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Abstract: In the present study, the biomass productivity of
two green microalgae (Chlorella sp. and Dunaliella salina
DCCBC2) were assessed in a 12 L tubular photobioreactor
under optimum culture conditions. In the batch culture
optimization process, the Chlorella sp. biomass was obtained
as 1.2 g/L under atmospheric air as a sole CO, source and
other culture conditions as follows: light intensity, temperature,
pH, NH,Cl and K,HPO, were 100 uE/m’/s, 27°C, 7.0, 20.0 mM
and 2.0 mM, respectively. On the other hand, 2.9 g/L of
D. salina DCCBC2 biomass production was observed under
the following conditions: light intensity, temperature, pH,
KNO; and K,HPO, were 80 pE/m’/s, 27°C, 8.0, 3.0 mM and
0.025 mM, respectively. At 1% CO; supply to the reactor,
the Chlorella sp. production was reached 1.53 g/L with 25%
increment under the same operating conditions. In addition,
the maximum D. salina DCCBC2 biomass was observed as
3.40 g/L at 3% CO; concentration. Based on the aforementioned
optimized conditions, the dilution rate and maximal biomass
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productivity of Chlorella sp. and D. salina DCCBC2 in the
continuous cultivation were 0.4/d and 0.6 g/L/d and 0.6/d
and 1.5 g/L/d, respectively.
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Table 1. Comparison of biomass productivity of Chlorella sp. and Dunaliella salina DCCBC2 with other related green microalgae

Microalgae Light Tempcerature pH Nitrogen Phosphorus  CO, Biomass Biomass Ref
strength (C) (mM) (mM) (%)  product (g/L) productivity (g/L/d) '

Chlorella sp. 100 puE/m?/s 27 7.0 20.0 2.0 1 1.53 0.6 in this study
Chlorella sp. 100 umol/m’/s 20 7.2 17.6 0.3 5 2.02 0.3 [12]
Chlorella vulgaris 3200 lux 30 6.6-8.6 294 1.29 6 1.31 0.1 [13]

D. salina DCCBC2 80 puE/m’/s 27 8.0 3.0 0.025 3 3.40 1.6 in this study
D. salina - - - - - - 0.22-0.34 [5]
D. tertiolecta - - - - - 0.12 [5]

b, ok @842 FAYENHS7] (photobioreactor, PBR)
e @=L Sk, 58] vAlERe] mabRl iRk
= S8l A AAA oz wjekr] el FHatkar Stk [4].
FAAAERRST = FHlel wet B, v, A Tl 3loH,
53] wEHA o] FaL Aol F51% euete] A &
FARQ1 FABERE 79 Jo] a8t F el vkt |
B ] SFAYERRS7|7F Hars] 31 QUARE o}4] wheh vkt
Az Wkg7)= A Eshal Qlo

AW o 7 nlo] QTS 1] ulo] QoflufA] Akt
dafo] w2 Fo vMET7E e AL Stk 53] Hio] on)
2 2B dell JAX Chilorella vulgaris 2= 0.02-0.20 g/L/day
2 HEo] QI3 B v Chlorella sp.i= 0.02-7.70 g/L/day
= Hehl FER o7t B2 Zlow defA Qlut g
Dunaliella tertiolecta®] 73<%- 0.12, Dunaliella salina= 0.22-
0.34 g/L/day® K.a1¥]o] Qlc} [5].

HATEHE oA BESE =N T FY 52
Chlorella sp.2} Dunaliella salina DCCBC2E Z2}~A ¥l
oAl HEGAEH-AH] (response surface methodology)= ©]-&-
Slo] 24 WA A [6). Tt o5l ¥] 4
#3157 vlolenls AARES AR A} 22} 0,083
0.54 g/L/day® WEh} 7]Ee] A% Q= &3 719
fARSAY 2512 e] £& Row SRlsgle. 2
QoA QA AT AR 55 AP AN E v
o A AR 12 L 919 B8] (tubular
photobioreactor) & ©]-8-5t] Y5272 Chlorella sp. 2}
N5 Dunaliella salina DCCBC2 + &= vl
Febrl flsh Z2F FHAuikRE gelsta, o] A3E 7t
O 7 AKHeReE - 2 vAl R E FHul vlo] em AL
e AR
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2.1. A 257 R AREHR)

2 ATl AR mMERRE BT Chlorella sp.
o A4Z7<! Dunaliella salina DCCBC20]1 | 3FoFt]
g A w ATRHOERE FFS whol AFEER
t}. Chlorella sp. W%l ARE-SH H| %= TAP (Tris-acetate-
phosphate) medium [7]©]3Z, D. salina DCCBC2 2] Hlj<Fell=
Castenholz D medium [8]-& ARE-8F1 0, 7} wljx] ] A0
k23 2tk TAP ¥4 (L %) 1 0.8 g NH4CL, 0.1 g CaCl, -

2H,0, 0.2 g MgS04- 7TH,0, 0.3 g K;HPO,, 0.05 g EDTA -
2H,0, 0.005 g FeSO4 - 7H,0, 0.022 g ZnSO4 - 7H,0,
0.005228 g H3BOs, 0.0051 g MnCl, - 4H,0, 0.0011 g CuCl,
2H,0, 0.0026 g Na,Mo - 2H,0, 0.0016 g CoCl,- 6H,0.
D "2 (L) : 58.44 g NaCl, 4.844 g Tris, 0.5055 g KNOs,
0.91576 g MgCl,- 6H,0, 0.12325 g MgSO4- 7H,0, 0.0441 g
CaCl,, 0.0228 g KoHPO,, 0.00055 g FeCls, 0.00245 g EDTA,
0.000305 g H3BOs3, 0.000198 g MnCl,- 4H,0, 0.000023 g
ZnSO4- 5H,0, 0.00001 g CuSO4- 5H,0, 0.000048 g NaMoO,
2H,0, 0.000005 g CoCl, - 6H,0, 0.000027 g NaVO;,2.1 g
NaHCOs. 7} wiAl= 121 CollA] 1583t Eat 2 B2 &
AHETY.
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72} v AT 2Rl Pl ZEF-E culture flaskE
ol gale] o 1298 TR Adugetas 455 BE
3L, ekl 2= oF 22-25CE A3 74
ahgleh wsk, Wo] A7) 80~110 pE/m’/sE A4k,
12A13F F712] W} F ZofA] nljeksieitt.

23. FAEVSI| AL A=

A ZEFE] ti 2 ASHgE f18l vhE71e] SH), He
8, 2% Ao}, 2 Ao], 7k~ FE, scale-up 52 A
Sk Ay} ofe] 7R ARRS HES uf 2 At 5
o] Hk37 17} 7 Adshhs A Jlsla, olol uet g%
o] FBENET 1= AEeHA =St Pyrex glass A%
o] 4%F FAENSVIE= A7) 15 em©]z, Aoli= 70 ecm
olv (& ¥ 12 L), AA AF A] 10 Le] migds Az
ato] ARSI 42 100% D49k 15% olAkabekir)
E0] Q= EHZHE flow meterS AFE3Fe] o]AkalgkA
= k= TR E3sle] ARSI, 0.2 um air filter S
FHAA v EE AASFAA FAAES Tl TSI
3t o AksleRAE FAYERES Y] Shctel] AX|gE At
HA L) mA7| & 2t Sl 71 AV E FE U
OS2 W] Ul sjgd o ® o] ibslekAvt 3 HA| =
= Alstar, ot nA| 2R et wRkS -8kt
FAENRS 7)) AXt= Z42Ee] w717 18E I QlES
steeless steel 2 A 21513 0, 3he] AXtol 4712 #&
S8 7HE Rk = Fo] AX|sle] Agde] o]&siqitt.
2 ATl AREsE =72 JlEREE Fig. 100 YER
Att. sbA A FAYERES V1S ARSSE mME2FE] A5l
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Fig. 1. Schematic diagram of tubular-photobioreactor system for
continuous cultivation of microalgae.
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12 L3375 o] 85 ool 2 A%k Al
N EFE HAZdolA wieket] S8l A o vlA
T e HA A0S SRt vAlxRTE HA S
H Z1olA] wieFstr] flalia= Hel A7), =%, pH, o4t
slebrd] FE TEla Fh 99l e 13 oy Qab
59| &S etk Aol Aasit [9-11]. F HAMER
o] W18} A7) 40~100 pE/m*/s<] HLlollA 20 pE/m?/s<]
HAow Yo A7|E g iglom, ujgkile e E 7t
7} 23~29°Ce] Wlellx] 2T HAo=® AAste] HA2:
5 ARIILE 181 FYEE oikslekal] s E 717t
0.04 (7] ¥ ¥5), 1.0,3.0,5.0,10 1831 15%= 2}tz
23t 4 ol s ARIIY UG EE
0.05 vwvm o & A7gsIltt. niA|Eko® HA A Ul ]l s
5 YolR 1R}, Chlorella sp.2] 73 NH,.CI= 15,20,25 1
232 30 mM 2] 52, D. salina DCCBC2+= KNOs 9] &
S5 1,3,5 1832 7 mMY sEE 24390 £ <
o] 7% Chlorella sp. = K;HPO, = 2,4,6 Z12]1 8 mME,
D. salina DCCBC2+¥ K,HPO,Z 0.025,0.1,0.2 18|11
0.4 mM2] g2 239t 919 7t 2R 2dsty
gV pMERE 119 B}t ajekeision, 2F 250] nlA|
5 A 9 vlo] euf Aof mjX]E JEkS dolR gl A

2.5. A& FS 3 S A E =4}
HAZFE FYERRS 7S of8ate] Auldstr] $lal &
Agle oM ] wlMER vloks 538l 7} 84)E (dilution
rate, D)& ZAFslaL, 2} 3|4 ol W& mA T Hul
Hlo] Quj A AT (biomass productivity, g/L/d)e A3k
ATh DS LS 3] v e AEAHo R T
A 739 wljekdo] FgH ¥ FAle] W] o] V)&
Hijekolo] 3] 0 2 W-g-7] U)o Hijekd HujE I
SHA A = QloH, mAERY HE Fas Alsk o
T wiR e Ehel uet deRitt

Fig. 19425 4712] - 38ERE87]ol 212t Eat
10 L9] wikols Fjetal deee] 2 miERE 1
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= YA st} wiklE Fasilon, 2 ek
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3. 29 9 nF
3.1. 3R g HH = &7

A= on] FekAaE o] 835 REg T
< &3l AT pH, A T7]aL 91 el oisk 7F =
H HA S A8 vt vk Chilorella sp.2] 73-% pH 7.0,
NH,C117.0 mM % K,HPO4 2.0 mME FAFE Qo™ D.
salina DCCBC22] 74-%-, pH 8.0,KNO; 3.3 mM % K,HPO,
0.0375 mM = Z}2F ZARFRITE [6]. Zekl Adoflr o] viAl
57 8 HA3 2108 e R A =R 7
HAZEFEE pH, A4 9 Q1 F5, W] A7) 12]ar wiek
25 5o su)ek A5 A4S AEsioivh o1 A 22t
ATE o] gato] A Aas} AR H4 wikxds 39
HES7 1M D& 5= AT, Chlorella sp.2] 735+ pH 7.0,
NH4C120.0 mM %! K,HPO,2.0 mME ZAFE GO, o]
9lof] Wlo] M7]= 100 pE/m’/s 18] w27 CE
ERTh (Fig. 2(a-b)). 38 D. salina DCCBC22] 5%
pH 8.0,KNO;33.0mM % K,HPO,0.025 mM=E 77} ZA}
Holom, W] Al7]i= 80 pE/m’s, 25 27CE YRt
o} (Fig. 2(c-d)). ++ A7ellA= 121 38 FB=Rbe71=
o]-g3to] obA] 3ulF Al AbES HAMFE ShellA
Chlorella sp.2] A7t upE wlo] @uj A AAbEEe] WS
A om 1Y vjek 3 12 /Lo Hlo] e mjAE YAt
31T} (Fig. 3(a)). 5=3F, D. salina DCCBC22] 7350l 119
HjoF 329 g/L9] njo| e ko] AolFtt (Fig. 3(b)).
T T2 vAERE sl & o $Us ARE Ulell D, salina
DCCBC27} Chlorella sp. 2.t} 28] o4 H-& nlo| em~E
Akl on, oli= &5 vlo| o miAE AAksiths 54 &
o\X= D. salina DCCBC27} frelalth= 718 om)gict,
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Fig. 2. Effect of light intensity, and temperature on microalgal
biomass production in a 12 L photobioreactor. (a-b) Chlorella sp.;
(c-d) Dunaliella salina DCCBC2.
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Fig. 3. Biomass productions of two green microalgae under the
optimum batch culture condition in a 12 L photobioreactor. (A)
Chlorella sp.; (B) Dunaliella salina DCCBC2.

3.2. el g 1% o) Atste A B H A5t

2] HAHZA slollA 12 L 3AAERRSY)E o83l Zh o)
2 ATl 0.04~15%2] COE ZH2} 0.05 vwm SR
TRt 7t el i wAlET A% gl vlo] eul A
e AR F, 3718 U wele] vlo] 2 Ak
¥} WS} (Fig. 4). Chlorellasp.= COx9 571 1% =
Fu= 2o 1Y =9 1.53 g/L& AAkste] 713
E& vl emAgs YRS H, 0.5%2] CO, E=elA
147 gLE SISt &, 3715 915k vk o
(1.2 g/L)Xrt Holf oF 25% F7Fsh nlo] Quiamks vieh]
et RH CO, w57t A2 s ER A4S 25 A%
of AalE W= 20 YEREOH, 10% o) dellxE A1
zgo] o] Fo) & x| 9kttt D. salina DCCBC2E 3% 2]
CO, &% slollA] 7P =2 o] emjx&F (3.4 g/L)S YEh
wiglom, 0.04, 0.5 2 1%2] COoM = 2.9, 3.1 2 3.1 g/L
2 ZV7) ARSI, Chilorella sp.9F PIRPHAIZ 3715 5
kS W (2.9 g/L) BT} oF 10% 2 vio] e gd-S
eIt D. salina DCCBC20] S5 CO, w57t A}
WEFER 455 Al AdllE whs 2 0= UER o
10%XM 5 o= A= AFo] o]FA Chlorella sp.©]
1|3l 350 CO,9) s=el el o= F= A&de] Qe
ZoF Wtk A= 7] 5 COU A viE7 kA 5 CO,
£ AA] Sl mAlERE o8-8 4 D. salina DCCBC2
= AREshE Zlo] v anpAYd Fow AlmErh
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Fig. 4. Effect of CO; on microalgal biomass productionina 12 L
photobioreactor. (a) Chlorella sp.; (b) D. salina DCCBC2.
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Fig. 5. Investigation of dilution rate (D) to obtain maximum biomass
productivity during continuous cultures of two microalgae ina 12 L
photobioreactor. (a) Chlorella sp.; (b) D. salina DCCBC2.

AT7H] Yehd 5 & vA] H272] vio] QujA A4t
S e &9 vE u|A 2R} vlwdt A3}, Chiorella
TE2 Foll et B2 ApolE Hola Qlvk [5]. F3d vh
O] QU AAIAMI S R C emersoniii= 0.036-0.041 g/L/d
= X2l RHA C protothecoides+=2.00-7.70 0.2 1l|-9- 3=
< A S Holal Yk Ryu 5 [12]< Chlorella sp.
AG100025 o]l 12| A17] 100 umol/m®/s, WiFE
20C, pH 7.2, NaNO; 17.6 mM, KH,P0, 0.3 mM g
3L CO, 5%2] 271 ol 2.02 g/Le] vlo] QuiAE Ak
3 ar, owle] AL 0.3 g/L/d= Harsksitt. w3tk ¢
vulgaris= 43 pmol/m’/s, 30°C, pH 6.5~8.6, NaNOs 2.94 mM,
KH,PO, 129 mM 1831 6% CO,2] ZAA 1.3 gL
Hlo] QA9 1.0 g/L/de] BAMIS HAT [13]. whehbA
2 Aol A ARS8 Chilorella sp.2] AAHIS & 3
Hlwakels wf obF kA e UANE Bl Fe
XSS e A1 02 AlsH Y. W Dunaliella 552
AL T2k 0.09~0.34 g/L/dE Bl A AYakido] whe
Zog WiEo] Itk D.salina’= 0.22-0.34 g/L/dE [14],
D. tertiolectar=0.12 g/L/d9] AiPdS H It} [5]. olol H]
& 2 Aol ARESE D. salina DCCBC2: 1.5 g/L/d
o] vpo]emj A IS Ho v S ARE BF
& 2= QIQIth. ARA O R D, salina DCCBC22] Hfo] @j
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2~ AL Dunaliella 535 oY} Chlorella 42 ]
w _J.Er,p: 0/“?5]- u}o]g_uﬁ/\ AAIS Bol 707 g}
1=

4. 2E

12 L 38 FAENST|NN F £ 5Z5F Chlorella sp.
2} D. salina DCCBC22] &4 QIHHOJ: Z13} vlo] @ufj A
AES ARSI CO, 3o =M 3715 FHstaL,
gl A7) 100 pE/m?/s, BF25 27°C, pH 7.0, NH4CI
17.0 mM % K,HPO42.0 mM 2] 27%% HjoFsll-S o
Chlorella sp.2] 7% 1.2 g/L9] vlo] Qo A& Arks|SiTt.
D. salina DCCBC2:= 212 7] 80 yE/m’/s, &% 27°C, pH
8.0, KNO; 3.3 mM % K,HPO,0.0375 mM 2] ZZelA
2.9 g/L9] wlo] emiAnE Aakslint. 9 2ol ¥
Aol COx2l FEE 1% ko] 748 Wl Chlorella sp.=
1.53 g/Lo] nlo] uiAE AAFe}S AL, D. salina DCCBC2=
CO8 F5E 3% THsI= o 3.40 g/L= *ﬁ**o}oﬂﬁ}
olF HA st stel|A AueFsliA HA BAE
ZAW A3}, Chlorella sp.= 0.4/d°]%)3L, D. salina DCCBC2
= 0.6/doIglor, olule] 7} ujo]oul s AJAMIL- 0.6 g/L/d
gl 1.5 g/L/d= VERTE

AR

2 A= 201095 A2 AHAN -] Aoz ShoufA]7]
=271 (KETEP) 9] AL ol =ait AtapA ]yt

(ZHAMAS: 20103020090020).
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