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Abstract

The cultivation of Haematococcus pluvialis NIESS144 alga was thoroughly investigated as a
potential source of astaxanthin. The research could be structured into three stages. The first
stage is the cultivation of vegetative motile cells of H.pluvialis. In this stage, the cells were
cultivated with the optimal growth conditions in airlift photobioreactors. A comparative evaluation
of the performance of the different airlift systems with different configuration was carried out,
and the systems to be evaluated included the 3 and 17L cylindrical airlift photobioreactors (C-
ALPBR) and 17 and 90L flat panel airlift photobioreactors (FP-ALPBR). The 3L C-ALPBR
clearly outperformed the others but the difficulty regarding the scaleup of such system posed
some serious concern. FP-ALPBR was proposed as an alternative cultivation system where the
upscale was achieved simply by increasing the length of the reactor. The performance of the
90L system was still quite satisfactorily where the attainable maximum cell density of 41x104
cell mL'1 and specific growth rate of 0.52 d-1 were achieved. The optimum for the growth of
H.pluvialis in the FP-ALPBR was obtained with the F1 medium where: pH = 7, light illumination
at 2,000 Lux, aeration rate of 0.4 cm s_1 and ratio of downcomer and riser of 0.4. Semi
continuous cultures which could be periodically harvested were successfully implemented. Of all
the systems investigated in this research, the 90L FP-ALPBR was found to be the most cost
effective. The second stage is to determine suitable conditions for the induction of astaxanthin.
In this stage, cells were grown as cyst and started to accumulate astaxanthin. This experiment
was achieved in 1.5L bubble column photobioreactor. Parameters of interest included nutrient
concentration, initial cell concentrations, light intensity and mode of illumination (indoor/outdoor).
The maximum astaxanthin production at 5.39% by weight (dry) was obtained from indoor
condition after 8 days at 10 times diluted final harvested cell concentration and 6.5 klux light
intensity. In the last stage, various techniques were examined for the extraction of astaxanthin
from the cells, i.e. solvent extraction, maceration, soxhlet extraction, ultrasound assisted
extraction (UAE), and microwave assisted extraction (MAE). For all cases, acetone was found
to give the highest astaxanthin recovery compared to the performances of other selected
solvents, i.e. methanol, ethanol, and acetonitrile. Among the various methods, MAE provided
the best extraction performance, with astaxanthin recovery of 74% (4.79 mg g_1) being achieved

at the extraction temperature of 75°C and 3 min extraction time.
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o \ & & A o y A o a v oz A
dunibivainiuau lasasuausadazaauidunie 3 waz 3 awsndadosladuagluuy

NIN1TNBILUY identical enantiomer (3S, 35’; 3R, 3'R) LazlUy meso forms (3R, 3'S; 3'R, 3S)

@T\‘ILLa@ﬂugﬂﬁ 2.1

TONALANIZVDILDRAUTITI 1

Name astaxanthin or 3,3'-dihydroxy-B-B--carotene-4-4’ dione
Molecular formula 1 CuoHs504

Molecular weight : 596.86

Melting point . 224°C

Solubility . dissolved at room temperature in non polar solvents

(acetone, dimethyl sulfoxide)
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AN 2.1 WRRINUINITITUT AU DI TUD RO LT U1

Source Astaxanthin Astaxanthin Referance
(ng/g cell) (%dry cell)
Bacteria
Brevibacterium sp. 30 Simson et al., 1981
Mycobacterium lacticola 30 Simson et al., 1981
Holobacterium salinarium 265 Simson et al., 1981
Yeast
Phaffia rhodozyma 200-300 0.02-0.03 Borowizka, 1989
Mold
Peniophora (Hymenomycetes) <50 Borowizka, 1989
Algae
Chlamydomonas nivalis <50 Harker et al., 1996 (b)
Euglena rubida <50 Harker et al., 1996 (b)
Haematococcus pluvialis 7,000-55,000 1.5-3 Lorenz and Cysewski ., 2000

2.3 §anlamanas waiIads (Haematococcus pluvialis)

gunlananas waliula (Haematococcus

pluvialis) 8139 W89 1 lananaa anaanIa

(Haematococcus lacustris) %38 sWNaLSaaN aARNI (Sphaerella lacustris) T dusnsafaen

agluaaiand 18aluAnd (Volvocales) 244 Sanlananamadd (Haematococcus) MITaLlszinn

ma%mmam’maaqamwﬁ’m H. pluvialis 330019 laasd:

Phylum . Chlorophyta

Class . Chlorophyeeae

Order : Volvocales

Family : Haematococcaceae
Genus : Haematococcus
Species . Haematococcus pluvialis

>

299ITIAVBIRNENIY H. pluvialis snanTautseantuaraned (U 2.2)



1. 1ananw lalnainas (Vegetative motile cell)
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2. LOUTRLWUS (Encystment)
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3. Baq (Cyst)
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2.4 LLaam'lwzmﬁu‘lmgamw%w H. pluvialis
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A A g ' . \ a A
A1319N 3.1 aﬂ’]’]zﬂL“quamluﬂqiLquLﬂ UG"ENE‘T’]%?’]U H. pluvialis 1%’11’30[&11@&&[&1 81

Factors Range
Light 2-24 klux
Temperature 15-28°C
pH B-5
Nutrients

W tri
1) Macrenutrients
Carbon

Nitrogen

Phosphorows

2} Micronutriants
Iran
Boron
Manganess
Copper
Vitamins

By

By;

1-4 g/l CHCOONa

0.25-15 g1 NaMO,

00754 g/l KyHF O

2.5-Smgfl FeCly.6H:0
2.8-5 7mg/l H:B0,
0.73-3.6mg/l MnCl,4H,0

2-770pg/ICo50.5H,0

0.336-28.7 mg/l

0.004-0.27 mg/l

3.3 N1INIZAWAAFAIY H. pluvialis TAaS 19U EM UT TR

13

iu@l@uﬁﬁLi]’]‘lfm’]UlﬁLﬁ@ﬂ’]iﬁ%’NLL@zﬁzﬁﬂJLLaﬁ@l’]LLsﬁuﬁqui]‘aﬁﬂﬁfﬁﬂ H. pluvialis NMIEFNUDI

LLaamLLSﬁuﬁummmmz@juVLéT@s;léTaLLﬂwT’maaLLméTami’m 9 Tu UK BATIMTIREIMA

g3enms uazifadnau 9 anezldldmeanoadaly duasen 3.2 usasssUuamITIuTIw

] agaama:ﬁmm:aﬂumzﬁua{wmmaa@nLLsnuﬂusluﬁgam%iw H. pluvialis



N3N 3.2 ama:ﬁmm:aﬂum:@:}"uﬁ;am%m H. pluvialis TAa s suaaauawiin

Factor Ranges Refferance
Light 3-18 klux Qinglin et al.,2007
0.01-0.6 klux Katsuda et al., 2006
3.28-11.03 klux Kim et al., 2006
2-11.5 klux Fabregas et al., 1998
0.1-4.45 klux Harker et al., 1996 (a,b)

N-deficient

P-deficient

Salinity

pH

iron

3.4-14.05 klux

0-300 mg/l NaNO;
0-1000 mg/l NaNO;
4.97-12.4 mg/l NaNO;
100-1,640 mg/l1 C,H30,Na
0-510 mg/l NaNO;

147.9-591.6 mg/l K,HPO,

2.5-20 mg/1 NaCl
0-5.85 g/l NaCl
0-7.45 g/l KCI

6.8-11

5-20.02 mg/1 FeSO,.7H,0

Kobayashi et al., 1991

Qinglin et al.,2007
Orosa et al., 2004
Sarada et al.,2001
Gong and Chen, 1998
Harker et al., 1996 (a,b)

Harker et al.,1996 (a,b)

Sarada et al., 2001
Harker et al.,1996 (a,b)
Harker et al.,1996 (a,b)

Lababpour et al., 2005
Sarada et al.,2001

Harker et al.,1996 (a,b)

14
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719N 3.3 NATBIANNLTULRIGONITRINIUDRALT U1

Condition Final .
Initial cell Astaxanthi
_ . Light cells Time
Ref. Reactor Medium (x10 Light Temp Solvent .
lls/ml) Intensity pH O (x10 il (days)
cells/m source m
(klux) cellympy  (H&MD
. Flask , methanol+
Qinglin et al., 2007 BBM* - 18 - - 23.8 - 56 13
500 ml 5% NaOH
Flask Kobayashi’s Continu-
Katsuda et al., 2006 ) 1.33 0.6 ) 6.8 20 methanol 50 29 12.5
200 ml basal medium ous light
Lababpour et al., Flask Kobayashi’bas Blue
0.2 0.19 6.8 20 methanol - 70 16.67
2005 200 ml al medium LEDs
Bubble b Flashing
Kim et al., 2006 MBBM 5 11.03 6.5 23 acetone 4.5 0.466 30
column light
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Condition Final
Initial
_ . Light cells Astaxanthin =~ Time
Ref. Reactor Medium cell (x10 Light Temp Solvent .
Intensity (x10 (ng/ml) (days)
cells/ml) source O
(klux) cells/ml)
. hexane:acet
Dominguez-
Flask BAR Continu- one:alcohol
Bocanegra et al., - 17.25 - 28 - 9.8 8
200 ml medium ous light (100:
2004
70:70)
Bubble Continu-
Choi et al., 2003 FBBM* 1 7 - 25 - 15 40 17
column 2 1 ous Light
Mini- acetone:
Fabregas ‘s Day light 7.2-
Fabregas et al., 1998 reactor 10 11.5 25 methanol - 19.05 7
medium 12 hr. 7.5
70ml (1:2)
airlift b
Olaizola, 2000 MBBM 1.87 - Sun light - - - - 8.4 -

reactor
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Condition Final
Initial
) 4 Light cells Astaxanthin Time
Ref. Reactor ~ Medium  cell (x10 Light Temp Solvent .
Intensity pH (x10 (ng/ml) (days)
cells/ml) source O
(klux) cells/ml)
Kobayashi et al., Flask 250 Fe®" Rich Day light
5 14.05 - - acetone - 2.5 8
1997 ml medium 24 hr.
Cool
Harker et al, 1996 Flask white Acetone
BBM 8 4.45 - 22 6.5 25 20
(b) 250 ml fluores- 100%
cent

? Bold basal medium
® Modifiled bold basal medium
¢ Fortified bold basal medium

18
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Condition Final
Initial Time
. 4 Light cells Astaxanthin
Ref. Reactor Medium  cell (x10 Light Temp Solvent . days
Intensity (x10 (ng/ml)
cells/ml) source O]
(klux) cells/ml)
0.1 ml
Kobayashi’
Lababpour Flask Floures- methanol
basal 2 0.4 6.8 20 - 0.08 -
et al., 2005 200 ml ) cent lamp in NaOH
medium
SmM
Sarada et al., 2001 Flask BM* - - - 7 25 acetone - 5.4 10
(0.25%NaCl
in 4.4mM
Sodium
acetate)

4 Basal medium

19
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7. Tulasiau (Nitrogen)
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Condition Final
Initial
] . Light cells Astaxanthin ~ Time
Ref. Reactor ~ Medium cell (x10 Light Temp Solvent .
Intensity pH (x10 (ng/ml) (days)
cells/ml) source O
(klux) cells/ml)

Flask methanol+
Qinglin et al., 2007 BBM - 18 - - 23.8 - 33 13

500 ml 5% NaOH

Mini-

Daylight
Orosa et al., 2004 reactor BBM - 35 h 7 18 acetone - 12.05 9-11
r.

400 ml
Sarada et al., 2001 Flask BM - 1.5 - - 25 acetone - 8 10
Boussiba, 2000 - BG-11 35 5 - - - DMSO 30 7.5 12

Mini- Fabregas acetone:

Day light 7.2-
Fabregas et al., 1998 reactor ’s 10 11.5 25 methanol - 49.52 14
12 hr. 7.5
70ml medium (1:2)
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Condition Final
Initial
] . Light cells Astaxanthin ~ Time
Ref. Reactor ~ Medium cell (x10 Light Temp Solvent .
Intensity pH (x10 (ng/ml) (days)
cells/ml) source O
(klux) cells/ml)
Cool
BBM
Harker et al, 1996 Flask white Acetone
(nitrate 1 1.75 - 22 17.5 30
(b) 250 ml 0) fluores- 100%

cent

22
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Condition Final
Initial
) . Light cells Astaxanthin ~ Time
Ref. Reactor ~ Medium cell (x10 Light Temp Solvent .
Intensity pH (x10 (ng/ml) (days)
cells/ml) source O
(klux) cells/ml)
Boussiba, 2000 - BG-11 35 5 - - - DMSO 30 13.75 12
Cool
BBM
Harker et al, 1996 Flask . white Acetone
(nitrate 1 1.75 - 22 5 8.75 30
(b) 250 ml 0 fluores- 100%

cent

23
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Condition Final
Initial
) . Light cells Astaxanthin ~ Time
Ref. Reactor ~ Medium cell (x10 Light Temp Solvent .
Intensity pH (x10 (ng/ml) (days)
cells/ml) source O
(klux) cells/ml)
Sarada et al., 2001 Flask BM - 1.5 - - 25 Acetone - 1.25 12
Cool
BBM
Harker et al., 1996 Flask white Acetone
(nitrate 1.25 1.75 22 5 25 30
(b) 250 ml 0 fluores- 100%

cent

24



25

g a 6 ) [ ) 3 1 P
3.4 ‘szuumﬂgnsm%amwamsumsmwmmmaagam‘mw H. pluvialis

lufaiussuumawzidssmnismsdidoilagnatogluuy jUuuuszuuda (open system)
a 1 dy 1 a A 1 n‘f g: & ni 1 1 |dl
21ilTu MIWzLaBsLUULeLla (open pond) wiaLialwnziAssumuzuUNOBLAzIALANES
é’m%’umnmnﬁmmaﬁﬁ;am%iw Sﬂﬁ'&EJ'@Lflmzuuﬁﬁﬁmﬁunuﬁlﬂumsa@161'@LLa:@hLﬁmm
@1 2819 13naNY 1HhadanaN b RN aTaINITHENNAI WAL Tz UL LLa:Vszmmmmuqu
gnzwasanliianumanzdansasadulald 1w nsdasriniuoIusy GRIVEFITRER R b
Uulauanafunidofiadu 9 udu namnzidsafelilddanmaeiydvlavasoadgede
o E< o = Aa P e A Ada A o o @ '
laonn wenanuudaduszuunilonadwilewnufiiitinaug lade MunaaInazULuL
ﬁ' A =S 1 o el o‘d'd 04 a a cl) =
MIWzIREILUUTEULLTe (open system) 34 liinanz@wIuimasnlansmsesyauladi vie
LERAN ANANRATIANG 2879 I AMIUTZUUHANE FIMTUNI TN R UILTRAN A AU ILTILRY

a o a a 3 a a a A ' a a a [
4BAINIILITNTY L@]UI@]LS’] &lﬁﬂﬂ’lzﬂ'ﬁﬂﬁﬁfyL@]‘]JI@W]VL&JL%&J”Izﬁ&mUﬂ"IiL’QﬁHJU L@UI@I"U LAl IELAn

)

aneg
o o dy a a 1 o a 6 & I3 dl s
fMIDMAWIL8e93zuuTa (closed system) anfiltu szuunsdfnyal Saduszuulasy
mmﬁwlumsﬁﬂmmﬂuﬁmtsﬁaa’qam%iw I@mawwzazhaﬁamaﬁa;amuiw H. pluvialis
Lﬁaaafmmmmmuquama:l,l,'mﬁawiuﬂfmwmﬁm"l,@'famoaﬁ%auaLtazﬁaLﬂus:uuﬁﬁIama
duauanasldziaan g ¢
aN31971 3.8 LLa@aum'ngaaLLa:*’iTa@Tawaomuwnmﬁms:uuLﬂ@LLazszuu’ﬂ@

3.4.1 MIWRBUTARINIAIY H. pluvialis szaziianiafinluszuudalnaol
A ' - & & a a A o
Wasanaswing H pluvialis  (Hwaadnuauundluszezmaaigidvlauaziidninng
a A \ v o A A o A P v = ' YA Ada kg
wWigduladendrituliafisuivasinsiiadu g uazdadumnieidenianzmaminio
Und 3sdlamanazgniuiteudrsimadouniisnnmuaigiauladinit dsunawziansds
dasiluszuula dayaannaddefidwnuaadliiduisgUuuusesmamizidsagasaning
sruvTanasUuuy 019 STUULUULARLUY 12uD03NemManIigs Wistzuuvias uas
szuuﬁaﬂﬁnmﬁ%’amwL%GLLaaLLuummﬂmﬂ (airlift photobioreactor) 1wt
o 1a & A L. . & A Aq o
sruuannIniTinwiiussunnaInIaan (airlift photobioreactor)  \ugtuuunienld
dseanTanlunisiwnzidosoadansioaeuwd9d uwaziduszuufesnuuudne 101 tduns
wannuudslimnaunasLazmsinaundand19d Susadaund manzAumMIwIzaeIs
8WINY H. pluvialis Lﬁaw’mlwﬁuiwwaom‘mﬁtyL(?IUI@I (green vegetative motile cell) LIRS
. A A A o & \ ' A A v & &
snierieiaziiniugasuauusuas linudeuwssidon lasgdd 3.1 (n uaz 1) uaaaldiiuds
JUuDUA19 9 28909 NIlTINWITIUEILULDIMALN §IHATTIN 3.9 UEAIHAIIKITENT

& 6 ' .. = g a 6 a '
LNIZER HGLTQQQNHW‘M‘S’]U H. pluvialis 382110 L‘ﬂ‘ﬂL@lﬂWi%ﬂOﬂgﬂ?ﬂL‘ﬁ?ﬂﬂW“ﬁ%@@?d )



n‘ ¥ A ¥ ¥ c‘ly A A
AN 3.8 VaALAYaADVAINMINIREITs UL auasszuuTa

Parameter Open pond Closed system
Contamination Extremely high Low
Space required high Low
Water losses Extremely high Almost none
CO; losses high Almost none
Insignificant, because closed
Weather dependence absolute configuratuions allow production also
during bad weather
Species Are restricted to few algal varieties May be cultivated

Biomass concentration

Efficiency of treatment process

low

Low

high
high
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. . Modes of operation Maximum L -
References Reactor  Volume Medium Condition cells Productivity of cells  Specific
Light Light pH Temp. Aeration  Agitation density growth
intensity source rate rate (x10°cell mL™)  (x10° cell ml ** day™?) rate
(KLux) o) (rpm) C)
Ranjbar et al., Airlift 1L Standard inorganic Autotrophic 1-2.4  fluorescent 7.5 20 0.072- 70 7.20 0.20
2008 photobio medium (batch) lamps 0.125
reactor CO, cms-1
(Ag/A =1.1)
* Keep nitrate conc.
at 8 mM (300 mL)
Ranjbar et al., Bubble 1.6L Standard Autotrophic 1-2.4 fluorescent 8 20 0.067 - 0.1 50 - 60 4.80 0.22
2007 column inorganic CO, lamps cm s-1
photobio medium
reactor
Kaewpintong et al.,  Airlift 3L Modified F 1 Autotrophic 1 fluorescent 7 27 04cms™ 7.7 0.55 0.45
photobio (Added Vit. B12) 1%CO, lights

2007

reactor
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. . Modes of operation Maximum L -
References Reactor  Volume Medium Condition cells Productivity of cells  Specific
Light Light pH Temp. Aeration  Agitation density growth
intensity source rate rate (x10°cell mL™)  (x10° cell ml ** day™?) rate
(KLux) o) (rom) @
Suh et al., A novel 11L  Bold's Autotrophic 2-3 white 6.5 25 100 mL min™ 5.5 0.62 0.30
2006 double- Basal 5%CO, fluorescent
layered medium lamps
photobio (BBM)
reactor
Garcia et al., Airlift 55L  Inorganic Autotrophic ~ 50-2000 8 20 500 mL min™ 45 7.00 0.30
2006 tubular medium (batch) MEm?s™
photobio- free CO,
reactor acetate (Outdoor)
Bubble 55L  Inorganic Autotrophic ~ 50-2000 8 20 500 mL min™ 25 4.00 0.22
column medium (batch) HEm?s™
photobio free CO,
reactor acetate (Outdoor)
Kang et al., Flask 250 mL  Primary treated Autotrophic 25 white 7.5 23 65 mL min™ 11 1.33 0.25
2006 piggery wastewater (batch) fluorescent
(PTP) 5%CO, lamps

*Diluted 4 fold
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. . Modes of operation Maximum L -
References Reactor  Volume Medium Condition cells Productivity of cells  Specific
Light Light pH Temp. Aeration  Agitation density growth
intensity source rate rate (x10°cell mL™)  (x10° cell ml ** day™) rate
(KLux) o) (rom) @
Sang Lee et al., Bubble 25L Modified Bold's Basal Autotrophic 35 white 7 25 100 mL min™ 6.5 0.92 0.31
2006 column medium (batch)  pEm?s™ fluorescent
photobio (MBBM) 5%CO, lamps
reactor
Vega-Estrada et al.,  Airlift 2L Bold's Basal medium  Autotrophic 8.5 white 26-28 250 mL min™ 11 1.00 0.26
2005 photobio (BBM) (batch) fluorescent
reactor lamps
(split plate)
(AJ/A, = 0.376)
Del Rio et al., Bubble 2L Basal Sodium autotrophic 1220 white 7 25 20 0.30 0.28
2005 column medium > nitrate (continuous) uEm'Zs’l fluorescent
photobio CO, lamps
reactor
Dominguez - Flask 1000 mL Bold's Autotrophic 9 white 28 100 mL min™ 35 0.48 0.36
Bocanegra et al., Basal 1.5%CO, fluorescent
2004 medium
(BBM)
Fabregas et al., Tube 70mL OHM Autotrophic 2 white 72-78 25 15 L hrt 6.25 0.45 0.13
2001 medium (batch) fluorescent
CO, lamps
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Modes of operation Maximum
References Reactor  Volume Medium Condition P cells Productivity of cells  Specific
Light Light pH Temp. Aeration  Agitation density growth
intensity source rate rate (x10°cell mL™)  (x10° cell ml ** day™) rate
(KLux) o) (rom) C)

Fabregas et al., Tube 70mL OHM Autotrophic 2 fluorescent <8 25 250 mL min™ 3.8 0.76 0.27
2000 medium 5%CO, lamps
Tripathi et al., Flask Bold's Autotrophic 15 25 15 0.15 0.04
1999 Basal

medium

(BBM)
Fabregas et al., Mini- 70mL F1 Autotrophic 2 fluorescent 7.2-7.8 25 15L hrt 6 0.43 0.10
1998 reactor medium (batch) lamps

CO,

Grunewald et al., Flask 100 mL Bold's Autotrophic 7.5 white 20 2.9 0.85 0.49
1997 Basal (batch) lights

medium

(BBM)
Harker et al., Airlift 30L Basal Added Autotrophic 25 fluorescent 90-180 25 0.12 0.13
1996a photobio medium ~ NaCl (batch) lamps L hr-1

reactor
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Modes of operation Maximum
References Reactor  Volume Medium Condition P cells Productivity of cells  Specific
Light Light pH Temp. Aeration  Agitation density growth
intensity source rate rate (x10°cell mL™)  (x10° cell ml ** day™?) rate
(KLux) ‘c) (rpm) C)
Hata et al., Flask 500 mL Basal Hetero- 8 25 40 10 1.12 0.29
2001 medium trophic
(fed batch)
Tripathi et al., Flask KM1 Hetero- 15 25 4.35 0.87 0.29
1999 medium trophic
Chen et al., Stirred 3.7L Hetero- 7 25 100 L hr 400 0.7 0.09 0.32
1997 tank trophic

(batch)
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. -, Modes of operation Maximum -
References Reactor  Volume Medium Condition cells Productivity of cells  Specific
Light Light pH Temp. Aeration  Agitation density growth
intensity source rate rate (x10°cell mL™)  (x10° cell ml ** day™) rate
(KLux) o) (rom) C)
Katsuda et al., Glass 55 mL Kobayashi's basal Mixotrophic ~ 0.1-0.6  fluorescent 6.8 20 4.3 1.50 0.67
2006 vessels medium lamps
or
Blue
flashing
light
LED
(100 Hz)
Kobayashi et al., Flask 200 mL Basal Mixotrophic 15 fluorescent 6.8 20 7 1.50 0.57
1997 medium lamps
Chenetal., Stirred 3.7L Mixotrophic 8.5 fluorescent 7 25 100 L hr 400 1.45 0.23 0.44
1997 tank (batch) lamps
Chumpolkulwong et al., Basal Added Mixotrophic 7 20 5.5 1.17 0.34
1997 medium  sodium
acetate
Tjahjono et al., Flask 200 mL Basal Added Mixotrophic 8.6 white 6.8 20 5.22 1.40 0.55
1994 medium 45 mM fluorescent
MSA + lamps
450mM

FeZ+
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_ Condition Final
Initial ) )
. s Light cells Astaxanthin Time
Ref. Reactor Medium  cell (x10 Light Temp Solvent S
Intensity pH (x10 (ng/ml) (days)
cells/ml) source O
(klux) cells/ml)
Bubble Standard Fluores
Ranjbar et al, 2007 column Inorganic - 2.43 cent 7.5 20 - 6x10° 390 35
1L medium lamps
Inorganic
Bubble
Garcia-Malea et al., medium
column 10 2-100 Daylight 8 20 acetone 25 1.54 16
2006 free of
55L
acetate
Inorganic
Tubular
Garcia-Malea et al., medium
reactor 10 2-100 Daylight 8 20 acetone 45 9.23 16
2006 s free of

acetate
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Initial Condition Final
. cell Light cells Astaxanthin Time
Ref. Reactor Medium . Light Temp Solvent .
(x10 Intensity pH (x10 (ng/ml) (days)
source O
cells/ml)  (klux) cells/ml)
Continuo
Bubble Modifiled
us and
Kim et al., 2006 column bold basal 50 11.03 6.5 23 acetone 45 0.466 30
flashing
2L medium
light
Stirrer
tank Hong Kong
Zhang et al., 1999 0.22 - - 7 30 - 15 64.4 20
37L medium
350 rpm
Bubble Bold basal
Harker et al., 1996 Fluoresce
column medium + 1.25 2.5 _ 7 - acetone 1.5 18 55
(b) nt light
30L NaCl
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UNN 4

n1INaaay

&

1 dyl;' v/ =~ [ A o
muuulumi?wsmazeaﬂmﬂaamsnﬁaaamwwwnuuaua?u

a

4 U o
189 1UBUU l?&lﬁduﬁigﬂﬂﬂ'liﬂ?ﬂ@&laﬂlvﬁﬂ&l ITUUNIT

9 u

4
VREIGEL, ua:msnné’ummaamu?zmﬁu

v
o [ 6 . .
4.1 139150 d1MSUNIINELAILTAE L 87 (vegetative motile cells)

qmwgﬁﬁm%’umnwwnﬁmL%ﬁﬁ’]%i"}ﬂ%ﬁmgﬂmuqua%ﬂuma 25+5 adeidualdus lagyin
kg A 4 . A < [ A [
manziasslulsaSauszwswuylasin (green evaporation room) Faiduszuudsuananends
v y { 4 { o A A v [ ) °
RANMIITRINHIUTENTILLRBUN (Cell  pad) Lﬁaiuwmsﬁa@l@agmumwawamyummu
1 v v [ { { 2/ 1 ¥ IA =) " Y v
amahmmammuangngamemuﬁa Cell pad ﬁﬁm"lmamm‘é‘magmmagmwmmaa
Iy s A | A g = o A o 1A &
#29 lapinn lnanuia Cell pad fazdsanusanainameiia lUasuanusanvadranie
1o vinldamansuie Cell pad ﬁqmwnﬂﬁ@‘hm BANINNHILAD FSUUAINANNEIUTZRIANRIINY

Tagldnszualwilines 5-10% vasrzuvdsuainianldnauinisiaas @"imamslugﬂﬁ 4.1

U7 4.1 TaseafeszuulssFenuunlaszine (green evaporative room)
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4.2 STULNIWILLABIRENINY H. pluvialis

gﬂLLuumaaﬁ‘dﬂﬁmrﬁmﬂumwmaaf‘:ﬁaﬁaﬂﬁmtﬁ%amwL%GLLaaLLuummﬂsﬂ‘*ﬁﬁ@
NINITUBNUWIF (cylindrical airliftphotobioreactor) 241a 3 Was 17 a6y LLﬂzﬁdﬂﬁﬂ‘itﬁ%’;ﬂ’]W
LML UaMASNTRALUITTUL (flat panel airliftphotobioreactor) U119 17 Waz 90 §a3 JzUL
ms@méﬁ%ﬁmamlugﬂ 42 U8z 4.3 aNE19U ﬁaﬂﬁﬂsﬂﬁaaaagﬂLLuuﬁﬂmﬁnﬂi'aqa:ﬂ%ﬁﬂla
m3lwarusesvesarmeluszuuyinlasmsldameansuiaasuenlasanladanududu 1
% lapdiuas lapazlnariudiniuguaannising (flow meter) daawnfuaﬂmchmﬁw;jﬁa
NI0INLNL LAZAINTBIAIBEA (0.22 um Gelman filter) udGL armdaFsdatufinnain
ome uaz el uasuesansljnaal Lma'waaLLaaﬁl"ﬁ’lumsmaaaﬁﬁa%aawﬂgaana
“ud Faazrhmsaeaimidiudtenesdsjnaal lasanuduusssaniadivldlasnidsy
Sunaaauazszuzvinisznimasa AU duin et sl enaduuaeluiiisalasls
LA309 Digital LX-5 Lux meter lwniappas and (Lux) S9snansawasuwdunioe lulasluald
aaudansuasaedwnd lasldaunisugasanudunutesdt (Thimian and Royal , 1982)

1umol (ms') =1 Em’s = —~ Wm~ = 74 Lux (4.1)

lag A fe @mwmaﬂﬁumaumﬁmnaghma 400-700 W lwbw@s (Visible light)
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Downcomer section

i i Air rotameter
Airin

T airfilter

0.4cms’ =
1% CO»
X 4 X
e <
I Valve ) Valve
COos
e N
GAS \L Air pump
2 k )
L A

Copper sulfate solution

3N 4.2 ﬁoﬂﬁmtﬁ%’smwL%aLLmLmummmmmﬁ@mamzuaﬂLngo (Cylindrical airlift

photobioreactor)
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Plate

|_— Downcomer section

Riser section —_| Fluorescent

lamp

Airin —_ |

] (=1
Aur rotameter

Valve

+

Copper sulfate solution Air pump

U7 4.3 dedjnsaliimwiBausanuuanmasnaiiauulszuny (Flat panel airliftphotobioreactor)
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4.3 35N iwns

4.3.1 mItesuunIlnaod
v 1a & a v o A @ \ o A o o oa a

szuvtsdfnsolanunessdualuiaten 4.2  deshuwnmsranuszanaiaidafaioUnlu
szuvaslnsailasldlasihfounmdnluluszuudszanm 10-15 Wit wasanuu W@uihasluns
UfnsofanlatBanandesms  usziduasein  (odowlaldasalsd)  asldiaidumstide
a Ada A a A \ & = & A a A a & '
flfIadau 9 Nifeduegluih uazlflwunaBowlelalasitenasautSinmaasinfinasniaat

by v o oA a > ' @ A A oA o v v v 9 va o
lwih  didsliaaaiuandwagasszmoazdnngiufinies wRedildldld daslaildined

=}
NMELE)

4.3.2 MINIZLRINGEILARITBILLUNE (Batch cultivation)
& ) “ 1a & o a o o A A
lumawzidgsuuune  Igszuunsdfnsalasnoazibualudaten 42 usz 4.31 @wams
g & \ v 1a & o g & & . Lo
wnziRpaasmIoges F1 asidludslfnaal wisunslawuzevesimadaaswing H. pluvialis
Aa % % a % 1 [ 5 € 1. A AAa A a >
ANANMUTNTHINAWYINNY  0.2x10° Laasalanans wialszanm 10% 2ea9U3unauednsg

Ufnsol laslanemadiiinnuesi

Fasmpasiuiionmdalnassdafuiaimelnain (AJ/A,) 321319 0.1-3.0
- whamearsufanseulessnladanudutu 1 % laglsuas AsasiSmaan
(superficial velocity) 14524 0-2 LoudiuasaaIug
- ﬂ%’ummL°1°T3JLLaamﬂumimaaoag’iuma 10-100 lulaslualWaaudaansnauasee
AIwn
- muquqmwgﬁaglwﬁ’m 2515 94FALTALTUR
wazlugediums  ImIanaiannunmwinuadmastaziin lUAeTzd auseaiduale

AMANKIN

4.3.3 MaWzResRdLimnwLUUAIdoLias (semi-continuous cultivation)

mawsasuuuiiiiadldsuudnljnssinaneandoaluiadedl 42 uaz 434 Tasvhany
A201ATLUULAANZA BT WA s UM Tz B ssuuun:  luaaefivnnsamataanunminin
Powas wuidimasnisussanwmaluszuy  WrmIlsuenusudusasemad naldiindy
02x10° L TasdoNasaNT I@mm‘sgﬂmsmmnauﬁﬂﬂ wastdnE3ams F1 lnsinanunud

ﬂ‘%mmlﬁwﬁg}@ﬁﬂﬂ
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44 ‘szuumsnizﬁ%msama\luaamwﬁuﬁu

wianfiluiatof 4.1, 4.2 uaz 4.3 "l@Tﬁﬂmsﬁﬂmmama:ﬂ’mww:l,ﬁrmLsﬁaﬁﬁ;aa’mi’m H.
pluvialis luszpzimasmdvalildanunmuinuszdarnaaiaiaulaaudanud Tuaou
@ia"lﬂﬁamsﬁﬂmmaﬂnzﬁmmmuLﬁamﬁmﬁﬂﬁmaﬁ@amﬁiw H. pluvialis \WRBUWENIWAN
wwaasdednmaliidgizosdad Walwimssuanzimsuesmuanfinduanluaas laslu
mMinaastit wiimamsisndSonfsusnitimamsisientesfidns  (outdoor
conditions) ﬁ'uﬂ'mww:l,‘gmLmaﬂuﬁaaﬂﬁﬂams (indoor conditions) é’um@ﬂugﬂﬁ 44-46
muwwuﬁmuaﬂﬁmﬂﬁﬁ'@mi LHwnslaasdfnyaisfiaianmauuunsiy (cone
bottom bubble photobioreactor) US¥1@5 1.5 307 ¥unanlwaefiadn misnan (Polyethylene
terethalate) (14 8 UAzgd 32 LEudluas) wWwhatmeansduanvenslfnsal laglnariue
AILANIATINITING (flow  meter) @iamﬂﬁ?mzvlmNmnﬁwg&é’amammu WAZAINIBINELBLA
(022 um Gelman filter) awsaU tersaFISaluiunaneme lagldusssssuman
UASITBINE UAZFIWTLMINAnetNzA s Ul fiiAns (indoor conditions) fsulfnsal
ﬁlﬂumnwm‘gmﬂszﬂauﬁaUﬁ'@ﬂ@ﬂszﬁﬁjﬁ@Lﬂwmmmmunﬁ51 31103 1.5 §a3 (cone
bottom  bubble  photobioreactor) fivUfjnyaiwiaiiania U313 2.7 893 (bubble
photobioreactor) LLazﬁdﬂﬁﬂitﬁ%amm%mmLmummmﬂ%ﬁ@maﬂizuaﬂLnga 1301613 2.7
8@3 (cylindrical airlift photobioreactor) LL&@ﬁlﬂ%ﬂﬂiw@aaaﬁﬁauamﬂgaanamuﬁ 18 Az 36
Fad Faazvmstasamiduinsesdadidnsal Tasanaduussausadiuldlaonsysu
sezverzninaee InfuArduiriwesdad fnaal Gsanansnlfiadesiie Digital LX-5 Lux

meter
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7z

/

A =i o v 6 0 .. a [
3N 4.4 gamsneassmantoniliioadyamning H. pluvialis szausswagauouiin Tuds
Unsntriianhomeuuunsdy U3unes 1.5 8as Ahmamwiziiosuandasdjuans
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A A o v [ ' . g a g
37U 4.5 gananasaimuntonihliioadaasmig H. pluvialis azausswagauouiin Tuds
Ufnsoipfiahonmeawuunsie Y3a1a3 1.5 fa3 ivmawizaesludasdfjians



45

(n) (2)

P = o @ & ] .. a o
3U7 4.6 ganInasaimuntonihliioadaasniig H. pluvialis szausswagauouiin luds
UfnsaldimwiBiusiuuuamasnsiansinszuanumwigd U5anas 2.7 8as (n) uaznsufnaol

wiaome Usnes 2.7 a3 () dnmawnziaesluiosdiadnns

4.4.1 MIe3uNaIUnInt

lidaasszuudsfnssimuneasdoaluguil 4446  @whasludsgnsafanldianasd
Faamawzans Mmimiafedeluluszundsfrsallasldszunlalowdn Ul wszundszanm
1 dalus fAdanmslna 200,000 HaRAerdewd  uazithamerudnsasa e
sz 3-4 Talus amdalalaufionddluszuy

4.4.2 mawzLRgaLTasarIelasinswizfgsnanieslianns (outdoor conditions)

®  ANBINATIANULT T UVAIRITANANT

o 6 1 a 6 U . . o =S

Wrasa e luizuzTad 91nT89038 Nylon filter (diameter 10 pm) waztinuLIaang
AUINRZANANHIUTZLUNISTNAAFILDAUK 130INIFNTONRITRIAILAMNULTNTU 5, 10, WAz 15

i
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®  ANWNATAIANMNITNTUUAILTAR
daaaaInieluszusdad u1na9aa8 Nylon filter (diameter 10 pm) LATHNEITAZANE
ANMNTNTUUBILTRRLYINAL 10, 20 WAL 25 L¥i1 lagiaaa19a18ii8a1aN{I %Iz uUNIiNee

a A o & a 2 5 €1 A Aaa
auaaﬂu’tumsazmamL%aLiu@m 1x10 LTRRABURRRNAT

2y I3 ) o kg o a en . "
4.4.3 MILNIELR El\']L‘D’ﬁﬂﬁ"l'ﬁ?']UI@U‘Y]']ﬂ'ﬁLW']zLﬁUﬂluﬁaxﬁﬂgﬂﬂﬂ'ﬁ (indoor condition)

®  ANBINAYDIN UL UTULRIADAN VLT NTUVAILTAR TN
dmassnwneluszosSad aansadseas Nylon filter (diameter 10 pm) lasldwanis
{ ‘é v Q v v U
NARBINANZINTILANNAITD 4.4.2 (HEVBIANNTNTUVBIRNTEINNT) LASHNRITALALANN
NI U ILTASLYINAL 10, 20 WAz 25 111 lagtaaa19e8uRLaNaNHIWIZULNIRNAaFI3a1%
o X A o 5 €1 A Aaa o P =< ° o o
Ia1382aN R TDITUAY 1X10° LTARAANARAAT AMNTNULRIN LT INTANE FinlauUTusiuin

%SGQWQSBLS?{L‘U%GT 0, 2, 4 llaz 6 Baaa ANRAL

o AnwnavasanuTuLsmdaaNuTuTuwIaLTaiNgNIaNg

dusasnieluszuedad 1nseddas Nylon fiter (diameter 10 pm) lagldwanis
NARBINAUITFUTI [FANNAITD 4.4.2 (HAVBIANUTNT UV ILTAR) ULTAANNTDI LN
@ & A o v a A A v ) @ A
Moinara1aNHIBITUUMIMNIaFII0U % NaNuEUTH 5, 10, Uaz 15 111 anuLTuwasn 1Sl
midn lasdiudmwiunaaangaalsioud 0, 2, 4 uaz 6 Waaa ANAIGL

P a6 &
ANBLRG: UN 4.7 LLﬁ@GL‘Hafﬂ%i$U$"ﬁa@]LLﬂ:ﬂ’]iﬂ‘iﬂdLsﬁﬂﬂ
—_— q

. B e,

sullillilllllll LU

UM 4.7 \wasamnIY H. pluvialis luszpzBaduazusaIniniadisasais Nylon fiter (diameter
10 ym)
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4.5 MIINAFITUDAAUT N

{ % ' A ' F— = A
Lﬂuﬁmmﬂuﬁmmmaammu‘ﬂu‘wumnlmsﬁaﬁﬁ;ammm H. pluvialis TINRITUOFALTUNAY
1l g’ a 1 I~ 1 a :‘!Vd % {d‘ = t-ﬂl =S
azauagizanm 0.5-5.0% Tagsinnin 2819 3 AMUENRILTRA RN TR AN AW TILINNAZ A
RIDRNARISLARALTUALDANNIANNLTA é’oﬁfuﬁaﬁiwmﬁ%’ﬂﬁ'ﬂuaﬁmLLazﬂﬁ]ﬁ;ﬁ'u ﬁlﬁ"ﬁaga
WNEINUMIRNASITLORAUTIUAUAIDITAN §  1T% aNAFI1IA86Naza8 ’FNAAI8UUWNT
v o @ @ o . a a & v @ Aawv o A o
gnanmelaanuan wazananeldan1eingfedads wananuLE? 89898 UINRIITN
o Aa ' A ea Ada saa A A Ad o ' o ' A
msaﬂ@]msmqmmmﬂwmmmaaaoumdmﬂlﬂﬁ’sﬁﬂuaﬂmuammﬁmnmamoﬂmfma aar]
o A \ [ o A A A \ [ ad v o aad
lgaaululasangislunisana waznisitadwniaizossiglunisane lagdsnsanaaiu35d
{ a { IA o L= Qs
ARLLATALRIIENANARUANUDTIFINITOVNAIUNILTAALARINITDRNARITINNA LT a s
aamjmﬂuan"l,@'f wananhgstgiulszsansawlunsanalauniasns  luwaneNnsanadig
{ 1 L a v J 1 = a Qs
aawlulasangrslunisanavzndaanuTaninnuluaagatisriasinaztiannuawniy b
& o o = = & , , - & P o &
LTRAYIN MALLAN ﬁmmmmmmimﬂmsﬂmsﬁaaaaﬂgmﬂuaﬂamwmm NIz TN Lo

Tuwdlsiianitas TriSumavinazauitas LLazlﬁé'@]swnwsaﬁ'@msga

ae A £ A ~ o A A o
NIV FIBRRILTWAIIHIIANIZ RN RN LT LN IRNA SN TLA A LT WAL N L9 L6l
ﬂ%mmmmaamLLsﬁuﬁuu'mﬁq@] TagSauiaunuATnMIanaLLuaILaudaa ’3%m‘§l,l,°1m%aﬁju

ludaviazate (Maceration) uaz I5anadiogaguniniranias (Soxhlet)
4.5.1 NUNVDILOFALT WA

Lsnaari]iamv\iw H. pluvialis LLﬁaﬁmumim:ﬁmLﬁa Aawianlgarsiulilunuis anil
Uszano 5 adeaaldus vivailasnsiiananInuaInlatnd avinasaenltlunninasss lawn
nuas a:dlnu oxdlaw uazesdlalulass uaztuniuas srsuasausuineIIgIL AN

a £ o o & a . .
U3gNT 92% lElumarhnamanaigiu dadeananuisEn Sigma-Aldrich
4.5.2 IPMINANDI
4.5.2.1 A5nuwiaguludariazaty (Maceration)

TITadamning H. pluvialis 0.1 nTW 16&6101%%@3‘1]%1&%%1@ 125 JaRaaT 9299298z
133105 10 Jad8aT ’Ldaﬂummgﬂ%mj ﬁﬂ"l,ﬂmovl,ﬂmnﬁﬁmuquqm‘ﬁgﬁ 30, 45 WAz 60 89¢
a o > dl [ 1 1 =3 =1 d' a s o |
wadoy anuiey szoznanllunaiaaglugag 0 89 60 Wil wWasusladazaodu w

= & A o A [ ~
NI LANNIKAR DT Le b baTa wazasdlan lagaiulinllun1IeaaIugaIadnnsnen 4.1

AaIMNHWNENINENA lanTaUNMNINNTEIHIBNTZAHNTBIULLL syringe WA 0.45 lulasiuas
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ﬁnﬂﬁfw,ﬁumiﬁaau'wﬁmaﬂé’lumm%mﬁqmﬁgﬁ 5 e TRLTUANaRIINITILATIZRAY
HPLC

A13190 4.1 gz N RN TLARMUTWARA8ITNNTAS 9

TnsEna aannd (°C) LI (W) fvinaza
LUNIWAR LANNIDA 8D LA bk baTa
Maceration 30, 45 w8z 60 5, 15, 30, 45, 60, 75 ax 90 o
uazardlan
Naalfeauasdain - WNKaa Lenmuea avdlabulass
Soxhlet : 4 T21u9 .
azAY uazardlan
LUNWAR LANNIKOA DT L1 LATR
Ultrasonic 30, 45 ez 60 5, 15, 30, 45, 60, 75 L8z 90 ~
uazazdlan
30, 45, 60, 75 WA LVWAR LANNIRER DT LA L1 LATR
Microwave 5, 15, 30, 45 uaz 60 -
78 uazasdlan

4.5.2.2 anadogagUninisanian (Soxhlet)

TUTATINTMINY H. pluvialis 0.5 nIu laaslu thimble cartridge u&12191idmnan9za97a
qﬂﬂitﬁ%a@iaﬁum@ﬂamm@ 500 NARANT ﬂi:ﬂau*’q@qﬂmtﬁrﬁﬂﬁqUﬁ'w,l,a”’sm"l,ﬂfmvlﬂu
qﬂnstﬂﬁmmﬁ”au TLULIRIUNIIRNG 4 T2 109 TaUNTENIAINASRIUFINLLE WRIIINTEL
A o o Af o A & A o ' °
WRLUAINazaaN L% Lun1was LaNues  axdlalulass Lazasdlan aNa1ay daNiin
T MUVIANAVNEHIUNTEANBNITBILUY syringe VUIA 0.45 bulATNaT LA ALENINNTaI e bis
= d' a =) 1 o a 6 v
1eFTNanni 5 asenaifoatiaurinisianzidis HPLC

4.5.2.3 FNAILARWLARBLFES (Ultrasonic)

TUTARINTNATIY H. pluvialis 0.5 N3N ldasluzradmamia 30 Haddas udanhluneliasmnans
Ypignaniianauinitolie (3% 275DAE W19 23.5 TN.x13.3 TN.x10.2 a5 )89 b 270
Tad manaaaslusdiuilazdrgunninltlunisana 30, 45 uaz 60 aseoaifos Lanldluns
gnaanlugi9 15 8990 wifl wasuavinazaenlmdu wnuea tennues axdlalulasa
A o A o A A N
wazazdlau lapdrudsnlElunInansiuaaidannaef 4.1 uazans9n 4.2 uaasgmantidves
MvnazaanlElunsanaaladwnital®es (ultrasonic) RRIINNUWENENTN l9NTBIHIWATEAN Y
NIBINUY syringe 1@ 0.45 lulasuas nuwAumIinsadldlumaimngunnl 5 aam

walisananinnIIaNeRals HPLC
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P wn o o P o o A A A .
AN 4.2 QmaNU@lma\‘i(ﬂ’mﬁazmUﬂl“ﬁi%ﬂ’ﬁﬁﬂ@@’lﬂﬂaumuamm (UItrasonIC)

Dipole moment

Type of solvents ©) Surface tension (mN/cm) Vapor pressure (mmHg) Viscosity (cP)
D
Methanol 2.69 22.6 127.05 0.6
Ethanol 2.87 23.7 59.02 1.2
Acetonitrile 1.66 19.1 88.47 0.38
Acetone 3.92 23.7 229.52 0.32

4.5.2.4 gnaaluaanlulasiin (Microwave)

TUTATINFININY H. pluvialis 0.1 N3 laaslunszuanswia 100 Aaddas lunmnasasdiui n1s
naaadnikasazlinszuanfuridnsuladlasne 6 naea l&a¥inazauUsNIgT 10 Aadaaslu

. A o a & A
LERTATIUANDGI MGIA LUNIWER LANNIUDA 8D LA b baTA UazasDlan

nnmanasaslimsalu 60% vasiaslngiga 1,200 Tad wazldiaanlum st unes
punnAszunm 2 wifl nmﬁlﬂumiaﬁ'@ag’iwﬁm 15 £14 60 Wi LLazLﬂﬁwqmﬁgﬁaglwﬁN
30 9 80 avrTadus laodudsAlelunTnasasuaasnianTof 4.1 wasantwash e
NTBIHIHNTZANHNTAILUL syringe 1@ 045 lulaTuas niwfusmsfinsasldluinadand

aqmvmuﬁ 5 4L TALTURNaRYNINTILATIZREIE HPLC

WUIULAG: PNIINARAILARITURINIRNAUL I T UREIFIN  Aa FIRLINHIAVINazANEN
e

mmsnaﬁ'@mnmammuﬁu"[ﬁu’mﬂq@ LAZRIWN T L TAINaz AN I NRINITINARITLARATLLT
ﬁumnﬁq@mlﬂ? LNANIANEIRILIAN LLazqm%gﬁﬁmmmaﬁ@mmaamLLSﬁuﬁuVL@Tmnﬁq@

dald lagluudazaiunrinnminaaas 3
4.5.3 MIATTAAUTUTHRITUO IO LT

"3Lm’lzﬁﬂ‘%mmuaamLLmuﬁuﬁvl,ﬁ@T’aﬂ%’ﬁimuﬂmﬂﬁwwgmmmga (HPLC) mosaifildde C18
WA 4.6x150 mm G2vNAzAELAAawA (mobile phase) Ao LMMARKENRUINEGATIEIW 95:5
lag5unas Gefsamslvne 1 Dedaasdawd USunmsnsuasauanini laaasudas @i
azmalLﬁﬂumnﬁyuﬁlﬁﬂsmmaammaamLLmuﬁummgmmaaLwiazéffaﬁ'm:msl Tun1smn
ﬂizaw%ﬂwwluﬂWiaﬁ'@ﬁ]:ﬁwuwLﬁUuﬁ'uﬂ%mmmmaamLLsﬁuﬁuﬁy’mu@ﬁag’luawiw%mﬂﬁ
nmitlgaaululastngislumysialaslfesflawdudiazasanaanamninsnaioduing
ﬂﬁWEﬂﬁ 4.8 LRAIANUTUNBETEHIIANUATENTINAINLAS09 HPLC AUUSHNmaTuasaLmn
fn lasosianduaslSunmmsuasauawinisnaladiwimanaunsn (4.2)



astaxanthin from the extraction
Y%recovery= x100

total astaxanthnin thealga

Area x 10°(HPLC)

0 = | | | |

0 5 10 15 20
Astaxanthin concentration (mg/l)

gﬂﬁ 4.8 ANUFUNWTIZHINAWNLANTIINAINLATEY HPLC NUUSUN AR IO LT

25

50
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UNN 5

AanN1INaaag

MIHAAUBFNUTHTININYAF1M318 H.pluvialis SNAKINNTT
g I . 4"11 YA 1a o @ '
izlRgEaagadaa M enlullIImann 9 (s 5.1) da
AIEMINTTARAIRUIIMUTHTK (WI12D 5.2) UAZNITANAATS
wasauTHAinaanINIAAYaIaEIMILR (Wil 5.3) Unites
TananateanzimancandInT UM IAL IR LT na DK

A a
iaMwaaNvaciaga

{ ) [ g 6 1 . e
51 ﬁm’;:ﬁmmzaummum‘smﬂmﬁmmaaagamvﬁ'm H. pluvialis ‘luswzmammﬁﬂ

(Vegetative motile cell)

5.1.1 a1semsiianzand msunm i uiulavasisadgasd ning H. pluvialis

msmaaﬂumuﬁazﬁwmsﬁﬂmLﬁammimmi*ﬁmmzamiamil,ﬁtytauiwnaoqamm'w H.
pluvialis Tugasffimaasyidvlaluszonmasmdoiwiorianaiin (Vegetative motile cell) lag
"Loﬁ”v‘hmimaaugmmiamﬁﬁg&ﬁfu 9 §A anuileinmssnadsSluunenadmmsens § e
M1 (Feng Chen medium; Chen F. et al., 1997), OHM (Optimal Haematococcus Medium;
Fabregas J.et al., 2000), Basal medium (Hata N. et al., 2001), F1 (Kaewpintong K. et al., 2007),
CHU (Modified Chu media; Fabregas J. et al., 1998 and 2000), BBM (Bold Basal Medium;
Fabregas J. et al., 1998 and 2000), HK (Hong Kong medium; Zhang X. et al., 1999), M6
(Xiandi Gong medium; Gong X. and Chen F. 1998) .8z BG-11 (Dominguez-Bocanegra A.R. et
al., 2004) aaﬂ‘ﬂs:naumaag{mmmm@iamﬁ@Lm@ﬂumﬁaﬁ 5.1 Tumsvimsnanesit azviims
LWW:LgmLmaﬁﬁ;am%iw H. pluvialis Tuuauiala (Duran) 2wa 2 8as dufiwnsuuune (Batch
mode) laslharmenauioasuenlasanlos 1 wWesiaudlasdSunas sasuslunsith
21me 0.4 lrudlasdaimy (@adusasnmslna = 38 Qﬂmﬂﬁlfﬁu?uwm@ia%mﬁ) LATAINY
uugs 20 lulaslualWaaudeasawasdedmil wansnasasmaaigidulauaasanmngy
71 5.1 LLa:m’m%mLLuumaoLmaﬁgaq@LLa:éVmﬁmiLﬁryLauim‘hLW’]:LLaméTaﬂT]wEﬂﬁ 5.2
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Component (mg / liters)

OHM

BBM

Hong
CHU BG-11

Kong

M1

M6

Basal

Modified
F1

KNO,

NaHCO,
NaNO,
NaH,PO,
Na,HPO,
K,HPO,
KH,PO,
MgSO,.7H,0
CaCl,.2H,0
Ca(NO;),.4H,0
FeCgH;0,.5H,0
FeCl;.6H,0
FeSO,.7H,0
NH,Fe(CgHsO0¢)
CoCl,.6H,0
Co(NO,),.6H,0
CuS0,.5H,0
Cr,0,4
MnSO,.5H,0
MnCl,.4H,0
Na,MoQO,.2H,0
MoO,

SeO,

H,PO,

H;BO,
ZnS0O,.7H,0
Na,SiO;.9H,0
KOH

NaCl

Na,CO,
EDTANa
Beta-Na,glycerophosphate

Tris-aminomathane

410

30

247

111

2.62

0.011

0.012
0.076

0.989
0.12

0.005

250

75
175
75
25

4.98

0.49

1.57

1.44

0.71

11.42

8.82

31
25

1,500 300
12.6
8.5
35.5
30
8.7 400

37 75 246
37 36 73

33.5 6

8.3

0.02 0.0005

0.02 0.008 0.012
0.016
0.0126 1.8

0.0126  0.021 0.001

0.62 2.8
0.044 0.22
284

0.003
0.014

200

500

195

61.6
183.8

20.9

0.05

0.62

0.85

0.07

0.12

0.72

18.6

1,778
1,500

1,231
3,676

417

4.76

62.42

84.51

7.26

12.37

71.89

372

100

400

150

196

360
25

22

1,000
50
5,000

410

30

16.41

9.78

2.21

0.0078

0.008
0.05

0.08
0.06
0.036
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Namim@aaaLL&@@IﬁLﬁ%dﬂﬁﬁﬂWﬁg@i OHM iugatamsiminsaungadmniuns
wigdulavasmaiaaawing H. pluvialis lasmawnzidsdluszuuama 2 §a3 ldanammwuin
[ 3 4 € 1. A AAa Q/ a Aa o [ ' %
VBILTANFIFA 55x10 LTARANARAAT LLa:a@mmsmiQJLmﬂ@mwa:maalfﬁaaqaq@mmu 0.59
doiu 70984N1AIIAMITEAT M1 AlransdiwnslnalAgsny OHM Aaanunuiutiuues
6 1 s 4 € 1A AaAa Qs a a o ] [ 1 dll
LFRALYINNY 30x10 Lraadalaaans uazaaMItasaLdulasinie 0.50 @i §IUENIATHITOH
a o o =g o & ' & 4 &
9 REIAAUAUHANIIAZLAEINI T §1701W1IFAT BG-11 (ANURWILUUVBILTAN 2710 LIRS
Aalladans uazdnMasLAulasiiwiz 0.51 dad) §1997%13§A3 CHU (ANUNIILEUD Y
4 I A Aaa (> a a o @
LTaR 24x10° LTARGBANAAAT UazaaTMIaTLAuladunz 045 dalw) §139113§a3  HK
' & 4 €1 A _aa [ a a o @
(ENMURIUUUVBILTAR 2110 LTARGENAAAAT WazaaTIMIeIaLduladiinig 0.50 daiw)
1 4 1 =Y aAa g =) =
8138193505 F1 (ANMURWIUUBVBILTAE 2010 LIARGadaAAnT wazaamnIaiaidule
o 1 a é 1 ¥ 1 e a a o 1 s
TN 0.53  6iaw) mlunﬁguﬁmimmigm F1 ﬁmamwmiwﬁyL@]uimmwngoq@mwnu
0.53 dad agndlshany gmmmimwgmﬁmﬁaﬁuwuiﬂ&immzamiammﬁruyLauimaalfﬁaﬁ
1 .. P [ ] & o o & v
ARG H.  pluvialis a9 la AN URUI LUV ILTARNNIN A95 §1987%13§A3 BBM 14
' 4 I A Aaa o a a ° @ '
ANMURAWILUUVBILTAE 3x10 LTARANARANT WaLAAIIMTsYLALlAsIWIZ 0.35 dalu &%
§1391%1I§AT Basal WATEIIDINIIFAT M6 ‘wmfﬂLﬁmﬁﬁgaa’miwLﬁmulﬁuimvlé)’lajal,l,azﬁ]:@iaﬂ 9
Suaeluiuden Fliddanmuaiyduladunzvinuaud
d' a =< d' v Y 2 =3 I p.l' s
WaRsanfanaN ladnsan §178719113§A3 OHM JaduasormsnnunzauLa lasy
v o o o 9 A ¥ ' .
Wenlwihanlflunsnasasdald (Wade 5.1.2) Sadumaiwnzieasadaasning H. pluvialis
luizuuﬁdﬂﬁﬂ‘itﬁ%’m’lwmﬂ’lﬂﬂﬂﬂiﬁ@ﬂidﬂizuaﬂLLu’Jfﬂ\‘i (Cylindrical airlift photobioreactor)
210 3 Uaz 17 aa3 el lagaziinamimasadn lasaidIsuifisununanisnaaadlas

]1391%17 F1 muﬁﬁiwmulu Keawpintong et al. (2007)

51.2 MaWIziAIEasgadIing H. pluvialis ludsdfnsaizanmBeuasuuuainidan

%ﬁﬂﬂiﬁﬂizuammiga (Cylindrical airlift photobioreactor)

mynesasluideihiunmsinavasmsomsfildnnmmesssduindednedu  diudanein
M301M13gAs OHM wvhmsmnzisdluszuufifawnalnadu Tagldvnmamasasludsfnaol
%’Jn’]WL%GLLaGLLUUa’m’lﬂﬂﬂ"ﬁﬁ@ﬂidﬂizuamm’sE;’Jm (Cylindrical airlift photobioreactor) 1#41a 3
503 uwsz 17 de3  ewsen  meldanmemsduiunmsuuunslaglionmefinsu e
asuawlaaanlos 1 wafirudlasdSunas aasslumsithenna 0.4 udinasaadwf uay
anuduuss 20 lulaslualnaoudaaauasaedwi a1ufl Keawpintong et al. (2007) 'l&
LEua by Namsm'%tyLauimmaamaﬁﬁgaa’miﬁmmmé’omwﬂgﬂﬁ 5.3 &MIUHNANINA8BINTINGL
7i 5.4 \umafSeufisunareia301m39zRI9gaT OHM uaz F1 BauaasfannunmILn

PadLTasazanMIaTyLauladiwz
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HANINARBINNATINIUN 5.3 Uz 5.4 usasliiiudinanaaiyidulavasaasming

H. pluvialis TuasdfnisiTrinwidussunuaimeasnsiansinzuanuuigs lagldmsamigas
[ L% é 1 o a g a

OHM Lﬂ%m_lLﬁﬂﬂﬂ‘].lﬂ']ilﬂja’]iﬂﬂﬂ’ﬁig@ﬁ F1 3wy Nﬂﬂ’]i@ﬁL%%x‘i’]%l%i%ﬂﬂﬂﬂﬂﬁﬂiﬂiuﬂﬂ

aﬁﬂﬂﬂﬂﬂiﬂﬂlﬁ/ﬁﬁiaﬁﬂﬁig@li OHM ﬁﬂi:%ﬂ%mwslumﬂwmﬁm@‘hﬂiﬁm{bﬁmimmigm F1

agﬂ"lﬁéﬁfr
SEmsImzLaL Ui la fsnsofiinwunuaimesn
PUATEUY (8617) 2 3 17
TUARIIDINS OHM OHM F1 OHM F1
ANRIUMWTRSgIgR  55x10° 55x10°  90x10°  25x10° 2810’
(VIARGBNARANT)
sammaasgduladuwiz 059 0.39 0.45 0.39 0.38
GRE)

Namsmaaaf:uamwaasmﬁﬁﬂéﬁﬁmﬂﬁ 5:UUﬂ1§LWWzL§ﬂaLﬁnaﬁﬁgamm"m H. pluvialis
ialigninauazasnadomaatyiivlavessasgamninsninninavaisiassamis BIua
ﬂ’ﬁl“ﬁﬁ'ﬁa’m'}iﬁ%q@li OHM  uazg@s  F1 wulinamaesaiulad livandratiuuniin
Tasianzedbaluszuvamalvg 1w szuvawa 17 fa3 BoluniiudeRensanssdusznay
PBIENIOMNIFAT F1 Uaz OHM dauaasluasedl 51 wuhddudsznouvasasiadf
willontuuasdvTialndidnriu  snuesddsznouvasansefisassfiafifiUSinauansdneiu
athainlatada MgS0O,.7H,0 Waz CaCl,.2H,0 %omimmsqm oHM 1#luSanmfannnin
m3ev3gas F1 1feu 10 i agnslsiieny mafildFuusadliiiuinmsarms onm Talelvna
masdulavay H. pluvialis ﬁﬁﬂdwmsmmsgm F1 agalnpdamy é’aﬁumﬂ%mmsgm
F1 39flanumanzauninluidvesnsswimnmsassgansas

fMWILEIBIMNIEAT M1, CHU, HK Uaz BG-11 wu WlduidenieRinnsan desn
Lﬂumimmsﬁlﬁé'@ﬂmsLﬁ]‘%tyLﬁﬁﬂ@rﬁ’]wa:ﬁ'wndwmsmmigm F1 wananigsfinnadudan
lui”'umaumim‘%ﬂugmmimmsﬁo 4 ;gmf: esndndudesfituaaurimalsuaninana

& , ~ o & \ o 0 o A . P o,
WunIa-anatNadsuanIIaragvedadnlsznauediy 9 M lmrosdanidwianladng

5.1.3 MIWIZLAB9YaW3Y H. pluvialis Twded fnsaidrnmiBeuasuuvaimeenzite

L3 U (Flat panel airliftphotobioreactor)

o o v & ¥ o 2 A o @
Nﬂﬂqiﬂ(ﬂﬂaﬂluﬁ?”ﬂa 51.2 LLﬁ@\ﬂViL'ﬂ%'ﬂqizuu‘f’l"ﬁLW'}zLaﬂ\‘]Lsﬁaﬂgl'ﬂu@nLLﬂiﬁ%ﬂﬁﬁﬂ'ﬁqwﬁqﬂﬁy

1 Aa A 6 1 . . & [ Aa Al
@lﬂﬂWSL'ﬂifyL@UI@TQGL%GQ?Q&W%T}U H. pluvialis %aﬂ'ﬂﬁﬂ%%gﬂﬂi\‘lﬂlﬂﬂﬂﬂﬂ{]ﬂim“(ﬂﬁ%ﬂ’]i
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ﬁ’ 6 ] . . & a o d' 1 ] a a 6 1 [
WNZIRBITRRRIRTIE H. pluvialis  \DuBndudsnadinadaniaiyidulavadadisun
o & N v 1a e ' @ o A& &
asnulumInaaasidsldvihniseanuuugdnsiesnsdjniniiuinlng - losdiearduiuginadd
anuidnvastaljnsaliimwidusiaimeasn  nfldtadjnsaliinmwidussanmeaonaiia
NINTZVANUWIFI (Cylindrical airlift photobioreactor) lun1snaasdaisrian Niidyminisvens

{ ) { A & ) ] ' ' a a
PNALEINNULNAUVITTULANIUMNANNFITaInaaNY  Tianadsnadamaatyiulavas
maﬁ@aa’miw ﬁﬂﬁma&?&;amm’wmﬁqLauim'lﬁlaja Lﬂ‘&‘&lumﬂugﬂmmu’ss:mu (Flat panel
airlift photobioreactor) LialAau1saLANIMALGIE (Scale up) LiadaINSANARINIIHEA LA
laSanmaasanndu  lagmsinianiziuanuevesszuy  SInmssgpwensdjnant

dq‘ [ 1 Qs et dl et a S'dl =)
sunsitazlisonadeszauwssaunmeluszuy  lasfivwnevesanlfnsainltlunmenssdia 17
a613 (mmﬂLﬂwﬁuﬁaﬂﬁﬂizﬁ%amm%au,mmmﬂﬂﬂ"ﬁﬁ@mam:uaﬂLLmqa (Cylindrical airlift
photobioreactor) LNaazaIn M TUTOUABULUIZENTAWATIAZIAES) WazTUwIa 90 Aas (WNa
NARAURUTINUSMIGWAUINUDBIITZULIWG A D)

lumneaasazldmiemnsgns F1 vimuwzisasadaaawing H. pluvialis lwi
UGnIntTinmwigsussnuuamaensiaunwiseuiy (Flat panel airlift photobioreactor) w1 17
893 uaz 90 aas eueau laslavinsAnvnavassasinivuwd lldamadenunliana

(AdA,) HaTa98a 35NN (Ugy) WazaMutungs (1)
5.1.3.1 navasdnamiwi laliannadatiniliarne (A JA)

mIfnwNaTasRasnnui lildameadadunliaimea (AgA) ndadsniandenusanyln
v 1a & o = o A An 9 o & A9 A
szuvasUnssiunuamesn lagyimsinsndasiuini ldldemeadeiui ldaime (AgA) 7
3.0, 1.5, 0.8 uaz 0.4 gwiay wazyinmsensSouiisunuaslnsoiviia Bubble column
) P & A ¥ ' Lo o
(ladldlaunuluumaszwuni) Saannzlumamzifouaadsming H. pluvialis aansnaiydle
aaft ;IewIges F1 ldomeanaufiaarivenlasanlad 1 Wesioudlasd3anas Wemead
ANALTI 0.4 LrwAlasaaIwf wazanuduugas 20 lulaslualWaaudaasnauatdedms wa
MINANBILAAIGINTINIUN 5.5 wazdanmuatgidvladumnzuaasainanszli 5.6

namInaasnaasliiini sasmiuililiormadefuildonma (AJA) Alikans
wigdulavesoaiaamwing H. pluvialis §980 A 0.4 (ANURUIUUWTAR 41x10° \Tasee
108803 wazdanmuasyidulasumzwinty 0.52 dedu) sesndefndadiuiiuililwamese
Audlkonma (AJA) Windu 0.8, 1.5, uaz 3.0 MUEGL uaﬂmﬂf:ﬂ'awudwLeﬁaﬁﬁ;am%iw H.
pluvialis Fdammuaiyduladuiiouumasoiludnfnsaluuuidhennia Bubble column)

AILFAI L A1319N 5.2
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= 1 =
8254 T +032
l —+
2 5
5 20 T I 3
c L -
[«5) 4 0.2 [¢>]
S5 3
8 N
10 +
+ 0.1
5 4
0 0
3.0 15 0.8 0.4 Control

Downcomer and riser cross sectional area ratio (Ag4/A;)

U7 5.6 AnunIUUULAZEAMIRIYLALLadUNzIBUTARIRIMINY H. pluvialis 1w FP-
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a7 5.2 MenurulksemasgIgauszAdanmIeiyduladuwiz ludeljnaot
FIANWLBILEILUL N ASNTHALUITZIUIL (Flat panel airlift photobioreactor)

dasuiuildlformede ANURIIUUULTATFIFA sammasLduladuwie
Audldonma (AJA,) (VIARADNARAAT) (GREPY!
0.4 41x10° 0.52
0.8 39x10" 0.49
15 29x10" 0.42
3.0 24x10" 0.37
0.0* 19x10° 0.40

* RALLAG asufnsnfuunihaine (Bubble column)

Ao A AN 9 o A& A9 o v >
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0.4) wiamidAunauliormea (A) niwzlinanaasyidulavesoadaasning H. pluvialis

ad A ad o 9 ' v A
Afga asnnlunsdilt dammivinazesvesnainmoluszunazedn dwaliiiusafan (Shear
o A & AN m e ' & . .. v a

stress) ¢ Taiduannznawizidsan iduduanadeimagaaaming H. pluvialis antin 9l
7 ) & Ay o A & o ' A !

niuu veawaluduwiui lildlienia (Downcomer) fanuiiadandrigs sanaddangaves

wassIsinadInuidussvastalnsal iliiAansdenszasvesazneu wananuu

o v a & o A A A A a A

gidanaliiianisinauvassasnieluszuuluszauniinela (lifaaznan wIalludsumn

daudnatton) waadsdmrinawie ldTuusauuwianugivesszunld advilsfiann iwy

nmInudvessadiiaduaznaunduasvestaljnsaline amadisudgizosiaianuia

o A P & o X 2 A A o Ao

(Immature cell) (Uszanminh 10) hasaniaasazlawmalnginisdlanmanazanununuin
<v a 6 A a &’ A /) o % A o =3 A s o &

Pesn9Unval uazaziiuUTinadutey 9 wlnwgaeninmaiuie (15 ) aasuszuy
> a €A A a Aa o 1 d? A l v ] dy A v

adfnsalTimwidsussuuuanmeasnriiauwiszwundsadiwind dldameadanunlvanne

(AJA) Wae (WAL 0.4) Jalianumanzandamawziasdsadamning H. pluvialis ANNFa



Cell density (cell ml 107 Cell density (cell ml 107 Cell density (cell mlMx10™

s . 1 4
Cell density (cell m[)x10

Cell density (cell mT")x10™

45
a0
35
30
25
20
15

10

a5
40
35
30
25
20
15

10

a5
40
35
30
25
20
15

10

a5
40
35
30
25
20
15

10

a5
40
35
30
25
20
15

10

O Vegetative cell
B Immature cell

O Cyst

60

[

0 1 2 6 7 10 11 12 13 14 15
O Vegetative cell
B Immature cell
O Cyst
n_n n [l H ” H |_|- |_|- [ |
0 1 2 3 4 5 6 7 10 11 12 13 14 15
O Vegetative cell
B Immature cell [ _
O Cyst
n_n [l H ” H H L =
0 1 2 3 4 5 6 7 10 11 12 13 14 15
O Vegetative cell 1
B Immature cell
O Cyst
n_ o [l H |_|.
0 1 2 3 4 5 6 7 10 11 12 13 14 15
O Vegetative cell
B Immature cell
O Cyst
o n 0 [l H ” H |_|- | L—
0 1 2 3 4 5 6 7 10 11 12 13 14 15
Day

gﬂﬁ 5.7 Na1a3 AJA, @iamsm’ﬁﬂuLLﬂaagﬂmamamslmwmaal,srjaﬁqaa’mim H. pluvialis



61

¥ ]
A =

A & o o A A 9 o ' Y

KA IManaINTNILN 5.7 iunsdanavasdaduiui liliemasdeiuiliaima

\ { [ ' =
(A/A,) oM IURBUURINIANHULNNNMENNIBITATIRENTIY  H. pluvialis TIRNBAZVEI

eal o a o A el A P AN o a ) . .
LIARNYINNNIAANATIIAAS 1. Lraaadallafaud la Junaiaaan (Vegetative motile cell) 2.
iradaonagis lfluwalandn (Immature cell) uaz 3. iaaluLUABUFLAY (Cyst cell) INHA
MINAFBINL I T RsuuUadIgaaInnun bldanmadaiunldana (AJA,) hisinaatnei
ndddemMIURBUENHULNINMENNIBUTATIRINIIY H. pluvialis uaziaasIulnajaglu
J28e vegetative cell uazlusa9Iuring 9 PIM ANV NULTAS Ih3z8z immature cell 1119

ati9 3Ny TUWUL T8 FULAILRUARAATZLZLIAMIALLNLY 15 T4

5.1.3.2 HAYDINITLRDINA

& . Lo . . I \ A cAA A A . .
\TRRINEWINY H. pluvialis lugingszes vegetative cell Ut N TAR IR LazlunaLaaa 1 f
o a { { J E2 1 { { U & a =3
FRIUMILARAWN sﬁoﬁmm'}Lsﬁaﬁa;ammwmzmmmmﬁauﬁ"l,mm uengIdaass N
LARawA lUNNNRNLAzaNAAMIANASNaUAINNAI I IWINATY  mMI3lrannaazasnarinlwseuui

1 (273 Ui 3 1 =) =) =)
N7 AR DIV DILARILAZ T NIITNN AT LA AN u,azmﬂLmunﬁLaityL@uImaama&?&;a

1 . . A dq, o = a a a &
Mg H. pluvialis  lesluszuunawlanvnmsfinmwg@nssumsesadulevasoasn
AAIIIIVAINIIAAINIAN 0.2, 0.4 UAZ 0.8 LTUANATAIWN UL FANIZNITINIZLREIAE
f3a11Igas F1 dasuwiui hildomadeduiildanme (AJA) wihid 0.4 (@nmInaasadi
51.3.1) enuduugd 20 lulaslualwaeudeaawatdadnfi wazanut Nt asning
asuanlaaanloavinny 1% lasdsunas Namsmaama@aﬁagﬂﬁ 5.8 LLazgﬂﬁ 5.9

50

45 ¢ Ug=02cms’
40 1 0 U.=04cms’ NN

A U,=08cms" ' 1

w
ol
I

Cell density (cell mL™)x10™
N w
ol o
L L
~\
-
g
- ~ ~ -~
-~ ~ -
-~
o
A Y
A Y
.
kd
4
—p——g— o
. 4
’ . . -
4 4 rl
'z
1
s
. ’
.
.
.

=
o
I
.
[}
.
.
.
.

- N
[é;] o
| |
A Y
A Y
8
Y
LY Y
A Y -
4%
. A
A Y
\
A Y
A Y
LY
.
A Y
A Y
A Y
A Y
A Y
A
A
A
s K4
. ’
Py ’
’
,
* A
* ,
o
1
I’
’
—1
|

ol
I
.

o

Day

U7 5.8 navasdannisliamadansaigidvlaves H. pluvialis



62

50 0.6
45 L % = Cell density
P G - ©- Specific growthrate | |

- w0l : l 0.5
3 ? 5
st e 1 os&
- Bt
€ 30t g
8254 I {03 g
> l 5
2 20 | 2
g 1023
S 15+ a
o N
O 10 + {01

5 41

0 0

0.2 0.4 0.8
Superficial gas velocity (cm s™)
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PNNHAMINARaINLI danmiliermeanimunzaudanmaaiyidulavasoasaasnity
{ a 1 a ] 4 1 a aAa
H. pluvialis fial 0.4 LTUAWATADIWN (ANUNUUKLTIRFIRA 41x10° LTARABNARENT UAL
sarmaaigdulasuwiz 052 @adw)  WanImessdn langaaasadnLwIsLTal
Kaewpintong et al. (2007) Waz Issarapayup et al. (2009) J84a9N1ABEATINNIIRBIMAN 0.2
a A A P A A ' g °
irudlaidedwnf Sawuihdanmaaiyidulavesadaaswing H. pluvialis 8ad18 81992
& a = a o \a \ a %
dunamnanszuuiimmywisusesaanauaznwanidiouiolitne  udlusmifioaiu
Wandannsliemealigeiis 0.8 rudwasdeimi nmaasyidvulaves H. pluvialis nauiien
aaadun esnnidudannmsliomanganniiuly 3ufausaden swalumahaowas
. L A = caa
ARG H. pluvialis TaLdwaaanlenuueuung

a7 5.3 ManurulusamaigIgauszAdanmMaeIyduladunn: lumfinswnazas

2@ T aMa
8@ IRaMA anuRWILLRTARgIRa  sanmuasgiivladumg
(LTBALNATADIUNN) (LIARANRRNT) (#187%)
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5.1.3.3 HAVDIANNLDINUEI (Light intensity)

LLmLﬂuﬁﬂﬂﬁmﬁaﬁﬁmmﬁwﬁmasmﬁwiaﬂm,ﬁtylﬁﬂmaaLmaﬁ‘fqaawwiﬂﬁ H. pluvialis &3
lumnaassitldrimsfineinazasanadunasdng g iu 1Suaoud 1500 aufls 4000 and
ANNIZMTINNZLRLIAD §1307M13gaT F1 Fadmiuilildenmadaiufilionna (AJA,) WL
0.4 (IINMINARLIT 5.1.3.1) dammsliemeyiniu 0.4 wudwasdaiwd nmmasssdi
5.1.3.2) uazanuduturasisasuanlasan loavininy 1% laglianas HaN1ImMaRaILEaIag
nswxlgﬂﬁ 5.10

ANHaNMINaaadf ldwuin ﬂ’J’lSJL”ﬁlLLﬁGﬁﬁﬂ’J’]%Jm&ﬂza&l@iaﬂ’liLﬁ]%EUuLa‘iJI@ma\‘]Lﬁﬁaﬁﬁga
mm’wmnﬁq@ o finnuiduugs 2,000 §nd lagldanunmuduaadgage 64x10" LTARAD
ie8das  wardanmaesmiduladumariiiy 060 dotu  wammesesiilditaeandasiy
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5.1.4 NMINAAULUNIAaLIbBY (Semi-continuous cultivation)

msrmMImasasfiafnsnsndasuudenafiasdumimesaudnanwlunsndaluszuunis
ninrwialng wazdudumsdufiinnundaffanulsznde ralussinmmsldasonmisuas
seuznmlumania lagazrimmenasludafnssionmenn 3 oiia asil delfnsaliinmw
21NAUNTHANIINIZUANUIFI (C-ALPBR) TW19 3 8a7 Uz 17807 wazaslfnInkdanIw
IMALNTRAUWITZUNY A 17 805 (FP-ALPBR) @UEGU HANMINARBINISIWIZIADILTAS
AREMIY H. pluvialis 1w 3L C-ALPBR u,amé'amwwyﬁ 5.11 (a) WAz 17L C-ALPBR L&AIAI
mwxlgﬂﬁ 5.11(b) lagan e mstwzaesie 17819130 F1 Fadmiuiililionmasa il
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Lhenmewinhy 0.4 [uduasaaduf (annsnesasi 5.1.3.2) anuduusarinny 20 lulas
TualWaaudan3aiuasaadufl (Uszunm 2,000 8nd) (nn1Massdf 5.1.3.3) LazaI1y
Waduvasmoasuanlasen loaivinny 1% lasysunas
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17L FP-ALPBR ¢n¥&1au lagszuy 3L ALPBR VL@‘mevxmLLuumaavﬁaﬁgsq@aglumﬁuﬁ o-
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' o A g A =R AV vo & o A2 o = ~ A
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& ' & = a o ° o a v o
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& a v | e & A 4 €1 A Aaa
LsﬁﬂﬂLiu@]uLﬂ’m%“qﬂﬂi{‘m 10x10 LTRNADNUIRRNGT

NN 5.4 @hmm%mLl,u',umaammiaﬁsJLLaz@hé'mwmswﬁ@Léﬁﬂﬁﬁ;ﬂﬁﬁﬁ'ﬂﬂ H. pluvialis Twm3
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5.2 ANENIMANZENTMIUINZIASITARYAdINY H. pluvialis Twszazimaaa

LAIKIBITaLTH (Cyst cell)
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mUlﬁanﬂazﬁvlajmm:amiaﬂ’mﬁtyLaiﬂ,@] (Stress conditions) 174 I U NUTUURIFS
AN TUDIEN TN TN I Tuen ﬁ]zLﬁ@mimﬁmﬁﬂﬁl,ﬁ@miﬂs:@umswﬁ@m‘s%uaamme
n msmaaaluﬁ'ﬁaﬁ%ﬁ”muaama:ﬁmmmmiamsmzé}ummﬁmms&l@a@nLmuﬁuﬁzﬂu
ama:muqﬂuﬁaaﬂg‘jﬁﬁmmamma:maﬁsuma D% AN NTBYIRITENWIT  UINm
L TRRISUAY ARV LA (awzluiasljiansg)

5.2.1 Han1sALRRIIBHARSHadAITRRlasU)nsaizRaene

NNIALRUITWLHEIWH LA ANBINATDINTITLDDAVIA LT UT WLT AR LI NAULAZNITLI0919A27Y
Lﬁuﬁumaamimmmam‘sé’am‘mzﬁmumamLLsnuﬁmaamaﬁagamm'w H.pluvialis nanele
3 a wa a & o [ . . d' v
ama:muquiwaaﬂgummsLLa:aﬂn:maﬁﬁmm FILVNTAR H.pluvialis N HHNNNITNAREY
Tugin 51 AN aNa§aUNITRIIIENITLARALTWAY LALLTRaN LeaINAITNIZLREIHIAI
v o a % { 5 I A Aaa °
IUTUUITARLNAUNA 1 x 107 LTARGANNAAAT LAZYINITI3021981701%T WAL/MIa AN
LAWY D ILTRRRIAI B AN wamimaaaagﬂﬁ%mmmiﬁwa’mLaamLLéﬁuﬁumﬂlﬁam’sz
mim:@j’uﬁmwLﬁufuﬁuﬁmaomaﬁumﬂ@inﬁ'u LLa:mﬂﬁamazmim:ﬁuﬁamwm‘nﬁaam
§130MTUaNE19N% TwasUnsntdinwuuudhaine ama:muquluﬁaaﬂﬁﬂ'@ms LRAIA
AN319N 5.5 AT 5.6 AUAIAL
NRUDINITLIDANILTRRLIN A amazﬁlﬁﬂ%mmmmaamLLsﬁuﬁugaﬁq@nanﬁ
o a v Aa wa & % d' %3 dydl A €a‘ £% ]
auiumsludasdfianmaduie 8 naneauauasiine MR TARINAY 10 1Y
d' d' €1 A % a s 6 6 d'
Uz MR IR UL TARGDAAT) WATANLLNLES 6.5 A laand (MaaaWRaaLILTUA 6 WADA) T4
TWaN Lo ROLTUAY 5.39% ADUIRHNLAIADLTAN AILFAIIWANIIN 5.5 ke JUN 5.14 & YU

u

FN1N RS RIS LA RAN LT UA ugaﬁ gan oldan12en953INT@ (anadiadslunan

9 u
=

AANIIULTZNN 30-34  admILTalToR wazianudNLEd 100-120 Alaand) e ara819N¥inns
Wanawasiandn 10 i1 lagladUsunmasuaaanuouiiv _ 1.56% @asiininue w3a 0.26
A a o 6 [ o @ [ d v & '
AAANTNA0° Loas KAIIN 14 TUBBININIZU GIuaadluzLf 5.15 namnanasuaaaliidui
A ca o v A o @ ea A o Aa Aa o
nadenugasiududeutefienuddy laswasngnideaezlinandluanznlanudy
A ' v [ =] % a J A & ) ,_-j’ A 6
LxigaTazdInalilaaaiinaiasuasausuiiuundu ingiiduwisuiitasannioadaa
838 H.pluvialis azasvsTnesauswinnaldznzn bimunzaulunsaiyidulede
AN1IEANMTUURIFI VIAUARKIITATNT ANNANEY Uaz/mIoannnin limanzaa ludu

v n:l' 1 1 c:lv a dl a 1 . .
lasnulaaa1ien ldmansaunanit azifiaansysznauNisanin reactive oxygen species (ROS)



69

A o X & g v A & vt o & ~ &
Tagnaisluneluimsd sItaznzguindiaivquizasiiinsduanziualifivesd
#ananil Boussiba (2000) leuaadlAiAinin ROS waz 0, 1alduiNeldasnumIasnisans

LARALTWALAIY aendlIAaY mmL‘iTmLmﬁg\imﬂﬁml,ﬁu"l,ﬂmmmﬁﬂﬁ LR LALT N

DC25

DC20

DC10

‘ ‘ ' ' ‘ ‘ +DCC
0 2 4 6 8 10 12 14 16 20
Time (day)

U7 5.14 wavasanudntumadsudunmaldaniiznsauquanaluiesd jidgns denudy
us 6.5 Alaand detSunmmIaiassuasausudis (%): DCC A1UQY; DC10 lIaangTas

A v

3 3J % 10 L¥n (1X10 Lmaamauaaam) DC20 Lﬁ]ﬂ’fﬂ’]dLsﬁaﬂLi&m% 20 ¥ (5X10 LIARGID

o
A v Aa

ua“m) DC25 Lﬁ]aﬁmmammmu 25 1N (4X10 L‘D’ﬂﬂ(ﬂﬂ&]ﬂﬂﬂ@]i)

| DC25
W 152% l/
LI 1-1.5% o] DC20
1 0.5-1% L
1 [ 0-0.5% DC10
- DC5
DCC
0 2 4 6 8 10 12 14 16 20

Time (day)

sﬂﬁ 5.15 NATAIAMNITUTWLTAS TN WA IARAIIENNTITNTA dalSUNNITRIIEITLAREN
4 1 a aa
LU (%) DCC auqu; DC10 Bonamadisue 10 i (1x10" L aRGalafaas); DC20 138

a o ] 3 '
"i]']\‘ﬂﬂiﬂﬂlj&l@]u 20 L¥in (5X10 Lsﬁﬂa@]a&lﬂﬂﬂ@]i); DC25 Lﬁ]ﬂﬁ]’]GLsﬁagLiuﬁu 25 111 (4x10 L‘ﬁﬂf‘?@]ﬂ

ERGIZR)



70

97 5.5 nMaszanLasauawiiulu H.pluvialis maldaniznizduinnududusuduwrasaasuandanuludaljnsniiinwuuuidhainie

650 lux 2.73 klux 4.83 klux 6.5 klux
Units (ambient condition) (2 fluorescent lamps) (4 fluorescent lamps) (6 fluorescent lamps)
DCC DC10 DC20 DC25 DCC DC10 DC20 DC25 DCC DC10 DC20 DC25 DCC DC10 DC20 DC25
Average cell concentration
(x104 cells/ml) 9.31 2.48 2.08 1.49 9.07 0.52 0.83 1.182 8.73 0.99 0.38 0.36 8.46 1.12 0.77 0.52
Maximum astaxanthin
concentration (mg/l) 9.85 44.5 53.3 66.4 17.9 56.8 95.7 104.4 16.19 64 62.5 88.2 21.2 92 77.4 103
Maximum astaxanthin
productivity (mg/l day) 2.66 0.38 0.23 0.19 2.57 0.58 0.42 0.47 2.82 0.77 0.74 0.33 3.82 1.15 0.76 0.62
Maximum astaxanthin
content (mg/1 0 cells) 0.11 0.21 0.22 0.28 0.2 1.17 0.64 0.46 0.19 0.65 0.73 1.05 0.28 0.91 0.53 0.87
Maximum % astaxanthin
(% g astaxanthin/g cell) 0.7 1.26 1.32 1.69 1.2 5.3 3.9 2.79 1.13 3.95 3.65 6.46 1.71 5.39 3.24 5.3
Maximum % astaxanthin
accumulation rate
(% g astaxanthin/day g cell) 0.05 0.09 0.11 0.12 0.09 0.44 0.28 0.279 0.063 0.49 0.46 0.65 0.12 0.67 0.23 0.53
RUBLAG blele; mimmgmﬁann:muqu lifinaienamas IdanududusadSudwringy 1x10° imaddeladaas

¢ { a o ' v ) a o P 4 A aa
DC10 MIWELREN M3 TARTUANY 10 11N vL(ﬂﬂT]&lL"HN‘IJ%L‘HR&?LS%J@]ML‘YI’]T]U 1x10 LIARGaNARAAT

Y
¥ A a w ' Y v 9 A e 3 A _aa
DC20 ﬂ’]ﬁLW’]zLaU\jﬂﬁﬂ'ﬁlﬁﬂﬁ]’]ﬂlﬁﬁﬂé’ﬁ“@% 20 11N vL@ﬂ'J']?JLTN"U%L%QE{L?N@%W]'\T‘IU 5x10 Lsﬂaﬁ@]auaaa@li
& da a ca w . Y o o fa o, 3 i A aa
DC25 N1ILWIZLRENINAUNILIDINNLDTRALINAL 25 LN vL(ﬂﬂ'J"laJL"ﬂll‘l]ulsﬁﬂﬂlﬁll@]ul,ﬂ']ﬂu 4x10 LTRRGDUARNANT
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aN797 5.6 nMIszanLasauTwinlu H.pluvialis maldgniznizduiianiwmaisniasamsuandenuluisljnsaiiinwuuuidhaine

650 lux 2.73 Kklux 4.83 klux 6.5 klux
Units (ambient condition) (2 fluorescent lamps) (4 fluorescent amps) (6 fluorescent lamps)
DMC DM5 DM10 DM15 DMC DM5 DM10 DM15 DMC DM5 DM10 DM15 DMC DM5 DM10 DM15
Average cell concentration
(x104 cells/ml) 2.29 0.73 0.26 0.10 4.10 0.96 1.06 0.31 1.67 0.93 1.13 1.24 1.31 1.03 0.24 0.20
Maximum astaxanthin
concentrations (mg/l) 277 1.80 0.71 0.24 4.36 2.15 275 0.64 2.36 6.18 5.80 5.69 3.88 4.70 1.50 0.92
Maximum astaxanthin
productivity (mg/l day) 0.33 0.12 0.06 0.04 0.72 0.21 0.23 0.25 0.33 0.34 0.58 0.57 0.46 0.61 0.25 0.14
Maximum astaxanthin
content (mg/106 cells) 0.10 0.22 0.15 0.25 0.14 0.29 0.36 0.16 0.28 0.44 0.51 0.61 0.34 0.44 0.62 0.38
Maximum % astaxanthin
(% g astaxanthin/g cell) 0.63 1.37 0.89 1.49 0.86 1.76 2.21 0.96 0.85 1.33 2.58 2.08 2.08 2.70 3.81 2.34
Maximum % astaxanthin
accumulation rate
(% g astaxanthin/day g cell) 0.04 0.08 0.07 0.09 0.05 0.10 0.18 0.05 0.09 0.07 0.16 0.26 0.12 0.15 0.64 0.13
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Tuaaunansindszanm 33-35 asrmaaidos wazdanuiduugs 110-150 Alasnd) fa Ansiae
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wiks laglfianinnanszegu 14 Tu é’ouamlugﬂﬁ 5.17
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5.2.2 HANITAN mm’mwa@lmmaamu,sziuﬂusl%mﬂgnsm %’Jﬂ'lWLﬁ\‘l LIl UUDINEEN

(Airlift photobioreactor)

m‘m@maaﬂ’mﬂifz@fulﬁwnaﬁgaami’m H. pluvialis s$9snsuasauswiinluosd jnyaldinw
=) a £ { A v
WUUBIMASNTAANTINTZUBNUIIF IR 2.7 Fas wltanzNmanzaudslaanmsnaaasle
asUfnsotuuitianme (bubble column) IWI@ 1.5 @3 Aa N1ILTaLTARLINAD 10 1110 LAz
A oA o a v ¢ o &
AN3L3091981301%17 10 1YIN NANNLTULES 6.5 Alaand aa31N13 WaaaIaInIe 20 anuan
LEWALNATADIWIT AT AIINT IRAVAIDIMARDNUARINGA LYINAL 1.28 LTWALNATE0IWIN D9
' = d' s a 6 a 1 a =} g: cj’ dl 9 a
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Dead zone

3U7 5.21 Dead zone lutisujnsalTrinwiBaussutuainiaan (Airlift photobioreactor); A =

bubble column photobioreactor; B = airlift photobioreactor
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5.3 miaﬁ‘ﬂmmaﬁmLLﬁﬁuﬁumnmaﬁqamﬁ%ﬂsl H. pluvialis

\TRAURIVRIINRINTIEY H. pluvialis ‘ﬁﬁu,aamLmuﬁuvl,@i”gﬂé'a%ammﬂ Cyanotech Corporation,
Hawaii Ocean, Science and Technology Park, USA Qmﬁu%'ﬂmagﬂuqdag}ﬁLﬁﬂuﬁmLmﬁ
gownnil 5 ssrioalfow WiaflasnunsiFeuan W wazihananamTHERAUWTURUGI8ITEN 9
A lagavinazasdnsulglunmasssfiUsenaueis Lunues Lan1ues axdlan wazazdle
Ql/ ¥ a W . . =3 = g

lwlasd #3Bau19NUTEN Fisher-Science  UAZAITUBRAMUTUTUNINTIIU ANMULTINT 92%
RITON1INNLIEN Sigma-Aldrich

NITNATMIANAMILFALTUAUDONIN LOAFANTWINY H. pluvialis Nl Imasey

AL o aa v o o o ) o 9 o o a A
lunitdsznavldéan ATnsanadindriazans (Maceration) mIsiadsaiaza1unyaidon
. v A A A . o . . .

(Soxhlet extraction) MITARULRLILNDTILLIINTANG (Ultrasonic-assisted extraction) L8z N3
TEaaululasniNatioisansana (Microwave-assisted extraction) wWuinmsigaaunlulasian
FUAUMIIEAYINaza 180T nu LTWITRIINIINITDRNALANENTHERALTUTAUEBNNIINNG
\IAREWINY H. pluvialis ldludTinagengalaToufisuiuisnsaiaau 9 lagldvinld
g Fpandanaadvesmnuesauouiv 01997 5.7 \uanressduansaniadisezdlnulu

FNNZEN 9 LASNAMIFNAN ba

G397 5.7 RNMIZNIRNARIILARANLTUALN 16 bbdSHN g q@hu@i&ﬁ%mmﬁ@

Extraction methods  Solvent Timel/flow rate Temperature Recovery
(minute) (°C) (%)
Maceration Acetone 15 45 57
Soxhlet Acetone 240 56.5 70
Ultrasonic Acetone 60 45 73
Microwave Acetone 5 75 74

mwwEﬂﬁ' 5.23 unavasnsltalrrinacaisudazsiio sauaumstt lulasianlunisana
ssuasauauiin Moldznnzgmnnil 30 asroaBos uizeziian 45 wrfl wudidarh
azansazdlan mm‘maﬁ@Lmmmaammuﬁuaanmné’aLsﬁaﬁmm'w"l@?ﬁﬁq@ Aagani 48 %
5098931AD LUNBDS Lowea wazoxSlalwlase AU 25%, 13% waz11% AUEIeU MINeI
Mazasezflausuninsnaianaitesnusuiveananausasanite lagaiis 48 % uwa

maammmmmhmmzm 8% a\‘iﬁ’]‘iLLaﬁ@]’]LL“ﬁ%ﬁ%luél/’Jﬁﬁﬂza’]El



Astaxanthin recovery (%)

78

(2]
S

N
[«]
L

(%)
(e
I

[\
[e)
I

—_
(]
I

Methaol

Ethanol

Hus

Acetonitrile

Solvent type

Acetone

U7 5.23 navasivhazmorfiade g lunssiamuesauauiinianumslslulasm

HANTNARINTINIUN 5.24 uazanf 5.8 Wukarasmslaarrinazaasdlanlunig

ana

UAZANNATBITZHZIAIUAZE m%gﬁlumsﬁﬂﬂmnﬂd 2SN LA IO LT UAUNENG L61

' Aad o o Qs a v ad A PN a
WU’J’Wﬁﬂ’l’Jz‘ﬂ@W]E.j(ﬂaﬂﬁiﬂlﬁ%ﬂﬂiaﬂ@]ﬁ’ﬁuﬂa@]’]LL‘U%Y]%@]’)U’)ﬁVLNIﬂiL’JwﬂE’] ‘nqm‘vm“u 75 83¢n

WAL sxezian 3 WAl 1RAN %recovery gaﬁa 74% (4.79 Uadniudaniy) Mmaiugmnyiiaz

A e . . . o ¥
mlv\mma:mﬂﬁmwwﬁm@mmwasl,ﬁmmwsmaﬂwLaqamaomuwwu

2 ~
LT UNMIILNY

ﬂ’)’]&lﬁ’]&l’]iﬂl%ﬂ’]ﬁﬂzﬂ’]U?lﬂdﬁ?ﬁﬁ’ﬂ(;],’lﬁﬁﬂ$ﬂﬂﬂ E’Jii’]\‘ivlﬁﬁ(ﬂ’]&l Lﬁﬂtﬁ&lqm%ﬂﬁtﬂ% 78 OC WU

LAANILFIRNWILEFALTWAY (Degradation)
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179N 5.8 WAL a\ﬁwznmLLazqmﬂgmumiaﬁ'@ LORALT NG ﬂﬂﬁuvlwimnw

DLYRAEY LR % recovery
Cc) (w11) LOFAUTUNUFIFA
30 15 55
45 15 49.25
60 45 59.57
70 5 53
75 3 74
78 UBREUTUABFYLTIENN
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H.pluvialis Twszeznaiaigidulaanniga

A o kg & \ Lo o 1 a &
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a e A A N v ] & o el A 3 ¥ a
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Fuanziansuaaauoninluszosirassuad uazyinliioasuins Jolumsienziiazioinoas
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AnaanNInnadtua1u1sndssiininald tnsznnasadnlgliunsanwiidwNe9szay
% Aa wa & [ d%/ % ] g; [ g: a =1 o 1 1
WaU AT (small scale) uaziilunsanaluidasdurinum asnussagauouwinigs ldls
end product lumadtanzidianudunuluaisih SMTUIANNITaLVILTARTUAILEIVAIIA
8WINY H.pluvialis ag}'ﬁﬂszmm 3,500 UNABALANTNNIRENWIIBUAS (Hawaii ) @1319% 5.10
LEAINANITIATIERAIANNGUNUNIATHIANIA TN TUNMTNZRBITATINFIWINY H.pluvialis
TuaslGnInlirnwWiuLaIMASNIZULLKITTUTWIA 90 Aa3 Llagfiilsisinazdaslmains
a 6 ] % ] 1 R (% d' o Y €n=l' ‘__:'» 6
HAALETAARIRTIBUAILANTN AT Fsazdunu Sadwualdadnssinldluntswnzifosoadaa
sy 13w asUnsol Ju uaz wasalW 9ay Jorgnialdeu 10 U uszdniuiesaiuqu
aannfiuuylasziny (Construction cost) twualiiiongnsldan 20 T (1 U vy 300 1) Wa
a 6 d‘p U d' 2 a c.l' v & 1 £ v a 6
nnmyanziidasduiieliqununinialuasm 510 waasliiduitazdasldiolnyal
FANWBLLLNASNTEUUBWITEWILAUIA 90 BAT 3117% 6 DIda 1 ﬁaamuguqmﬁgﬁuuﬂa
A 1 Q a 1 v v a Q (% 1 & =Y Y
28 BIULARZDIRINNTONAALTARENWILLAI LG 3.85 Alansunsudall (@sdaduelddal
Uszunms 13,500  UIN) FRIUTMeIERan g Usznauaiua1s1a1niT 1,800 Uneall a'lw#n
nanuadszanns 7,100 vnaatl avidszanm 120 vnedad wazdnaneg dszanm 3,000 uneall
d 9y, B2 . - . - .
Faa N FnTINL T i wwEnlszan s 12,000 uneatl 39failusnlsdszunm 1,500 vn
dol 3UN 5.25 urasdgaarwilasiaundaldanalwndazInan1INIINEALTaaR1IRIIL LRI 16 3.85
AlansunsudallunsdnalirnwuunemeagnszuuuwITTIUTWIG 90 a3 agngbsnay u
miwa:Lﬁmfﬂ%ﬂm:ﬁuq@mmﬁw a:ﬁaal‘*ﬁuaﬂﬂ%aacﬂWQaawamuﬁi’wﬁmmwssuma
N8R ABWNAIIIWAL LTURINLRAINIITITNTIG fF2wluaannarsanazlturastasugife
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a a € Y o & I3 ! L e A 10 ¢ A
M99 5.9 HANTAATIEARIANUGNNUNNLATHIAMEATINRIUMIWILLRLILTANINENINY H.pluvialis 130104 3.6 x 10 LTAA WIa 18
n3u lunsdfnsolfrnwuuuaimeasn

31 171 171 901
C-ALPBR  C-ALPBR FP-ALPBR FP-ALPBR

Harvested cell concentration (cell ml'l) 9.00E+05 2.80E+05 4.00E+05 4.00E+05
Effective volume (1) [A] 3 17 17 90
Cycle time (d) [B] 10 9 8 11
Productivity (cells d™) [C] 2.70E+08 5.29E+08 8.50E+08 3.27E+09
Specific productivity (cell I d™) [D] 9.00E+04 3.11E+04 5.00E+04 3.64E+04
Cultivation time (d) [E= (3.6%10'%)=C] 1.33E+02 6.81E+01 4.24E+01 1.10E+01
Number of cycle (-) [F=E+B] 1.33E+01 7.56E+00 5.29E+00 1.00E+00
Total volume of water used (1) [G= A*F] 4.00E+01 1.29E+02 9.00E+01 9.00E+01
Cost of water, 0.06 THB I'' [H= 0.06*G] 2.40E+00 7.71E+00 5.40E+00 5.40E+00
Cost of nutrient, | THB I [I= G*1] 4.00E+01 1.29E+02 9.00E+01 9.00E+01
Power of air compressor (W) ] 60 120 120 100
Power of light source (W) (K] 72 72 72 144
Total electrical unit (units) [L= (J+K)*(E*24)+1000] 4.22E+02 3.14E+02 1.95E+02 6.44E+01
Electrical cost, 3 THB per unit [M= 3*L] 1.27E+03 9.41E+02 5.85E+02 1.93E+02
Reactor cost (THB d™) [N] 1.00E+00 1.67E+00 1.67E+00 4.00E+00
Pump cost (THB d™) [0] 2.00E-01 6.00E-01 6.00E-01 8.80E-01
Lamp cost (THB d™) [P] 1.30E-01 1.00E-01 1.30E-01 2.70E-01
Construction cost (THB d™) [Q 2.00E+01 2.00E+01 2.00E+01 2.00E+01
Total operating cost (THB) [R= H+I+M] 1.31E+03 1.08E+03 6.81E+02 2.89E+02
Total investment cost (THB) [S= E*(N+O+P+Q)+R] 4.15E+03 2.60E+03 1.63E+03 5.65E+02
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Cost Unit

Area 0.27 m?
Reactor Area 0.09 m?
Height 1 m
Volume 0.09 m®
growth rate 0.45 d*
Max cell density 4.00E+05 cell/mL
Dry weight (at Max cell density) 0.15 g/L
Initial cell density 2.00E+04 cell/mL
Harvesting period 1.10E+01 d
Harvesting volume 8.55E-02 m®
Productivity 1.28E+01 g dry cell/d

3.85E+03 g dry celllyear
Nutrient requirements for the cultivation at the target productivity
Nutrient charge 1800 Blyear
Electricity requirements
1. lighting 1036.8 kWh
2. Fan 447 kWh
3. Controlling system 36 kWh
4. Air pump 720 kWh
Total electricity requirements 2239.8 kWh
Electricity charge 3 B/kWh
Total Electricity Charge 6719.4 Blyear
Water requirements
1. Nutrient solution 200 L
2. Washing activity 1000 L
Total water consumption 1200 L
Water charge 10 B/cum.
Total Water Charge 12 Blyear
Tab water charge 108 Blyear
Harvesting method
1. Chemical requirements 0 Blyear
2. Electricity requirements 403.2 Blyear
Total harvesting cost 403.2 Blyear
Other requirements (peripherals)
1. Air filter 1 Units
2. Air filter cost 700 B/unit
3. Total air filter cost 700 Blyear
4. Reactor 6 Units
5. Reactor life time 10 Years
6. Reactor charge (=Reactor cost/Life time) 1000 Blyear
7. Air pump 1 Units
8. Air pump life time 10 Years
9. Air pump charge 265 Blyear
10. Construction 1 Units
11. Construction life time 20 Years
10. Construction charge 1000 Blyear
Total peripherals 2965 Blyear
Total all expends 12007.6 Blyear
Product sell 13475 Blyear
Profit margin 1467.4 Blyear

* Base on 90 L FP-ALPBR 6 units
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Total harvesting cost 3.4%
Tab water charge 0.9%

Total water charge 0.1%

56.0%
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The nowel flat panel airlift photobioreactor ( FP-ALPER) was proposad as an alternative system for the
cultivation of Haematococous plivialis MIES-144, Changes in the efficiency of the system were tested in
responss to variations in two engineering parameters; the ratio between the downcomer and riser cross-
sectional areas (A/A;) and the size of the system (as determined by the length of the panel) and to
oneaperating parameter: the superficial gas velocity {1z ). The best growth performance was obtained by
operating the system at a superficial velocity of 0.4 cm s~ and with a downcomer-to-riser cross-sectional
area ratioof0.4, The 17 -1 FP-ALPBR systemwas capable of giving reasonable growth characteristics with a
maximumcell density of 4.1 = 105 cell ml-" and specific growth rate of 0,52 day-! being achieved, Asimilar
level of performance was obtained from the 90-1 FP-ALPER system, i.e., cell density=40x 10# cell ml-!
but with a slight decrease in specific growth rate to 0,30 day-". The performances of these two differenthy
sized FP-ALPBRs were comparad with two comventional cylindrical airlift photobioreactors (C-ALPERs) of
different dimensions, The 90-1 FP-ALPER exhibited reasonably good performance when compared with
the twio 17-1 systems (bath C- and FP-ALPBRs); however, the best growth rate was observed using the 3-1
C-ALPBR. Semi-continuous cultures, which could be pericdically harvested at a reasonably high growth
rate, were successfully created, Of all the systems imvestigated in this study, the 90-1 FP-ALPER was found

to be the most cost-effective, as it could cultivate 13 g of alga for approximately USE 21,

@ 2000 Elsevier BV, All rights reserved.

1. Introduction

Astaxanthin is known to possess superior antioxidant activicy
to other carotenoids, is used as a potential anticarcinogen, as a pig-
ment in feeds for farmed fish, and as a supplementary addirive in
the food industry (Guerin et al., 2003). An alternarive pathway for
astaxanthin production, the induction of stress in the green alga
Haematococcus pluvialis was reported to be capable of producing
as high as 1.5-3.0% astaxanthin by weight (Lorenz and Cysewski,
2000). Due to its slow growth, susceptibility to contamination, and
preference for low growth temperature (Harker et al., 1996ab], the
high productivity cultivation of such alga needs to be carried outin
closed systems with good environmental control { Kaswpintong et
al., 2006,

There have been a few reports on the cultivation of H. pluvi-
alis, but most of them only carried out experiments in small-scale
laboratories (Kobayashi et al., 1997 ; Fabregas et al., 2001; Hata et
al., 2001 ). However, the performance of large-scale systems is sig-

* Corresponding author. Tel.: +56 2 218 6870; fax: +66 2 218 6877,
E-mail address: Prasert.p@chulaacth (P Pavasant).

O168-1655/% - soe front matber & 2009 Elsevier BV, All rights reserved.
doi:10.1016j jbiotec.2009,04.014

nificantly different (Wangsuchoto et al., 2003; Ugwu et al., 2008;
Ruen-ngam etal., 2008), and quire often the productivity of the alga
varies inversely wich the size of the reactor (Harker et al., 1996a;
Del Rio et al., 2005, 2008; Kaewpintong et al., 2006; Garcia-Malea
et al., 2005, 2006, 2009; Ranjbar et al., 2008 ).

This work intended to provide a simpler method of scaling up
the airlift photobioreactor (ALPBR) without losing its hydrodynamic
properties. This was achieved by designing the airlift as a rectangu-
lar column (described here as a “flat plate airlift photobioreactor™,
FP-ALPBR) in which the length could be adjusted to accommodate
the requirement for different volumes. First, the FP-ALFBR system
was tested to determine the optimal downcomer-to-riser area ratio
for the cultivation of this alga, and thereafter the performance of
the system at different scales was evaluared and compared to the
conventional cylindrical airlift systems.

2. Materials and methods
2.1. Microorganisms and inoculum preparation

H. pluvialis (MIES-144) was obtained from the Center of Excel-
lence for Marine Biotechnology, Faculty of Science, Chulalongkorn
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Table 1
Geometric details of aidift photobioreactors ( ALPBR=).
Symbol 31 C-ALPER 17 1 C-ALPER 17 | FP-ALPER 01 FP-ALPER

Tatalvolume(1) 36 19 19 a5

Waorking volume (1) 3 17 17 an

Column height {om) Hp (=] 120 50 50

Column length {om) Ln = - 0 100

Column width (cm) We = - 0 20

Draft tube height (cm) H; 40 100 30 30

Bottorn clearance (cm) Ha 5 10 10 10

University, Thailand. The initial inoculum of H. pluvialis was cul-
tivated in the standard sterilized F1 medium (Fabregas et al,
1998, 2000) composed of (mgl-'): 9.87 CaCls-2H.0, 410 KNOs;,
30 Ma;HPO,, 2.22 CqHsFeQ7.5H;0, 16.41 MgS0,7H.0, 0.008
CusS0y -5H,0, 0.08 NapMo0y4.2H, 0, 0.66 MoO;, 0.05 Cra0s, 0.036
Sels, 0.0078 CoCly-6H20, 6 NHyFe(CsHsO4 ), and (g l-1): 12 vita-
min By 2. This culture was then up-scaled to 5-land 10-1 autoclavable
glass bottles before being transferred to the airlift photobioreactor.
Only green motile cells from the exponential growth phase were
used as inoculums in these experiments.

2.2, Bioreactor set-up

The column and draft tube were made of clear acrylic plastic
with thicknesses of 5 and 2 mm, respectively. Table 1 displays the
geometric details of this reactor. The 3-1 and 17 cylindrical airlift
photobioreactors (C-ALPBRs ) were of cylindrical geometry, whereas
the 17-1 and 90-1flat plate airlift photobioreactors (FP-ALPBRs ) were
rectangular and of variable width. A schematic diagram of the FP-
ALFPBR is displayed in Fig. 1. The ratio between the downcomer
and riser cross-sectional areas (AgfAr) was varied from 01 to 0.3
by changing the draft tube (in C-ALPBRs] or the vertical plate posi-
tion (in FP-ALPBRs). The liquid culture in the system was agitated
by passing air bubbles through the porous gas sparger at the bot-
tom of the riser section. Air from an air compressor was sterilized

Fig. 1. Schematic diagram of flat panel aidift photobioreactor (FP-ALPER): reactor
column (1), vertical plate (2} spargers (3), column height (Hr L column length (Le ),
columnwidth (Wg), plate height (H; ) bottomn clearance (Hg ).

with a 0.22-jum Gelman filter, metered through a flovwmeter. The
CO3-enriched air was also sterilized using a 0.22-pm Gelman filter
and mixed with air before entering the system. The concentration of
005 was 1% by volume. This level did not significantly affect the pH
as (0, was continuously taken up by the algae during the course of
cultivation. The temperature of the culture was maintained at 25 <C
using the vacuum-evaporating system.

Light for the ALPER was supplied from two vertical 18-W fluo-
rescent lamps installed on both sides of the column. The distance of
each lamp from the outer surface of the column was varied between
1 and 5cm depending on the light intensity required at the reactor
surface. The illumination intensity was measured with a digital LX-
5 Lux meter (model LX-50 Digicon) inside the empty column and
the average values were reported.

2.3 Determination of suitable operating conditions

Experiments were carried out to determine the effects on cell
grovarth of varying certain design/operating parameters, ie., the
superficial gas velocity and the ratio between the downcomer and
riser cross-sectional area. It is worth noting here that the superfi-
cial velocity in the airift systemn was calculated based on the riser
cross-sectional area [ Chisti, 1989). In batch operations, the culture
was grown in the bioreactor until the stationary phase was reached,
whereas in the semi-continuous mode, the cultivation was started
off as a batch culture, and when the cell concentration reached the
required value, 50% of the volume of culture broth was harvested
and replaced with fresh medium. Each day the algal cell density
was measured microscopically using an improved Neubauer hemo-
cytometer (BOECO Cermany). From the cell density, the specific
growthrate (g day—')was calculated using the following equation:

e IniNz )= In{ Ny ) i
ta =1 s

where Ny and Mz (cell ml-") are cell density at time t; and ¢z (days).

The cell productivity {cells ml-! day—") was calculated from:

Productivity = 2~ <L (2)

ta =1
where Cy and 3 (cells ml-' Jare cell density attime ¢ and > (days).
Mote that all experiments were carried out in duplicate.

3. Results and discussion
31. Performance of flat plate airlift photobioreactor (FP-ALPBR)

One of the main design parameters that was varied in the air-
lift system was the downcomer-to-riser cross-sectional area ratio
(A4, ). For these experiments, this parameter could be altered from
0.4 to 3.0 by simply changing the position of the separation plate
that was installed along the length of the reactor. For comparison,
cultivation was also carried out in the bubble column, in the same
column as the 17-1 FP-ALPBR but without installation of the sepa-
ration plate (labeled as “control™ in Fig. 2L The superficial velocity
was keptat 0.4 cms—!, based on a previous report by Kaewpintong
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2
et al.(200&). Other conditions which were controlled were 1% C0O, ] n
in the air supply, pH 7, and the light intensity of the flusrescence =
lamps {approximately 20 umol photonm-2 s-1). i
As demonstrated in Fig. 2, the highest values of cell density = H ”
{41 = 10%cellml-') and specific growth rate (0.52day-') were - R T ll;l' .
obtained using the FP-ALPBR with the lowest value of A4/A, =
tested (0.4). In descending order, the next best results were &
obtained with Ag/Ar of 0.8 (cell density: 3.9 = 10% cell ml-!; spe- L .
cific growth rate: 049day='], followed by AgfA, of 1.5 icell Z sy n
density: 2.9« 10° cellml-'; specific growth rate: 0.42 day-'), and £ 1=l
Aglar of 3.0 (cell density: 2.4 = 10° cellml-'; specific growth rate: | L H H H [ |'|-
0.37 day—"). As expected, the bubble column produced the poorest E elo_n 0 [l ”.
performance (cell density: 1.9 % 10% cell ml-'; specific growth rate: . 61 2 F o4 3 & 7 3 9 B0 n
0.40day-"). In all experiments, after the first few days of cultiva- z 4
tion,cell aggregation could be observed at the bottom of the column E‘ fﬁ S
and this sedimentation increased continually to the final stage {day e |
15). The precipitation was minimized in the airlift using an Ag/Ar of = ﬁ bk
0.4, as the small downcomer induced a high liquid velocity (at the 3 n
downcomer side Jwhich then supported the uplift of the cell aggre- : e 0 |‘| H H H |' |-|- il
gates. Therefore, cell cultivation was simply promoted by keeping Z olo_a n 0

the downcomer-to-riser cross-sectional area ratio to a minimum
(in this case, equal to 0.4

Fig. 3 demonstrates the morphological changes observed in H.
pluvialis from green vegetative cell to immature cells and cyst cells.
This shows that the morphological changes to H. pluvialis were
not particularly obvious during the growth stage, with only a few
immature cells being observed at the end of each batch {around
days 13-15). The effect of varying A4y/4; on changes to H. pluvialis
morphology, was investigated. However, the results were quite sim-
ilar to each other across the whole range of Ag/Ar values tested.
Cysts were never observed during the course of these experiments.
Hence, only the green vegetative cells were measured and reported
in the following discussion.

3.2, Effect of superficial velocity

During the vegetative growth stage of H. pluvialis, cells have two
flagella and can move independently. Hence, despite the absence of
circulation, the cells can move to the location most suitable for their
growth (perhaps to a region of high lightintensity and nutrient con-
centration ). Nevertheless, such movement is quite slow and could
be affected significantly by the liquid flow induced by aeration.

The following experiment was performed using the 17-1 FP-
ALPBR with A4fA, of 0.4, illuminated at 20 pumol photonm—2 5!,
and at pH 7. Fig. 4 illustrates the growth of H. pluvialis in the
17-1 FP-ALPBR operating at different aeration rates {measured in
terms of superficial gas velocity). It was evident that the optimal
aeration rate was 0.4cms—'. This resulted in a high cell density

n 1 2 ¥ 4 3 & T ] k) m a2 15

Fig. 3. Effect of downcomer and riser cross-sectional area(Aa (4 ) on morphology of
H. pluvialis in 17 | FP-ALPBR.

(4.1 = 107 cellml-") and specific growth rate (0.52 day—") that was
equivalent to results obtained by Kaewpintong et al. (2006) using a
smaller airlift system ( 3-1 C-ALPBR). This level of growthis, howewver,
relatively high compared to other examples reported in the litera-
ture. Reducing the aeration rate to 0.2cms—! caused a decrease
in cell density and specific growth rate (to 3.8 = 105 cell ml-" and
O.44day-, respectively), which could be due to an inadequate
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Fig. 4 Effect of aeration on cell density of H, pluvialis in 17 | FP-ALPER.
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level of circulation in the system. When the aeration rate was
increased above 0.4 cms~', the growth rate seemed to slow down
quite significantly, and at 0.8 cms-!, the system could only reach
a maximum cell density of 2.4 % 10% cellml-! and specific growth
rate of 0.41 day—'. Although increasing the aeration rate gave rise to
the mass transfer which prevented the accumulation of metabalic
gases such as oxygen, a marked slowing in the growth rate also
occurred. This might be explained by the excessive shear force
which is induced at a high aeration rate. These results are in good
agreement with previous reports that H. pluvialis cells are highly
shear-sensitive and also that the shear stress caused by aeration
can adversely affect cell growth (Gudin and Chaumont, 1991; Hata
et al, 2001

3.3. Semi-continuous cultivation of H. pluvialis in airlift systems

Semi-continuous cultivation was conducted in order to test
the viability of a large-scale culture system that could operate
more economically. The three types of airlift mentioned above -
3-1, 17-1 C-ALPBR, and 17-] FP-ALPBR - were compared. The ratio
between downcomer-to-riser cross-sectional area for these airlifes
was fixed at 0.4, Cultivation of H. pluvialis in 3-1 (Fig. 5a) and 17-
| C-ALPBR (Fig. 5b) was carried out under the optimal conditions
reported by Kaewpintong et al. (2006). Fig. 5c shows the semi-
continuous cultivation in 17-1 FP-ALPBR which was also operated
at the same optimal conditions, i.e., u;z=0.4cms-!, light inten-
sity= 20 pwmol photonm-2 s-1, and pH 7.

At the beginning of the cultivation, the culture was allowed to
grow until the maximum cell density for each system was attained,

Nk
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Fig. 5. Semi-continuous cultivation of K. plwvialis in the different aidift systems.,

ie., 9.0 % 10% 3.2 % 10°,and 3.5 x 10° cellml-" in 3-1, 17-1 C-ALPBRs
and 17-1 FP-ALPBR, respectively. For the 3-1 system, the highest
cell density occurred after 5-8 days of cultivation. Thereafter, the
culture was partially harvested where the harvested volume was
calculated such that the initial cell concentration for the next cycle
was maintained at 1.0 = 107 cell ml-'. The harvested volume was
replaced with the newly prepared medium. The culture was then
left to grow in each system until it reached the exponential growth
phase or near the stationary phase (to ensure that cells were most
active), whereupon the next harvest was carried out. The har-
vested cell densities (from Cycle 2 onwards) obtained from 3-I,
17-1 C-ALPBRs and 17-1 FP-ALPBR, were approximately 7.0 x 10°,
3.0 10% and 3.2 x 10° cellml-!, respectively. Observation of the
cells revealed that they maintained their vegetative form when
this harvesting cycle was used. For the 3-1 system, the cell density
increased to the same level as in the previous cycle within a 7-
day period, whereas each cycle required only about 3—4 days in the
owo 17 -1 systems. The productivities of semi-continuous cultures
in 3-1, 17-1 C-ALPBRs and 17-1 FP-ALPBR were 1.2 x 10%, 0.7 = 103
and 0.77 = 107 cellml-' day—!, respectively. This level of produc-
tivity was the same order of magnitude as that reported by Hata
etal.(20017(1.1 = 10° cells ml-' day—') using a small-scale {500 ml
Erlenmeyer flask] semi-continuous culture.

34. Performance of the up-scale 30-1 FP-ALPBR on cultivation of
H. pluvialis

The 901 airlift system was constructed to the specifications
listed in Table 1 (denoted by the symbol 90-1 FP-ALPBER ). To date,
this is perhaps the largest closed system used for H. pluvialis culri-
vation. The cultivation process was conducted with all operating
conditions optimized (see Sections 3.1 and 3.2, ie., Ag/Ar=04,
lisg=04cms-!, light intensity =20 pmol photon m-25-1, and pH
7). With proper control of contamination, this system could be
operated successfully. The performance of the 90-1 airlift sys-
tem is compared to that of other airlift systems in Fig. 6. Note
that the results in Fig. 6 were obtained from separate "batch”
experiments (triplicates), independent of the semi-continuous
experiments whose results are illustrated in Fig. 5. Although these
results indicated that the best performance was achieved using
the 3-1 C-ALPER, the 90-1 FP-ALPBR could achieve a reasonably
high cell density of 4.0 x 10° cells ml-! with a specific growth rate
of 0.39day-". This was even greater than that obtained from the
smaller scale 17-1 C-ALPBE. It should be noted that the liquid level
in the 17-1 C-ALPBR. was quite high {around 1.2m) when com-
pared to the other airlift systems tested in this study, and this
could potentially be responsible for the relatively lowvw grovath rate
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Fig. 6. Maximum cell density and specific growth rate of H. plwvialis in 17 | C-ALPBR,
171 FP-ALPBR. and 901 FP-ALPER: at suitable condition ;= 0.4cms"", pH 7, light
intensity = 20pmal photon m—2 s-1,
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Table 2
Economic analysis for the cultivation of 3.6 = 100% cells or 182 of Haematococous plwvialis in the various ALPER systems.

31 C-ALPER 171 C-ALPER 17 | FP-ALPER a0 Fr-ALPER

Harvested cell concentration {oell ml-1) 9.00E+05 2B0EHIS 4.00E+05 4 .00E+05
Effiective valume (1) [A] 3 17 7 an
Cyecle time (days) [B] 10 2 8 11
Productivity ( cells day—!) [C] 2T0E+HIS S.20E+03 850E+H3 3 27E+09
S pecific productivity (cell I-! day—1) [ 9.00E+04 INE+4 S00E+04 3 G4E+0d
Cultivation time (days ) [E=(35 = 10'0yC] 133E+02 BE1EH 4 24EHD LIDE+I
Number of cycle [F=EfE] 133E+01 TSEE+D0 5.29E+00 1.O0E+DO
Total valume of waterused (1} [G=AxF] 400E+D1 1. 20E+02 0 00E+D1 O 00E+D
Cost ofwater (17 = 10-2US51-") [H=17 =103 = G] 6.80E-02 219e-01 1.53E-01 1.53E-01
Cost of nutrient (2.8 = 10-2 US55 1-') [1=G=2.8x10-2] 112E+D0O 3 60E+00 252E+00 252E+00
Power of air compressor (W) [l G0 200 200 400
Power of light source (W) [K] 72 72 72 144
Total electrical unit{units) [L=(]+ K}=(E = 24)/1000] 4. 22E+H02 4.44E+02 2TRE+OZ 1.44E+02
Electrical cost( 8.5 = 1072 US§{unit) [M=8510-2 = L] 3.50E+D1 3T7EEH 2.35EH0 1.22E+01
Reactor cost (USSday—1) [M] 1.58E-01 2.20E-01 2.20E-01 4.06E-01
Pump cost (USSday—!) [@] 2B2E-02 S.64E-02 S.64E-02 LI13E-01
Lamp cost(UsEday—") [P 2.26E-02 1.89E-02 2.26E-02 36TE-02
Tatal operating cost (USE) [G=H+1+h] 3T1EH 4.16E+01 262E+01 1.49E+01
Total investment cost (LSS} [R= E < (M +0+P)+03] 5. 49E+01 BATE+D 3.88E+01 2 10E+01
Remark: 1 U55= 3545 Thai Baht {rate at 26th February 20007,
of the alga. The growth rate obtained using the 90-1 FP-ALPER Acknowledgements

{(0.39 day— ") was slightly lower than that obtained from the 17- FP-
ALPBR (0.52 day—"), possibly due to the inevitable non-uniforminy
of fluid flow in the large-scale system.

3.5. Fronomic considerations

An economical analysis of the various airlift systems used for cul-
tivating H. pluvialis is displayed in Table 2. This analysis was based
on the cost of producing 3.6 x 101 cells { the quantity obtained from
one batch of the 90-1 FP-ALPBR), and the calculations were per-
formed using the local utility costsin Thailand in 2008. The life-span
of the reactor, pump, etc. was assumed to be 3 years (based on
300 operating days per annum . The results reveal that although
operation of the 90-1 FP-ALPBR involved higher utility costs, the
unit cost of production in this large-scale system was compara-
tively low due to the large number of cells produced per batch.
This compared favorably to the smaller systems which required
several batches just to give the same quantity of cells. Hence, the
90-1 FP-ALPER should be considered the most attractive system,
both in terms of investment and operating costs. In other words,
the faster growth rate produced in the 3-1 C-ALPBR and the 17-1FP-
ALPBR could be offset by the larger harvesting volume in the S0-1
system.

4. Conclusion

The successful use of the 3-1 cylindrical airlift photobioreactor
(C-ALPBR) to cultivate H. pluvialis by Kaewpintong et al. (2006 led
to speculation that this system could be used on a larger scale.
Enlarging the system to 17-l, caused a decline in performance in
terms of cell growthrate, thus suggesting thatareductioninthe per-
formance of the systemwas a corollary of expansion. The alternative
design of the airlift system proposed in this study — flat panel air-
lift photobioreactor { FP-ALPBR ) - included a scale-up which could
be achieved simply by increasing the length of the reactor. It was
proven that with a proper ratio between downcomer and riser,
the 90-1 FP-ALPBR performed just as well as the 17-1 FP-ALFBR,
albeit with a marginally slovwer grovwth rate. However, the latter
discrepancy was easily offset by a larger harvesting volume, and
a simple economic analysis clearly indicated that the large-scale
90-1 FP-ALPBR was the most cost-effective system evaluared in this
study.

The authors would like to acknowledge financial support from
the 90th Anniversary of Chulalongkorn University Fund (Ratchad-
phiseksomphot Endowment Fund), Thailand Research Fund (TRF)
and Thailand Graduate Institute of Science and Technology (TGISTL
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