3 S Chlorella WAL Avjstd
ATV EA, Chlorella’t A3 wXol o] @7tA 9 N D AFE S 2AFst] QA
ZFg AEHA
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1. Chlorella®l & 3

7}. Chiorella®) 33 9 SENE

A

AZBEYPLS Z4F WA {2 dQo] HE 4R € 549 €4, AFE HE
o] HEwtE $& AAAPeRHd FAWUISRE HASAIE Pyold. o WS
Chlorellas HAQ el 71A &8 + dudE HelA d& ARYd vigod ¢
& wdolny, 53] Chlorellas G712 28Y dd {a@ Yol

2 AFNMY ¥F Chlorellaf el %7] §&44L%E 6293, 45U F9 §&EULT
& 4T ¥HEART A9 LML Fo] 418 7HF Fol ulAlEd] o8 2 go] A
d He Aoz woHY. O dgoeRE FALUR HAT Ao §EAALF] 202
24 238 4Tqd BFRAF FA oo S§EIAF0] HJY 2xxHE A ¢
g B@3 5% Chlorella® o] £E44%FE 06, 28 25T ¥ 3AF AL 1 @
°] 0.4t oleid BEAAFo WBE Chlorella® TIAAHUNE ERAsE ABgdEs A
2ol WAAAsE Aol e3lz AFdst M FHHYE ulste AolA
Ald) 2B EYo] B2 AR FA Chiorella®) ERAMEE dYsA ¢ ¢ UE
PHL oldg YFE FFAE o o

A F9 Chlorella® AZRANZY F €242 wEo] Brachionus plicatilisd 3
& 23, §24 e Chlorella® Brachionus plicatilis7} Hol2 AL A ¢ gl
Aot 2 BR FF Chiorellaf®] B3 Fo 2483 93-S $x37] Hdsted F44
€ AHgdte ASE Ao, Chlorella®-& B23add 59d FAPAY $o Qlolx
A71 B3e] hsd Bl € F ASE A

oft

]
et

}. Chlorella®] £%3 B&
5% Chlorellas £233A Ru7t ) E oy ¥ o] Lolgd Rat olr]g) £

A FE@Fo] Ho FEGAH] W] W] nAdZY Hgoly Z4F WAL Jo
e 809 wgAo] Ao FeM e Pzt HAo] s5dA
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2 AFAM 5F Chlorella® AFTHAAZRAZ Fo 2Assd AHZ2 TFHAE
W}, Brachionus plicatilis7} o] Hol2 S A 4 AUk £F 1025£02T
NA BEFHAZAN F o|F Brachionus plicatilisll A2 2 FF34AE Walx o5 4
AEE #AY F AU

t}. Chiorella®] €718 A3

s 4dF9 FrANAY #4902 HF dBEFEE & 35%0]t) o] L
S7HAAG Al A2 A48 HEe 2xE SRHe2 FARA AN + Ao
A, Chiorella ¥ 4-E& 2714 At 22y A8 HEY AEYg &A=
LA QA sAdx GG sPHor BERNEHAE Jgivt adn F2EF
A4S Yo FANTI0E BE) MRS wWoAE ChlorellaZt A VA==
ol &AHATY. ol WAy Astd wFRe) pHE <@e] JPoz zAHFHY,
z7lde A4HA Govf, I Al Aol Zojxd HAl HA AAAgo] AN
tt. w2k HAH ] ohmic heating systemE Chlorella®) «37+d B84 3} o) &8 &
ol FAHAY. o]9 ML AFAME A9 ohmic heating system® FHrE
nFEH2 AFAAG 1D Aol A& Chlorellas) £7v4 B84 37 stssasg
&5, olg AT AF7t A&Hojo & Holo}

2. 50 dHF

7F g e 71 £ &

vt &8 ohmic heating A2 Qg o, A AAZENA $HLE T(T)H EY
&= AT H(sec)E Fig. 7-491 Jeridc.

Ohmic heatere] FJ3= AFY Aol £2+F 57 LHALE To Egst= A

7t @& 5 Ak Ohmic heating systemS.2 dxj2lsts A4 njyPal 4o rjad4
EE F{de FE QA AVNAEE k(S/m)old, AVNAEEE AsAe 5o A
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40

—M—: 500 Vim
—@—: 700 Vim
—A—: 900 Vim

Temperature (°C)

204
—¥—:1100 Vim
—&@— 1300 Vim
0 . . . , . . . . .
0 20 40 60 80 100
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Fig. 7-4. Time-temperature profiles of sea water during ohmic heating at

60Hz .
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Al 48 Bw=H(Halden et al, 1990; Sastry and Palaniappan, 1992, Wang and
Sastry, 1993). 1@ 3 ohmic heating2l9} 29 ¥ P(W/mdE AFAE J(A/mD), AA
ZE E(V/m) 2 A7jdxx 23 4 (7-1)3% 2o} velo] A ch(Kessler, 1996).

P=E -k=J% (7-1)

% 973 exdA ANAEE7 BT W, AFVEs} ANY AR AN
T3, A4 olQR AE AIPEEE, 0TT<HTY YAAM, 2 7-2)lM s} 2
o] ApAE) we} YMHo 2 Z7heHReitler, 1990). 371 kot by= 0ToIA S =
NAEES SEAF(-)ojt

k=ko-Q+ bp-)) (7-2)

A (7-1)3 (7-2)2%H

k =kl - ko -bp+E) (7-3)

2922 ALE IS de AARE A wel sy ArAEEs A7)
2o 2=/t FASA A5 Aoz BZE o

X 50T<T<8T, AAZX 500V/m<E<1,300V/m2] Ml #HE7t $AL5E
Tgste ATE Fig. 7-49) 22 8Y 4 (7-499 o] Jetd $ At agdn 4

(T-H25H9 3 N & 45 AT oS TS RQE o, Fig. 7-59049% 2o} g,
< te% 2 dA AT
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Fig. 7-5. Experimental and predicted time-temperature profiles of sea
water,
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Log tor = - (04048 -log T + 1.2022) -log E + (23388 -log T + 29651} (7-4)

. Vibrio anguillarum®] AHd

tlo

2 AFA] #l+E ohmic heating A2 sAE wW} V. anguillarum?) APEIA
Fig. 7-60] Jehich dutx oz NE F9 Vibrio sppt WAl a8 ax go
9, Vibrio parahaemolyticus= 60Tl A} S5Smin, 55T} A 10mine} A2 Apdsict
d21Ad Aot FH4 60Hz, AAZE 800V/molA a5 Fo V. anguillarum® %
THLE 60CAME FA% Z4E Hojx itk ay $HLE 70CH E9se
42sec Tt 27] x9) 10%°02, a8)m 80T E£L3E 40sec Bt E= 103002
TA3sA Zasiach

F5F A9 Mzuivte) dF A4 B20A 19959 7YRE 10€ Afolol HF, 5
=4 E¥3EQAU copeped E EZFY AFE AR 2AE F $(1996)9) AT w
29, JU4 Vibrio spp.d) Al =7 HF 1gF 7.2x10° copepod 174 M2 7.3% 107
agn ¥ 59 AsodE Iml 3.0x107% 5 o

oj21& #sE Fig. 7-69 AAE olgdd AAZE 800V/moll A ohmic heating
23td 70C7HA EE AeAlIle 2% Fdd AFF9 V. anguillarume SE&
30X10%/mllA 10°%) siFatE 75X10%ml7tx), 28l m 80T E2at: 492 £
e 10°%) dFsts 75X10%mizkA RAAFNA 8ok o) W, AAZEES ol &
T 2x4%4E 9 Vibrio spp.o AFES %7 6% walx A o)

2 ez olgt e WYHOZ ohmic heating XN ¢S W72 EFHANAH =
BGF = Gl FF3H, TS €879 34222 ohmic heating A g
doz diF Fo ofF WA Vibrio spp.& 2E3 AUAY 4 glgm BojA},

]

rir
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Viable cell counts (log/ml)

0 v 7 v 14 v T v T v Y
0 200 400 600 800 1000 1200

Electrical field strength (Vim)

Fig. 7-6. Survival curves of V., anguillarum during static ohmic heating at

60Hz and 800V/m,
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3. ujgx9 3 AL

71Z9 A%Ed wYZ(Photo 7-1)NME Chlorella® #31 sx7t 10 cell/méQ R,
A HBdy wjFZ(SPT-PBR, Photo 7-2)lA ¥ 10%cell/med M, A BHY wjgFz7t
AR wgxo v3A Chiorellas) =5 ¢ 108 B Y T AU

wjoFefe) B4uhye wlwaA, 60m°(60M/T) TR ARY wWFzoME Chio-
rella’t AnFxo] o]2771A 3Y¥o] 285U 0B 2 3Y I wlGAE IFIIYLS
o, o] W} 35 FFE 0m’OM/DIAY. 1Y 05m°(05M/T) FEE AZE A
A HAY wgxo A9odE Chlorella7t 357t HnFxo ol23oy, ujd
025M/T9) wiZ R g 348 & AAY. ol 2L vi¥ABHAE Table 7-1 o 3t
YeERE AT

vz 99 AAHDG 2o BAEE Chiorella®) 22 05m 729 A A )
Fzx9 A 500x108cells/day/m'o1®, ol WFugFe] 60m FR) AEY Iz
o) Ak 222%10%cells/day/m'e) 22580 o] &},

ojdeol wigFAI vjHAX & F ARol, AA AAY WP AFHo ARY WY
z9 1120018 AM %, 19 1m3e Chiorella BArHE XY wjgxo 225X HE&
A A diFado] 7ttt

agln AAF HUY eigRe UHY wigRo)r] wWEd d%Y wigzees 4 7
F oA EA o3 ego] BAHYUS, wighe FUx WA HE ojyo] gL B
At
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Photo 7-1. Open Pond Type Photobioreactor in Jin-Nam aquacul ture,
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Photo 7-2. Slanting Plate Type Photobioreactor.
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Table 7-1. Comparison of the magnitude and cell concentration of Chiorella sp.

between the Open Pond Type and Slanting Plate Type Photobioreactor

| Siant:mg Plate Type~‘

(B2 58"’% ﬂﬂ°&" _

Total culture volume

60 m’ 05 m'
Maximum cell 10'cells / m¢ 10%ells / mé
concentration (10%cells / m") (10%cells / m")
Reproduction time 3 days 1 day
Discharged cultur
ischarged ¢ ¢ 13.33mY/day 0.25m’/day
volume
Pr: ed cell
oduced ce 1.33% 10"cells/day 25X 10%cells/day
concentration
Produced cell
concentration per unit 2.22 X 10%cells/day/m’ 5.00x 10cells/day/ m’

time and volume

A4d B E

% Chiorellad) %717t 288 9489 4T dAAY S22 D 25T 9)
FZAGUE 459 T v Ye 9, F2AZEG 2388 4TAAY WFAZSE R

of MAEI JHF 43

F3Rom, $EA Brachionus plicatilisd] A A2 A2

< W AHTe FAFI. o] Fgl
< Agstd 24 vAEAd A WAo) g
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FANUEE A9 AU AZEHAY =3, NFFPAZ: £ BFAZRY22 Chlo-
rellas 228 F AFEFet 3/M¥Y AFSF RE Brachionus plicatilis7t ALEZ
AAEE gdsgoen], Fasgd AL F2AAY A7 AFo} MR

49 ol F FRUGF L FAFd FIHE AUt ofF WAdZd L2 2459
V& BFole ABVEY A&t FASAR, B A7 daol uel AL AFH 2F
A& AHE38E ohmic heating system2. 2 800V/molA 80TZE #H4E <719 AP
24 49% ojud ol HaAE WA FAY & Aot wordd

aga & 7oA A FA 293 wdzs AFo) ARY wMYEY 1/120019
M=, 19 1m™39] Chiorella 33F S ARY widzo) 22599 e WAHM hF
o] st =¥ 7€) ARY Chiorella MFZE olF FAZo2 ALg3n
2 AFdA AL FA HAY Y ZE Chiorella®) gl ALg3ciad wjdz 2
A7t &A 2AFsE] QoM ZHL WANM AF BERE Chlorella & WIY & AL
g QA
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