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ABSTRACT

Optimization of microalgae (Tetraselmis chui, Dunaliella
tertiolecta, Nannochloropsis oculata) culture conditions

for biodiesel production

Kim, Bo—ram
Advisor: Prof. Lee, Jung—Heon, Ph.D.
Department of Chemical Engineering

Graduate School of Chosun University

Recently, there is a growing interest in microalgae and the use of microalgae
focused on the production of various high valued metabolites used for food,
pharmaceuticals, and cosmetics. The rate of depletion of fossil fuels and the
effect of greenhouse gas emissions on global climate change evoke much interest
in biodiesel.

Microalgae have been issued much more as the factory for biodiesel
production due to their several potential advantages ; high yield of neutral
lipid/oil as 20—50%, high growth rate, viability in extremely arid condition, doing
major roles in wastewater treatment, removers of carbon dioxide and producers
of valued chemicals and much higher biomass production in a suitable vessel
compared to those of terrestrial plants in the same area.

In this study, three species of marine microalga Tetraselmis chui, Dunaliella

tertiolecta and Nannochloropsis oculata were cultured to investigate three

viii



important growth factors such as CO; concentration, light intensity and light—
cycle. The cell growth rate, biomass productivity, oil content and fatty acid
composition of 7. chui, D. tertiolecta and N. oculata, candidates for biodiesel
production were measured using 1L photobioreactor. The productivity of cell
mass and oilcontent increased with repeated fed—batch culture.

The optimal conditions for cell growth and oil production at 23T, light
intensity 110 zmol/m?/s, and light cycle 14:10(L:D), it was transferred to 1L
photobioreactor its medium composition was F/2—Si X 3 medium. And filtered
air containing 2% CO; was injected into the conical bottom part of the
photobioreactor at a constant flow rate of 1vvm.

The repeated fed—batch system was adopted to increase the cell mass
and oil content productivity for 2 weeks. The cell was harvested every other
days. Biomass productivity and oil content of 7. chui were 0.415 g/L/day and
0.170 g/L, respectively. Those of D. tertiolecta were 0.478 g/L/day and

0.173 g/L, respectively.

Key word: Microalgae, culture optimization, biodiesel, lipid contents, fatty acid,

repeated fed—batch
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Fig. 1. Factors influencing algae growth.
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AT Aol d3asd SujE J7He $ A H = doloaH =38 39 A4
e THs] A JA, BA @ FEAAR A HY Aol A =S W Sl

FAERA e SRS R Fro| A vlFatel = e Erk(42].
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Fig. 3. Transesterification reaction of biodiesel.
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Fig. 4. Three fast growing marine microalgae
(Tetraselmis chui, Dunalella teriolecta,
Nannochloropsis oculata).



Table 1. Composition of F/2 and F/2—si media

F/2 wiA|
950ml filtered seawater add + stock solution
NaNOj3 75g/L H,0O 1ml
NaH,PO, 4H-0 5g/L Hs0 1ml
Na,SiO3 9H,0 30g/L H50 1ml
f/2 trace metal solution 1ml
f/2 vitamin solution 0.5ml
final volume 1.0 L using seawater and autoclave.
* /2 trace metal solution
950ml distilled H,O + stock slution.
FeCI:g 6Hgo 3.15 g
Na,EDTA 2H,0 4.36g
CuSO4 5H-0 9.8g/L H,0 1ml
NasMoO, 2H,0 6.3g/L H,0 1ml
ZnS04 7TH50 22g/L H,0 1ml
CoCly 6H50 10g/1 H,0 1ml
MnCls 4H50 180g/1 H,O 1ml
* F/2 Vitamin Solution
Vitamin By 1 g/L 1 ml
Biotin 0.1 g/L 10ml
Thiamine HCI 200 mg

final volume 1.0L with H»O .
Filter sterilize into Plastic
vials and store in refrigerator.

— F/2 —si ¥WiA = F/2 v oA NaySiOs 9Hz0 & W vl A].

N




2. MFxA

2.1 A vk

P. tricornutum £+ C. gracilis @5+ 100 ml & F/2 wiX|, T. chui, T. suecica

N. oceanica, N. oculata ¢t D. tertiolecta @+ 100 ml & 27 o#¢of b= wjx] <l
F/2 & F/2—si WiA]7} g9 300 ml &3¢ AHzEekaael] 2 widt el 10 % (v/v)
S AT JAFs AFES 25, W 7], 2%, dge] mEbA %
St illuminated shaking incubator ®14 110 rpm &2 ¢ 2 =4

ol
o

32}

S} A wieF skl

o COz 9} pH &= ZH 84 A3kt (Fig. 5).

Fig. 5. Seed cultures in illuminated shaking incubator.
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GIAL wE M F T. chui, N. oculata 8+ D. tertiolecta ] 37¢ A5 H]
wakz] $1gk F AERST] AP A A'E FESAT

A R weFdA & aRAQ date] Jhesty 1k s @ o e
S/V HIE 7HA3 E&AR] 7IAE] o] Thsalr] witel mAxF wiekel 7PE &

8] 2xol= #E (tublar) F AAEWE7IE ARtk Al @A AAS 99
A oabg71e AAS el (pyrex—glass) & AlAERih Ao I w7 Art
= S8l vy RV = ARkl 43S st

G2 P YENSY] AL 75 mm, %0]= 350 mm = AZegon, uksr] 9
FH-& sampling port ¢F 259 pH sensor & #£& 5 A AU 37 4
Al dhe ot 59 2¢1S "] 98l air pump 9 WHSV1E AAANATE AE FH
of 0.2 pm THE ZFsglon REE7] vy el= sintered—glass & AHE-3F3A

of WES7] AlE AIAESY] AT (Fig. 6) 9 AXE 3 A& wHg7] Aotk (Fig. 7).
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COy &%+ air & COy 9 F%S Alo] Mass Flow Controller) @ ©]4t3} g9
55 A B dFoE o Atg e A FE 1, 2, 5 %l ® FAEReH, 1

vvm 9 FHo® FFEA

of
l

A3 A 4 75 mm, 0] 350 mm 1 @ HES7lel wixE 1 LA ¥ T.
chui, N. oculata, D. tertiolecta <& "WA12] 10 % (v/v)E A&t WA= 2% 35
F/2-sbi wWiAE AMEslly AEe w59 22& 23 C, 99 7] 14:10 hr
(light:dark), %% 110 gmol/m?*/s & FAA7IL COy ¢ FEEZ 2 %= 8t 1
vvm & &0z FEake] wokstel o (Fig. 8).

[

oY

Alr purnmp

photobioreac
tor E

air + Q02

T2 Eas

Fig. 8. Schematic diagram for CO; concentration.
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A 27 A T3 Q4 AAAY AAkde s FHAster] YA F/2-
si BA]2] NaNO; 75 g/L ¥ NaH.PO, 4H50 5 g/L. &] stock solution & %2 0,
1.5,3, 6 ml & ZAst] AX A3t Aird = o] o] HIls F4 5%

AR QALY AY FEE 28] g8 2299 FRd

1o

2

e e

O 1-=
59 WXy, Xo) 2 bz, vk A3t AAkE = A% 7= (dry cell weight, DCW)
9} total fatty acid & FH5HF (V) E 3}¢lor, 2 3-3-1 9] vkgthd 22 Rygo =

Asksloe] Y ko] 28R &= 3 o533 o (SigmaPlot version 10.0).
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V=V, + a¥ + Xt cX 2+ dX, i+ eXY (3—3-1)

A8 Ay+= Sigma plot & ¢]g&3te] EAA O ZE FA351% 1 (SigmaPlot version
10, Systat Software), =443 += 2+ 779 wijx] g AL FEg} QA &%
o] A3 Az FE I o 7o AP HESEAES A7, o]F G

& ol ow ZAbeta HAO APAAE mEsto] HA Y A HEdxS Aotk

3.4 FAMEs (fatty acid methyl ester) =%

Zy A HEZ jket 45 TAAZX 3 sample 10 mg 2 acetyl chloride %}
methanol ©] 1:20 & A{el £S5 2 ml ¥o] & <2 & internal standard =
Cig00 & 0.05 ml ¥t} 1 #7F sonication 3t & YHEES 242 X3lsle] gZE

1
o7 Z UHEEe] 1 Al7F EoF oven oY ZAAZET7])Ad 100 C IHEg 3t} AL

=
o] 30—40 CTZ Y2z 3, tube o %7]2 hexane 1 ml S Yo 7]%&o] &7]11 1 ¥
ZF =g A SR 1 ml ¥ 30 23F A3 5 B3 AR o] & AR g

2 gdlo EAQl Nay,SO, & #H713st 3 filtering 3t GC 412 3k}

3.5 GC(gas chromatography) #241 HH

e AHL DB-Wax(0.25 gm, 60.0 m, 0.25 m)S AFEsla, flame

ionization detecter (FID)Z AF&3t}. Injector & 250 T, Detector & 260 CE A

iz

A3l injection mode = split mode & A AsFAT} column 27]&EE 140 C=
A3t 250 C 7H4] 2 C/min &2 A&ttt v F/9 fatty acid(palmitic acid,

stearic acid, oleic acid, linoleic acid) S %+ B2 2 AFg3} )



vlo] o oA Aike] AFst wAzF TS 37 AsiA G nAxRF T dEd
17 F FolA 300 ml AAEEAIC Al wixE 100 ml A Wi wjAe
10 % (v/v)E A& JEs #5752 25, Yo F7], 25, 5l nebA F
< A2el illuminated shaking incubator A4 110 rpm &2 ¢F 2 =4 &<k 2
g ek aFSith(Fig. 2). COp ¢ pH & ZAsHA Ay Zek~a wigF A3 N
oculata & A7&o] 7B Ekem, umA gl Fo TR mAlEzR{ A2 H
Al YEbsrow | C gracilis @) ASol= AR S G A0 72 e (Fig. 9).
9 Ao =& A £5E H T. chui, N. oculata®} D. tertiolecta Al £ =

5 @FE AFE A% A988 9@ A¥e AUt
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Cell growth (OD/dt)
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Fig. 9. Cell growth (OD) of seven microalge after 2 weeks culture.
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ddE5 =7 958k T. chui, N. oculata, D. tertiolecta & 100 ml 2] &% 3l|<
F/2—si wiA7} &8 300 ml €52 AztEetaaelA seed culture & kST Y
FE&E 23 T, 29 F7]+ 14:10 hr (LD cycle) & 3tk Al £ 2% 9
S #EAE) YEM AZEH B 22 #4930, 70, 110 zmol/m?/s E AP sAT
A EZAZFEEE UV/Visible spectrophotometer & ©]8-3Fo] OD (optical density)
680 nm o] ¥ EE FHsITh
Al o 75 FANAE N, oculata 7} 30, 70, 110 gmol/m?/s &) A ZEe|A 7}
=2 RaL D. tertiolecta + 3 & ol 7 =9 52 A3
|4 wieketA] oF AFU ol 3-5 el 7P wEA A%
5 AREE7 AQ =809 Fig. 10). olx 2FEC] FEA
)

Far Fag el ARl 0,9 kel 9@

4 o
2

fijo
ol
o,
2
)
)
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o,
o
)
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to
=
O
Do
rr
ol
DV
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T =
o A¥E EYE o], Al 7O #F EF 110 gmol/m¥s oA 7HE =&

AFES B, & ws7] A= H4 252 110 gmol/m?/s & o] AFS



Growth rate

Fig. 10. Growh curve of (a) T. chui,(b) D. tertiolecta and (c) N. oculata on various
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light intensity.
2.2 Hl F7]

o] F71o wE AEe e ZAbstZ] flete]l el FU1E thekstAl uprel
sttt T. chui, N. oculata $F D. tertiolecta st+ 100 ml ¢ ¢FE3)]|
F/2=si MiA7} g8 300 ml &% AaEehsze] 2 wiekle] 10 % (v/v) = A
Fahgloh &% 23 C, 25 110 /xmol/mz/s = 9 F7]E ke (0:24 hr), 8:16
hr, 14:10 hr, 16:8 hr, WWFe(24:0 hr) 5 7FA & v+°] A photobioreactor oA A3
& Al#A UV/Visible spectrophotometer & ©]-§3Fo] OD (optical density) 680 nm
oA FFE=E ST
T. chui, N. oculata ®} D. tertiolecta M &2 JFET= 4 oyA9] 35

& o] Fol A A oFZ NEE-(0:24 hr)& AQQE B whgolA wjekstA o dF4d o]
viQl 3 el 7 w=2A AdAsiglen 6 do] AuAE AFEE7F 94

(Fig. 11). Al & EF £% 110 gmol/m?/olA 2] Wukge] F717F Hojd45 A

sk e ABRU ole L A BrsER WaAlE 39 B

A9

mlo

PN
g ow Qs AE COy 7} £l 0 & &nlsto] vlze 44E
Hol= Zog AdtEn, Al cycle FollA dlo] 7 A7 Fol7k= 14:10 hr =
#H2 Wk LD cycle & 3 WHg7] A3 S 1333t

20
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Fig. 11. Growth curve of (a) 7. chui ,(b) D. tertiolecta and (c) N. oculata on
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2 COZ O.L.O 3-5;3

B?.l Tetraselmis chui
T. chui #5% 2%+ 23 C, 8l¢] 7] 14:10 hr (lightidark), %= 110
gmol/m?/s & §A3F Air, CO, 9 ¥*52 1, 2,5 %% W3lslo] 1 vvm 502
ool wiekst =2 A otk (Fig. 12). 71 A wsts] 6 & £, ai
FHS o Bl CO, ¥E2 1, 2 % Fasto] widagls W dx #AEe 27
702 g/L, 0.774 g/L, 0.858 g/L 2 CO29 &7} 71 2 2 %= 359U S o,

0.
Fe 5AE FAT 5 gk

0}11
5
(=
ok

—_L

Air ®F Fste] vk ool A %9 COp Fwete] Wik w, 3 A 744
Az #AF gho] v=shA skAR 3 Yol At F CO, & FHets W Ax
HAFo] F713ske] biomass productivity & 3 COp & 5%7F 2
mg/L/day 2 7F& A JEebwth AR o & 5591 CO, & 5 A
= COz 8 =74 wiZel pH 7} Stobd e8] Az s Wellsto] Adx dAF
Tashe AS & 4 QA%Ith[43,44] Total fatty acid & X2 ¢] &k CO, 9
7F 2 % o, 208 mg/L 9k 24.3 %= 7} =t T. chuis CO2 & §%7F 2%
uf, A% #AZFF biomass productivity, total fatty acid, #|&¢] g=Fo] 7|9 4]
P& w B}y S7Fskivk(Table 2).

Aol Ads wgor Add 552 COy o v 7 Aol 93 v
T g wdstel[42], T. chui & COz 9 %7F 2 %4 W, A4 CO; v 14

sto] U] AdES Ay sEint.

rr

e
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Fig. 12. Effect of CO2 concentration on 7. chui growth.




Table 2. Effect of COs concentration on 7. chui biomass productivity, total fatty
acid and oil content

Biomass Total 01l

Productivity fatty acid Content
(mg/L/day) (mg/L) (%)
Air, 1 vvm 117.0 147.0 20.6
CO2 1%, 1 vvm 129.0 148.0 19.1
CO2 2%, 1 vvm 143.0 208.0 24.3
CO2 5%, 1vvm 101.0 75.0 12.3




2.2 Dunaliella tertionlecta

D. tertiolecta @55 <%+ 23 C, ¥ 7]+ 14:10 hr (light:dark), 2=+
110 gmol/m*/s & FASaL Air, CO.9 TEE1, 2,5 % = W&ste] 1 vvm 5
o2 Fuste] wFst dFo AFAHE HolFErh(Fig. 13). 1 A3 wFeA] 6
Foair FHYPE W Bk COEEE 1, 2 % Fste] sl o, 2
< Zt7F 0.696 g/L, 0.786 g/L, 1.137 g/L & CO 9 %7 718 =2 2
FAe W, = FAE A= AS G 7 AT AR B =& w51 COp &

3 of pH 7} stolA e3]e] AZ s Walsho]
Ax dAF ol Fadhs A5 & 5 AsUTH43,44].

Total fatty acid 2+ A&9 FFE CO, 9 %7 2 %Y w, 299 mg/L 2
26.3 %= 7HE E%eH, COz 5 % 4 we Az dAZY VAR 7 s
A& HAT}r. D. tertiolecta & COs & %7} 2 % 4 wf A% FA=F biomass
productivity, total fatty acid, A|&¢] &S F7I% FIIES o Hoh S8k
(Table 3).

Aol Ads wgor Add 552 COy o v 79 Aol 93 vA
& wAate] [45], D. tertiolecta®& CO2 98 F%7F2 %Y W, H4 CO, $E=

skl ymA AddS s
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Fig. 13. Effect of CO2 concentration on D. tertiolecta growth.
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Table 3. Effect of COz concentration on D.

fatty acid and oil content

tertiolecta biomass productivity, total

Biomass Total 01l
Productivity fatty acid Content
(mg/L/day) (mg/L) (%)
Air, 1 vvm 116.0 160.0 23.0
CO2 1%, 1 vvm 131.0 171.0 21.8
CO2 2%, 1 vvm 189.5 299.0 26.3
CO2 5%, 1vvm 91.0 97.2 17.8

4o}



2.3 Nannochloropsis oculata

N. oculata #5% <5+ 23 T, ¥ F7]+= 14:10 hr (ightidark), %+
110 gmol/m%s & §A&FAL air, CO»9 ¥%2 1,2, 5 % & Wgste] 1 vwm F5
o Z Fgote] vkt #52o AFTAS HoFrh(Fig. 14). 1 A3 wjoksk#] 6

S oair W FEFAS 0 Bt COy, FEE 1%, 2% &3ote] vk S w, Ax A
=

& 747} 0.696 g/L, 0.69 g/L, 0.792 g/ & CO, 9 %7} 7}4 =& 2 %7 I+
HAE u, B2 FHE JHHE RS g £ Q. AN ¢ e 552 CO, =

(-

5% ¥wste W COz 8 =4 wiitel pH 7} SolA 23] A%
Az FAF ol Fashs 2& & 5 ASITH43,44].

CO29 %7} 2 %< uw, biomass productivity ¥ 162 mg/L/day & 7} &4
WEFRE ST, total fatty acid €F *& e &=F g 247} 159 mg/L ¢} 20.2 %= 7+
=k Wb, CO2 5 % 4 W= 7H @ FAE BT N oculata® COy 9 5%
7F 2 % 4 W AZ #AZT} biomass productivity, total fatty acid, A& 9] g
F71RF FAHE W By S7FskltH(Table 4).

Aol As wgor Add 552 COy o v 7] Aol 9= vA
& @dste] [45], N. oculata &S COz9) w=7H2 %% W, #4 CO; ¥ 1

Aakel Ulx A8e QA

8= el skl

rlr
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Fig. 14. Effect of CO2 concentration on N. oculata growth.
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Table 4. Effect of CO; concentration on N. oculata biomass productivity, total fatty
acid and oil content

Biomass Total 01l
Productivity fatty acid Content
(mg/L/day) (mg/L) (%)
Air, 1 vvm 116.0 78.2 11.2
CO2 1%, 1 vvm 115.0 116.0 16.8
CO2 2%, 1 vvm 132.0 159.0 20.2
CO2 5%, 1 vvm 105.0 98.3 15.6

ab



3. A T YT

3.1 Tetraselmis chui

i}

T. chui w72 wiAlel ¥ Uikl kel wE Axze) 4y gakd A4
o &S A 8l F/2 -si x 3 HiA el $H{-¥ NaH.PO, 4H.0 5 g/L 9] %%
0, 1.5, 3, 6 ml xdato] wjekaglet. &%= 23 C, W F7]% 14:10 hr
(light:dark), 2% 110 gmol/m?%s & A3 CO, ¢ %= 2 %= 1 vvm 9
FHOE e 7Y AESAAE Ut (Fig. 15).

7 A% NaHyPO, 4H20 5g/L & 0, 1.5, 3, 6 ml Yol wjeketA] 54 A == &
o T. chui o #A x> 747 0.16 g/L, 0.38 g/L, 0.57 g/L, 0.47 g/ =
NaHyPO, 4Hz0 5g/L & 3 ml ¥ol Fof wjeketqls o, oAl Axo] 7P =4 o
|2 7a )

NaH,PO4 4H.0 5 g/L & 0, 1.5, 3, 6 ml 9o #¥stA] 6 A A =& 29
biomass productivity ¢ #-2 Z+Zt 40 mg/L/day, 94.5 mg/L/day, 142.5 mg/L/day,
118.5 mg/L/day &% 3 ml ¥o] #j<s3l<s wl, biomass productivity A 7Hd 3%
skoh. A <] w2 NaHyPO, 4Hp0 5g/L £ 0, 1.5, 3, 6 ml B 16-20 % <t #H&
2R FAE AlHe koY, NaHoPOy 4H0 5 g/L & 3 ml B0 F3US o,
2 7P =4 YEhstek(Table 5).

ol EthE Ate] <ol o] Solxittar siA X[ dAFel ¥ AA Frtst
Ad AL o] Frbsk= Aol ofdets s & F A T chui T
NaHyPO, 4H:0 5 g/L & 3 ml Wol F& w, Az
o] et A& vpgor HA w3 wix sz ddste], A A3-S skt

fljo

off

by
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Fig. 15. Effect of phosphate concentration on 7. chui growth.
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Table 5. Effect of phosphate concentration on 7.

fatty acid and oil content

chui biomass productivity, total

Biomass Total 01l
-POy % productivity fatty acid content
(ml) (mg/L/day) (mg/L) (%)
0.0 40.0 26.8 16.8
1.5 94.5 74.4 19.6
3.0 142.5 115.6 20.3
6.0 118.5 90.0 19.2




3.2 Dunaliella tertiolecta

D. tertiolceta 2] wWiA o] FH A L] 3ol & Mz A Agakd
Ao S AR Q8 F/2 -si x 3 Wil 38 NaH.PO, 4H,0 5 g/L 9] -
=5 0, 1.5, 3, 6 ml A8t wigelith. 5= 23 T, #e] F7]= 1410 hr
(light:dark), 2% 110 gmol/m?%s & §A31 CO, ¢ %= 2 %= 1 yvvm 9
FHoRE Fash 779 Ad=4de Uebilv(Fig. 16).

NaH,PO; 4H20 5 g/ & 1.5, 3, 6 ml ¥of Hlgstx] 6 A A H&= 2o D.
tertiolceta °| A Wx=FS 7+7F 0.529 g/L, 0.871 g/L, 0.748 g/l & NaH,PO,
4H,0 5 g/L & 3 ml B0 Fof wieksidls o, w4 x| 7H¢ A Yehv= A
= 1 5 Ak

71 A3} NaH,PO, 4H,0 5 g/LE 0, 1.5, 3, 6 ml Yol ajgdA] 6 L A H= &
9] biomass productivity ¢ #== ZtZb 105.8 mg/L/day, 174 mg/L/day, 150
mg/L/day &2 3 ml Yo vjeFetslS w, biomass productivity =t 74 =9kt
A4 g Al NaHpPO, 4Hp0 5 ¢/LE 3 ml ol & o, 26.3 %= 7+ =
o] YEFt O™, total fatty acid = 229 mg/L & 7} =74 YEFSTH(Table 6).

olF EUlE QA ko] wWol ottt M xR/ wAlFe] ° AA F7het
A A2 o] Frksk= Aol ofYelkes Ae & UUTE D. tertioleecta &>
NaHyPO4 4H:0 5 g/L & 3 ml ¥ 5315 ", biomass production ¥ #d ] g&Fo]
71 ol vEhd As vtgew HA wkg wiAlEEE ddste], UmA Ads A
Erds

"
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Fig. 16. Effect of phosphate concentration on D. tertiolecta growth.
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Table 6. Effect of phosphate concentration on D. tertiolecta biomass productivity,
total fatty acid and oil content

Biomass Total 01l
-PO, % productivity fatty acid content
(ml) (mg/L/day) (mg/L) (%)
0.0 16.0 27.0 16.7
1.5 105.8 100.0 18.9
3.0 174.0 229.0 26.3
6.0 150.0 142.0 19.2

m



3.3 Nannochloropsis oculata

N. oculata w2 #jA e -8 AAFA L] FaFo] mE Ao A4 Bakd A
Ao FS FAbsl7] S8 F/2 -si x 3 WAl ol $+¥ NaHyPO, 4H0 5 g/L 9] %
£ 0, 1.5, 3, 6 ml 243y Hjgsitt. 25 23 €, 29 F7]= 14:10 hr
(light:dark), 2% 110 gmol/m?%s & A3 CO, ¢ %= 2 %= 1 yvvm 9
FHOE e 7Y AESAAE Ut (Fig. 17).

7 A% NaHyPO, 4Ho0 5 g/L & 1.5, 3, 6 ml Wol vleFetx] 6 4 A == &9
N. oculata ZY7Z+ 0.436 g/L, 0.696 g/L, 0.666 g/L & NaH,PO,; 4H,0 5 g/L & 3 ml
gol Fof viketis w, 7P =4 dElde AE g1 & 5 ddth

NaH.PO4 4H20 5 g/L & 1.5, 3, 6 ml ¥o] HlFetA] 6 & Al ¥+ 4 biomass
productivity ¢ #> Z}7} 73 mg/L/day, 116 mg/L/day, 111 mg/L/day, 118.5
mg/L/day &2 3 ml ¥o] w33l wl, biomass productivity H3F 7 =gkth
A Ao gaF A NaH,PO, 4H,0 5g/L & 3 ml ¥o] & W, 21.3 %= 7F 9]
YEFSE S W total fatty acid 9A] 148 mg/L 2 7} =7 YeElstH(Table 7).

olF Ed® Q4o ¢Fo] wol Zojztttal siA] 7] WAl © AA Tkt
A AAe] gro]l Frlske Aol ofdelkes RS & 5 AT N oculata F-
NaH2PO4 4H;0 5g/L 5 3 ml ¥ 315 ", biomass production ¥ #]d] g&Fo]
71 ol vEhd RS vtgew HA wkg wiAEEE ddste], UmA Ads A
Erds

2
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Fig. 17. Effect of phosphate concentration on N. oculata growth.



Table 7. Effect of phosphate concentration on N. oculata biomass productivity,
total fatty acid and oil content

Biomass Total 01l
-POy % productivity fatty acid content
(ml) (mg/L/day) (mg/L) (%)
0.0 32.0 27.8 14.5
1.5 73.0 73.6 16.8
3.0 116.0 148.0 21.3
6.0 111.0 114.0 17.2
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4. Ao 5] IF

4.1 Tetraselmis chui

!

chui #57F wiA]el ¥ Al Fakel] W Az 4 gakd AA

= A7) 98l F/2 -si x 3 ¥R o NaNOs 75 g/L = 242+ 0, 1.5, 3, 6 ml
gt 5= 23 C, 29 F7]&= 14:10 hr (light:dark), &%+ 110 gmol/m2/s
2 FAAZIL COs 9 F5+ 2 = 1 vwvm 9 502 F3A17 A Ax"e] 4
7= HER S (Fig. 18).

71 A3 NaNO3 75 g/L & 1.5, 3, 6 ml €] wlFst#] 6 & Al == &2 T. chui
o Al HAFFE 722 0.78 ¢g/L, 0.858 g/L, 0.804 g/L 2= NaNO g/LE 3 ml
gof Fof wikstl s uwl, A dxFo] b A e s f%"d & AA
t}.

NaNOs 75 g/l & 1.5, 3, 6 ml ¥o] vjFst®] 6 A A H+= <2 biomass
productivity ¢ #2 Z}7 130 mg/L/day, 143 mg/L/day, 134 mg/L/day 2% 3 ml
go] Fof wjeketale i, Biomass productivity ©] 7F 4 Yetus 2SS &< &
AATh AAe] S NaNOs 75 ¢/L & 0, 1.5, 3, 6 ml BF 16-20 % <t 9h&
SEE FAZ HH S92, NaNO; 75 g/L 5 3 ml ¥o] F0& u, 204 %=
P o] vEfE Ag gl 3 5 QlgitH(Table 8).

olF Eth® AAde <ol @Wo] ot M =7 dAZFel H AA Tt
shAY AH e gkl Frbsk= Aol oiydkes Zle & F Y T. chul T2
NaNO3 75 g/L & 3 ml Bol & uf, dx #AZI A o] 7bg wo]
Bt A npgoz H3H ks wjAE

3

4

N
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Fig. 18. Effect of nitrate concentration on 7. chui growth.
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Table 8. Effect of nitrate concentration on 7. chui biomass productivity, total fatty
acid and oil content

Biomass Total 01l

—-NO3 % Productivity fatty acid content
(ml) (mg/L/day) (mg/L) (%)
0.0 17.0 27.0 15.8
1.5 130.0 129.0 19.8
3.0 143.0 145.0 20.4
6.0 134.0 130.0 19.5

m



4.2 Dunaliella tertiolecta

D. tertiolecata w7} wA ol TfH Ao o wE Axe dF ik
¥ ooil o FFS FAMEY] 98k F/2 -si x 3 iAo NaNO; 75 g/L & 727} 0, 1.5,
3, 6 ml ¥1 &%& 23 C, 98 F7]= 14:10 hr (light'dark), =& 110 p
mol/m2/s & FXA17]11 COy9 5= 2 %% 1 vvm 9 %502 FFAZ oA +
Ao Ad3E vebd vk (Fig. 19).

NaNO3 75g/L & 0, 1.5, 3, 6 ml Yo wjkstx] 6 &4 Al == F9 D. tertiolecta
o] #A Ax=FE 727 0.1 g/L, 0.573 g/L, 0.974 g/L, 0.883 g/L 2% NaNOj3 75g/L
£ 3ml 9ol T sl S w, A Ax=Fe] 7HF A YErsth

NaNO3 75g/L & 1.5 ml, 3 ml, 6 ml 2] #jat#] 6 4 A ¥+ <22 biomass
productivity 9 a2 27 125 mg/L/day, 162 mg/L/day, 53.5 mg/L/day & 3 ml
go] Fof wjeketale i, biomass productivity ©] 7F¢ 4 Uetuds 2SS &< &
T AT AAHe] &2 NaNOj3 75 g/L & 1.5, 3, 6 ml 22t 17.8 %, 24.5 %,
18.6 %= Yetstom, 9] = A NaNOs 75 g/L & 3 ml ¥ol T3S ),
24.5 %% 7V wol vty AS g9 & 5 AUt (Table. 9).

o]F Edj® AAd9] ko] wo] Fojgitial A R dAFe] ¥ A F7t
stAU A& o] Srkek= Alo] oideks Ae & UM D. tertiolecta &
NaNO; 75 g/L & 3 ml ¥l F3& v, Adx dAZFH A4 =&Fo] 7Hd =l v
Bt A v o® HA ks wix R dusle], Uux A9S Wasioh
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Fig. 19. Effect of nitrate concentration on D. tertiolecta growth.
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Table 9. Effect of nitrate concentration on D. tertiolecta biomass productivity, total
fatty acid and oil content

Biomass Total Oil
-NO3; 5% .. .
(ml) Productivity fatty acid Content
(mg/L/day) (mg/L) (%)
0.0 30.0 29.7 16.5
1.5 125.0 133.5 17.8
3.0 162.0 246.0 24.5

6.0 53.5 60.0 18.6

m



4.3 Nannochloropsis oculata

N. oculata 7} #jA e A8 Ao JaFo] mE Axe] A7 Bakd A
Ao e Abet7] 9lall F/2 -si x 3 #iA el NaNO3 75 g/L & 217+ 0, 1.5, 3, 6
ml 93 &% 23T, W9 F7]&= 14:10 hr (light:dark), %= 110 zmol/m2/s
Z FAAANAL COy 9 FEE 2 %2 1 vwm 9 §502 FFAZ oA AxFo 4
= dEsle (Fig. 20).

NaNO3; 75 g/L & 1.5, 3, 6 ml ¥o] #jst®] 6 & A H+= 29 N. oculata 2
oA Az 77F 0.549 g/L, 0.678 g/L, 0.75 g/L ©& NaNO3 75 g/L S 6 ml ¥
of Fol wiFstdle W, ¥l AxFol 7 =A dEhus AE gl & 5 A

NaNOj3 75g/L & 1.5, 3, 6 ml ¥o] njekst®] 6 d A == 29 total fatty acid
o] 72 77} 86.7 mg/L, 144 mg/L, 131 mg/L ©& 3 ml Yol Fo] njeketgle o,
total fatty acid ¢ g&Fol 7 =7 Yehbs A& gl & sk A ¢
2 NaNO; 75 g/L & 1.5, 3, 6 ml Z+Z} 15.8 %, 20.7 %, 17.5 %= el ow, =2

g oAl NaNO; 75 g/L & 3 ml 29 342 w, 20.7 %= 7}g ¥o] Yehs=
& gl & 4 Atk (Table. 10).

AZ #AFSNaNO3 75 g/L & 6 ml ¥o] S w], 74 =3O total fatty
acid &} #@ 9 o] NaNO;3 75 g/L & 3 ml ¥ol F3U& ul, v =4 YehtA o]
2 B2 d299 oFo] Wol Soizitta M 2HF FAHEo] ¥ AA FIFskAY
2| A o) gheFo] FrkeE Aol ofYghe AS & = Ak wEkA, N. oculata F
7 AakQo] F%E NaNO; 75 g/L & 3 ml = 2 W3 wixl s =2 ddsto], 1

nn
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Table 10. Effect of nitrate concentration on N. oculata biomass productivity, total
fatty acid and oil content

Biomass Total 01l
-NO3 5% productivity fatty acid content
(ml) (mg/L/day) (mg/L) (%)
0.0 15.0 20.6 13.7
1.5 91.5 86.7 15.8
3.0 116.3 144.0 20.7

6.0 125.0 131.0 17.5
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Fig. 21. 3—D response surface of dry cell weight (a) T. chui, (b) D. tertiolecta and
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concentration.
Table 11. Estimated regression coefficients for dry cell weight (7. chui,
D. tertiolecta and N. oculata)

Coefficient Std. Error t p
T. chui
Yo —0.1206 0.2172 —0.5555 0.6344
A 0.2795 0.0927 3.0147 0.0947
B 0.2383 0.0927 2.5701 0.1239
C —-0.0617 0.0143 —4.3095 0.0499
D —0.0581 0.0143 —4.0598 0.0557
E 0.0407 0.0002 251.7257 <0.0001
D. tertiolecta
Yo —0.1950 0.1098 —1.7754 0.2178
A 0.3739 0.0469 7.9726 0.0154
B 0.3318 0.0469 7.0755 0.0194
C —0.0834 0.0072 —11.5167 0.0075
D —0.0811 0.0072 —11.1994 0.0079
E 0.0597 8.1684E-005730 0.4259 <0.0001
N. oculata

Yo —-0.1122 9.94E+05 —1.13E-07 1
A 0.1695 331198.9 5.12E-07 1
B 0.1835 331198.9 5.54E-07 1
C —0.031 0.008 —3.8527 0.0612
D —0.0301 0.0098 —3.0829 0.0911
E 0.0336 110399.6 3.05E-07 1

Al
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Table 12. Estimated regression coefficients for total fatty acid (7. chui,
D. tertiolecta and N. oculata)

Coefficient Std. Error t D
T. chui

Yo —23.3787 21.0123 —1.1126 0.3817
A 38.8737 8.9706 4.3334 0.0493
B 34.7336 8.9706 3.8719 0.0607
C —=7.7154 1.3848 —5.5713 0.307

D —7.2634 1.3848 —5.245 0.0345
E 6.3024 0.0156 40.33508 <0.0001

D. tertiolecta
Yo —43.0435 50.0892 —0.8593 0.4807
A 66.9849 21.3842 3.1324 0.0886
B 46.1290 21.3842 2.1572 0.1637
C —11.2667 3.3012 —3.4130 0.0762
D —10.6121 3.3012 —3.2147 0.0847
E 8.3285 0.0372 223.6026 <0.0001
N. oculata

Yo —32.6254 30.9955 —1.1816 0.3588
A 40.9179 13.2327 3.0922 0.0906
B 39.1008 13.2327 2.9549 0.098

C —-7.5183 2.0428 —3.6804 0.0665
D —6.7585 2.0428 —3.3085 0.0805
E 6.775 0.023 293.9421 <0.0001
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6. WHE 7k wiEe A i

6.1 Tetraselmis chui

A A +7 75 mm, =°] 350 mm Q! F WEST]] wixE 1 LA 9 T,
chui & A2 10 % v/v)E HF 3FATE WA= 2% 35 F/2—si x 3 HIAE AME-
hlar AFE we] 2 23 T, ¥le] #7]= 14010 hr(ight:dark), 2% 110
pgmol/m®/s & FAA712, CO, 9 5L 2 %2 1 vwm 9 502 FHato] wjek
sttt A HEF F, oA Aol Haud 4 A Fof| FAF wE wiXE A Fgst
of Fom, vk 4 o F FEE= o]Eel s WY harvest 9 WA FHE WHEEo] 2
F3+ g sk (Fig. 23).

T. chui & repeated fed—batch & AlgetRS wf, X AAFZ biomass
productivity & WERN Z#iZo|th 7] 8k 4 Uo] A F 224 mg/L/day 9

P

biomass productivity & 7}R 01}, 2 Ao & W &g wjxe $383 FFS WHES

01«
rulo

repeated fed—batch & A3 4= biomass productivity & <7Fste] Hi1 415

mg/L/day & WERN AT (Fig. 24). o] & =50l Tetraselmis sp.7} 3|2 wjok

S S uw], 300 mg/L/day 2] biomass productivity E.t} 115 mg/L/day 7} =& Zt
& A& 4 Q) Total fatty acid = #Hil 173.1 mg/L 9 &S s ow o

=50 Tetraselmis sp.7} 352 wjokS S wf, 14.7 %2 A AL o] YYo= A
of Mwsl 5.3 % = F& A FFA 20 % AR FAEHE A glstdrt
[46] (Table 11).

Fig. 23. Repeated fed—batch culture of 7. chui.
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Fig. 24. Changes of (a) dry cell weight and (b) biomass productivity of 7. chui
with the repeated fed—batch culture.
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Table 13. Biomass productivity, total fatty acid and oil content of 7. chui on

repeated fed—batch culture

Biomass productivity Total fatty acid Oil content
(mg/L/day) (mg/L) (%)
44 224.0 98.4 18.6
#1 (6 ¥) 408.0 135.9 20.0
#2 (8 ) 411.0 171.7 22.0
#3 (10 9) 415.0 173.1 19.8
#4 (12 9) 400.0 155.0 19.4

ol



6.2 Dunaliella tertiolecta

A A +74 70 mm, =°] 350 mm 1 F WEgT]e] MiXE 1 LA ¥ D,
tertiolecta = WA2 10 % (v/v)E AF stk WA= 2% @5 F/2-Si x 3 WA
5 AR AES Y] 2% 23 C, 2] F7]= 14:10 hr(ight:dark), 2%
£ 110 gmol/m®/s & §AAZI, CO9 FEE 2 %% 1 vwvm 9 §%02 FF3h
of wjkstdtt. e HFE 5, oA Aol Hudd 4 A Foll #AF HE MAE oA

wote]l FoH, vk 4 4% FEH= olEe] ¢ WA harvest $F #AFFS REE
gko] 2 73k w¢k stk (Fig. 25).

D. tertiolecta< repeated fed—batch & A3t o, 712 A ZF 2 biomass
productivity & WA Z#iZo|th. 7] w4 Uo] A F 113 mg/L/day 9
biomass productivity & 7FHou, 2 del| ¢ | &= x| 9 S8 ¥ T
repeated fed—batch & A& 3 4= biomass productivity &+ AH Z7}8te] FHa
478 mg/L/day & HERIATH(Fig. 26). o= thE =l D. tertiolecta 7} 232
4S5 & o, 360 mg/L/day ¢ biomass productivity 2t 118 mg/L/day 7} &<

S = AAH[47]. Total fatty acid = HiL 170 mg/L 9 &S 7t on, & =
Foll D. tertiolecta 7} 3% wkS S i, 21.7 %o A9 &g} v|=3k 19—

21 % ez FAHNCH Hi 21.6 %9 Ade] FFS /A= Ae Fdsslnt
[46—47] (Table 12).




Fig. 25. Repeated fed—batch culture of Dunaliella tertiolecta.
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Fig. 26 . Changes of (a) dry cell weight and (b) biomass productivity of
D. tertiolecta with the repeated fed—batch culture.
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Table 14. Biomass productivity, total fatty acid and oil content of D. tertiolecta on
repeated fed—batch culture

Biomass productivity  Total fatty acid Oil content
(mg/L/day) (mg/L) (%)
44 133.0 179.0 20.0
#1 (6 ¥) 341.0 158.0 21.6
#2 (8 L) 390.0 168.0 20.5
#3 (10 9) 438.0 170.0 20.7

#4 (12 Y) 478.0 155.0 19.4
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6.3 Nannochloropsis oculata

A AZS +74 70 mm, =°] 350 mm Q! F WEST]] WiXE 1 LA 9i N,
oculata = WA 2 10 % (v/v)E AF stk #MA= 2% 4 F/2-Si x 3 WiAE
ARgER L HEE g5 2EE 23 C, WO F7]= 14:10 hr(light:dark), %=
110 gmol/m*/s & HAAI711L, COz o) FEE 2 %2 1 vwwm o f&Ho2 FHdto]
FetAth A5 AFE 5, oA Aol HuRl 6 Y Foll #AF vE WA E Al &
tol FHom Wik 6 & F FE & o5 g WA harvest & #IA T F S WEE3)
1 2 53 vk skt (Fig. 27).

N. oculata < repeated fed—batch & Al3IS wl, 71x FAZFY} biomass
productivity & e TZfzo|th 7] wjF 6 Uo] At F 104 mg/L/day 9
biomass productivity & 7Fg o, 2 deof 3k W &2 ujx]9] & =
repeated fed—batch & A& 4= biomass productivity & AH Z7}8e] FHa
337 mg/L/day ©] biomass productivity & YWERISATH(Fig. 28). ol & =il
N. oculata7} 332 wS & wl, 142—-180 mg/L/day ¢] biomass productivity
Bt} 2 w7l ¥ x5 Al Total fatty acid & il 167.4 mg/L 9 &HS 7}
Row, Ade ek oo F FHRU= 2w W2 16-17 % ez FAE%eH
#Hal 16.7 %] AAE FFS 7= AS FRIskATH(Table 13) [48].
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Fig. 27. Repeated fed—batch culture of N. oculata.
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Fig. 28. Changes of (a) dry cell weight and (b) biomass productivity of N. oculata
with the repeated fed—batch culture.
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Table 15. Biomass productivity, total fatty acid and oil content of N. oculata on
repeaed fed—batch

Biomass productivity  Total fatty acid Oil contents
(mg/L/day) (mg/L) (%)
4 day 88.0 71.7 7.2
6 day 104.0 142.3 14.0
#1(8 day) 314.0 152.4 15.3
#2 (10 day) 337.0 163.5 16.4
#3 (12 day) 316.0 157.4 15.7

#4 (14 day) 322.0 167.4 16.7

1e}



=

7. AN S o] &35 wtIA

ok

7.1 Tetraselmis chui

g7 27 AEES Aist] fsiA BldW gkgT]E o] 88tk WA= 2 %
sl F/2-si x 3 WixE ARSIl 2= 23 C, B

(light:dark), %%+ 110 gmol/m?%s & FAAZIL COy FEE 2%% F+3S 1
vvm FA3ke] 6 A1t kst (Fig. 29).

247 64 A FERESTI vlest 0.84 g/L o Ax AAHS HAE e F
Qs tk(Fig. 30). Biomass productivity & W& =i°l| Tetraselmis sp.7} 3|2
S uj, 300 mg/L/day 2] biomass productivity E.t} dulo] & H-7] vk
5% 140 mg/L/day QAIRE, Ae] 3tke- of & =l Tetraselmis sp.7}
382 wiFS e wl, 14.7 %9 AHY o] ve= Ao vlws] wjeF wpAu

.6 WA E =4 vsgker, 28 wg7]el vl 10 % % Al

37:_
Ao s A= AS st 46] (Table 14).

Fig. 29. Use of plastic bag photobioreactor for 7. chui.

no



Dry cell Weight (g/L)

T.chui

1.0

0.8 -

0.6

0.4 4

0.2

—eo— CO, 2%, 1 vwvm

0.0

Incubation time(day)

10

Fig. 30. T. chui growth curve using plastic bag photobioreactor.
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Table 16. Biomass productivity, fatty acid weight and oil content of 7. chui on
plastic bag photobioreactor

Biomass productivity Total fatty acid Oil content
(mg/L/day) (mg/L) (%)
3 day 100.0 55.7 18.5
4 day 122.0 121.6 25.0
6 day 140.0 248.0 29.6




7.2  Dunaliella tertiolecta

g7 27 AEES Airst] A Bld® wkgT]E o] &8k WA= 2 %
¢ F/2-si x 3 WiAE AMEEIRlY X 23 C, WO F7]E 14:10 hr
(light:dark), Z%E 110 gmol/m%s & FAANIIL CO, FEE 2 %= FFS
Lvvm 6 L3+ wiFsth(Fig. 31).

2 A% 69 A FEkgTl ek vt 0.84 g/L o] X dAFS A= AS g
Qs tk(Fig. 32). Biomass productivity & TS =l D. tertiolecta 7} 332 Wl
F& S wl, 360 mg/L/day ¢ biomass productivity Rt 3 #7} @2 f2 ¥HS
|9} vlsz8k 140 mg/L/day (AR, Ae] ke & +=3-oll D. tertiolecta7} 3|+
P W, 21.7 % AAL o] o= Fof sl wjeF mpAE Il 6
4 Fd 308 %2 10 % =2 AR dFe M= AE SASATH46-

47](Table 17).

O

N

4wy

o

Fig. 31. Use of plastic bag photobioreactor for Dunaliella tertionlecta.
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Fig. 32. D. tertiolecta growth curve using plastic bag photobioreactor.
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Table 17. Biomass productivity, fatty acid weight and oil content of D. tertiolecta

on plastic bag photobioreactor

Biomass productivity Total fatty acid Oil content
(mg/L/day) (mg/L) (%)
3 day 104.7 67.9 21.6
4 day 128.0 150.9 29.4
5 day 170.6 262.4 30.8

by



T. chui, D. tertiolecta, N. oculata N & 27 HZAwSF 21 2% 23 C, &
110 pmol/m*/s, ¥ F7] 14:10 hr (L:D) cycle, ¥1A] F/2-si x 3, CO; 9 F&
2 22 1 vwm FHOE FEdA et W, wA dxFel Ao kol HE
A Uetwt. D. tertiolecta + 7V w2 oA A" 1.14 g/L &F A <l
26.3 %, T. chui ¥ N. oculata &< 217} 0.86 g/L, 0.79 g/L o] #A 7AxZFE YEr
Wi, Are] dheEe 7b7 24.3 %9 20.2 %S YERY ST
7} 9] biomass productivity & S7F Al717]1 9184 A1) Adado] Hargl Al
Aol A% e wiAE Fwstal 2 del ¢ W EE WX E Fusta FEEe
repeated fed—batch & 2 51+ A&}tk
Al & FolA, D. tertiolecta ©] biomass productivity &= Z7] ¥l 4 do] A+
¥ 133 mg/L/day °I4 wWiA 9] &3t FFo] vk Hx5 3] Frhsto] Hal 478
mg/L/day 2 4 ¥ A% 718 AWe] &5 A repeated fed—batch 7} WH
Hol®: 20 % WelZ FA=HNeH Hi 21.6 %9 AWe] &S 7MY T. chui
9] biomass productivity &= 7] #leF 4 & <l 224 mg/L/day oA wj# 2] 4%
I FEo] ¥HEste] Hal 415 mg/L/day 2 2 Wi A% FrFekal AHe] e
20 % WAE FASIAL Hi 22 %O A FF2 TR N oculata A
biomass productivity < Z7] ] 6 & ] 104 mg/L/day °llA] wjx] 2] 423}
Taol W A Frhetel 1 337 mg/L/day 2 3 WA E SRS AL Ao

ZERT B U3 16 % U9E SXs8t9oH, H 16.7 %o A

v



2 F AEEIE AAT7] AeH, 271 A v o] wol E7] wjie] g7
A A7HE d7st) fEA] ud s o] gallA] wiFstitt. D. tertiolecta 2 W<k
npA ek o A Azgo] f2 G AENSTIY vldk 1.024 g/L 7F Ugtod, A
wol e 30.8 % f2 W)l vlsl 5 %7t w2 A Ukt T chui & E
Aol frel F AAENkeTleh vst 0.84 g/L 9] Ax #AZFE RO
Ae] e 29.8 %2 A2l F AEWHSTIAl vl 10 %7 =& &&S Itk
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