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ABSTRACT

Microalgae demonstrate effective conversion efficiency in absorption CO,. However, it is
difficult to determine whether Chlorella vulgaris can survive in a flue gas environment filled with
high concentrations of CO, and SO. In this study, Chlorella vulgaris were cultivated under various
simulated operating conditions in a flue gas environment to determine a tolerable range and the
optimal conditions for its growth.

The main test items used in this study were CO, concentration, pH, temperature, illumination
proportion, and Na,SO; concentration varied according to different pH values to simulate the
conditions of flue gas. The tests were mainly divided into batch-type aeration and continuous aeration
cultivation.

During morning and evening batch aeration cultivation, a 15% CO, concentration resulted in the
highest growth rate of 25.5 mg/L/d. The Chlorella vulgaris that experienced morning and evening
batch aeration could endure an environment of up to 35% CO,, with pH 6 and a temperature of 25 C;
these were the most suitable environments for the growth of Chlorella vulgaris. The growth rate of
Chlorella vulgaris at a higher or lower pH and temperature was gradually decreased, and was
inhibited when it reached pH 4, 9 and 15, 35°C. Full-day illuminated cultivation led to the most
production and highest production rate of Chlorella vulgaris. However, regarding the production rate
per unit time of illumination ( mg/L/day/illumination time ) , the test with an illumination ratio of 1:1
demonstrated the highest and most economic test. At pH 6, Chlorella vulgaris could withstand 50 mM
of Na,SOs. At pH 5, it could withstand 20 mM of Na,SOs, and at pH 4, it could withstand only 10
mM of Na,SO,.

The continuous aeration cultivation of Chlorella vulgaris showed identical results for pH,
temperature, and an illumination ratio to the batch aeration cultivation, however it could withstand a
CO, concentration of only 30%, which was lower than that of the cultivation with morning and
evening batch aeration cultivation. The highest growth rate of Chlorella vulgaris was 31.4mg/L/d,
with a CO, concentration of 15%.In a pH 6 environment, it could withstand 40 mM of Na,SO3, which
was lower than the cultivation test with morning and evening batch aeration cultivation.

Operation conditions regression of Chlorella vulgaris :

X=0.98'%2(5.88* 5/(91.3+5+5%7.16) g)xc ' P*6'xd ' T

Key Words: Chlorella vulgaris, optimal growth condition, tolerable condition.
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SRR FIEIRE (B i
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25 89017 21.2 0.062
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45 366£15 721 0.035
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HACR pH B 7~ 10 5 /NERSESEH A R AT I
(01300 g * R 785910 NERETIE BT
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040

= o005 f

the highest Cell Density(gL)
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4. FE pH B/ NKEER A
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oH {8 /J\ﬁi??fi/)% fi@%ﬁ%?ﬁ ttf%%ﬁz
mg mg/L/day ay
1/p= S/K*umax+1/pmaxt Ks/HUmax ™S 3 BET

, 4 55248 19.4 0.074
S/u= S (Mmax™/Ki)+(1/tmax) *S+Ks/Himax (3) 5 64415 24.4 0.084
o o ) 6 702416 28.0 0.089
moSp %ok Y o S B Ol X B F 7 68215 26.5 0.087
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Y=ax“+ox+c » M a=1/(ma*/Ki) ~ 0=(1/tmax) ~ C=Ks/Mmax 5 10 52319 18.1 0.063

AT LS a=47.472 > b=6.7593 » c=1.6857 » 4k A & - NEREEAEIRE R 200mg/L A
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6 o
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0 T T T T 1
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% pH6 15 + /NS A E R 2 28mo/Liday Il 7. RFE pH T > NREZ SRR

Ul



FREHER ~ 2B ¢ /NEREE(Chlorella vulgaris) AR E R

47
BN T BB RIS

& pHB6 B /NBRRELL AR R » 5 0.089 dayt > H
e pHER 78594 N4 BRI HI R
0.087 - 0.085 ~ 0.084 - 0.074 - 0.074 day™ > pH % 10 » [1:4:
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TS = R BT ERANE pH H 6 fedf 0 5-8 il
GAREE - mHLHE R AEIRGEERS & pH3
INERELEIE T > AR b SR aE 7 -

PR Ry pH6 S &/ NREE A & - IRIBLIE pHG6 57 Ry
pH BLAERE A F] pH EHET TAERACHUS I A8 & pH=6
B> 05090 Axk (4); & pH<6HF > 0 5 0.82 » A3

K5 (5)°
PH=6 1 Xpn = Xpex0.90 PH° 4
PH<6: Xor = X% 0.82  PH° (5)

SRS NKRERINEE

AR T AR N A RAR DU B ED RS HI R B1E
¥ REEELLCR DR S R T s e e B E E
2 AsEEMA 15 - 20 ~ 25~ 30 ~ 35 ~ 40CEAREDREE/N
BROSEME ThEE -

3% 5 NIEE BRI Ry 25°CHY » /NREA RS 2 i
A RIRE - T06mg/L 5 HZUFE 30220~ 35°C » 3l 642
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RERRE Ry 25°C » /N B R 0 F5 29.8
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IR/ INBRGEEPE A R AR 18 By 17.3mg/L/day -
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HAR B IEEORE R 30 ~ 20 ~ 35°C » /NERSREE A RIS R
% 0.088 ~ 0.078 1 0.076 day™ ; & B33 8 15°C B/ NERSELL
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G REE - BHEREGHEEIIHRIES » 40CHIE
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S| NREERAORE | SEEARENE | A RAE
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0.96 > A Fs (6): HIRAE <25CHF 0 5 0.94 > A5y (7)

VRE>25C - XT:X25“CXO.96‘T'25‘ ©)

5}§<25°C IXr= XZSJCXO-94 | T-251 (7)

4 BRI R KR A R R

FofSifit = o) H IS S A B RE TR A de » IR
[ RIS R N R R A E T A BT
IR EIE R (24 /NFFEEDE © O /NFFRBEDE - 16 /NIFHRDY
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2% o

R 6 PRI 24 /NRFHEDERS » A/ NI IR AR
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& 6. FEHRDEHRFHEE/NRRE R Z A
EREE . . SEEER/
e | OFE | ek pen | | R
E%:‘Flaﬁ HYRT /EE ( mg/L/day) ( day-l ) /\'\:Ulﬁaﬂ‘ﬁi
(mg/L) (mg/L/h)
24 /NIF 661%17 29.3 0.094 1.22
16 /]NEF 57511 215 0.075 1.34
12 /N 52219 17.9 0.072 1.49

& 24 /NIFIRDERE o /N A RIEER R 0 fy 29.3
mg/L/day » HIE 16 /NFFIEYE /NS AE R HUR By
21.5mg/Liday ; 12 /NRREEYERLZE - NEREE PSR R BR By
17.9mg/L/day -

24 NIFEROEIG o NEREELE AR R % 0.094
» HRGE 12 /NIGEDE  NERREE A REFREy 0.075
16 /NIFIE R 2 /NERSEEER AR R R B 0.072 day™ -

IR —/ NI AR R A ARk R DA (B

FORE- W) BPEIRDLRE > nIDRIEE 12 /NFH

TR > /NEREREE AR IS 0 By 1.49 mo/ L/ NIFIRDE - HAUE

16 /NI - /NEREESE AR R By 1.34mg/ L/ B IS

24 /NI ER S /NI AE R By 1.22mg/ LB

% -

SE M
day
day?;

24 /NRFIROEEY N EREA RBRN A REF SR
Bt/ NFIDE 2/ NERGEAEREREIREE 11 AR EAZE
o ARAERAE 9 -

RR—REDE 24 /NEE RS/ NRRAER - AILRE
SCHEHHURy BB C IR B AR B - A EDE IR /B
TR TR BRI B 158 N AR IRD R
2120 - 0 /5098 > Ay (8) -

X s =X g 1ussx0.98 | 24TV @)

=
2
= 400
Z
§ 300
3 —— 24 REEESY
@
< 200 e 164 BB
100 - e 12BEEE
0 . ' ' ' '
0 5 10 15 20 »

Time(day)

B 9. REFRDURET - /IR ARG HE

700 —_

600 ’-/
3
£
5500 B
Z
@
2
T 400
L=l
300
-8 phH4
200 ik pH5
~—4— pHb
100
0 T r T <+
0 5 10 15 20 25 30

Time{day]

10. /NERSEES Na SO, H 2]

5./NBRE T Na,SO; Y78

FEIERRR T A RK pH RIS CO, LISh » A T5S
88 SO, » SO, A /KE 4 HoSO5 ~ HSO; ~ SO5” » NaySOs
BRKHAHESS S - LA NagSO; i SO, 173
B SR A Nap,SOg R 10mmol/L > A pH 4 ~ 5 - 6 fl/\ER
FERTDUEHE AR FHEA 10 mmol/L Na,SOs » fHEfE |
20 mmole/L i - pH 4 /NERERIIASET © EIRERIIE] 30
mmolNa,SO; 1§ » pH 5 /NEREERHIASEL ;& REHIIE] 60
mmol/L Na,SO; 1% » pH 6 /NERSEEHBHZAZET » A& pH AYF8
BT/ NRCSE S SOx 2 A& > & pH K 6 B > AL
Na,SO; JE[E %] 50mmol/L > AHE A 7] LA 52 3200ppm (1Y
SO, ; & pH B 5~ 4 > NaySOz SERF A LA 20 i1 10mmol/L

Na,SO3 HYERIR T 417 AHE T A Az 1280ppm B 640ppm
iy SO, » e 10 -
6.8 A

AHIGESASE] TR IR SR B/ BRI - FE0R
J&£ 25 ~ pH 6 ~ EIRAVERIT T > LABE Ry CO.35% ] LIS
BB/ NERGERIRE » DUBRIE Ry CO,15% » A ARG Ell e =i/ Nk
AR
(1)/J\£—k/n<ﬂ':|2&/%f? BRIEAR
HRHS AT 2 2 B ER A 1R S 1 R R R SR /N
R RBEAT .
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FREHER ~ 2B ¢ /NEREE(Chlorella vulgaris) AR E R

49
BN T BB RIS

x=0.98'2+2/(5.88*5/(91.3 + S + S$%7.16)xc PHE!xd™>  (9)

e
Xt /NERGRRIRAORIE (/L)
s MEDEF L (=12 /1N )
:CO & (mg/L ; JERE<35%)
: pH>6 5 0.90 ; <6 % 0.82 (pH 4~10)
DRREE=25°C B3 0.96 5 <25°C £ 0.94 (15°C~35C )
Q)N A R FRERE A
& PpH6 I NERRA RS AR - DL 6 BACERLR
RIE pH N/NERGER A R A T B AR S A E AR 8L
F & pH<6 B 0.87 » /A5t AE (10) ;5 2 pH>6 5 0 5 0.94 »
ARF (11)

o (%) sH)

o

V=Vpex0.8 &P (10)
V=V 6x0.94 &PH (11)

EORE R 25°CHY - NEREAREARER - L25C R
FAERGREA FERRE T/ NERGR A R R ME T AR AR AU IE
HE SEIEIRE>25CHF 0 £ 0.96 - A3UFy (12) EVRE
<25CHF 0 £ 0.95» AR (13) -

V=V ,x0.96 | 2574 (12)
V=V ,x0.95 | 2574 (13)
B 24 NEFIRERE > NERE A RS A RIEER > DlatiE

R BB A FDEIREE T NERGRAE R ER T
RIEAE > 15510 & 0.96 » AR (14)

AU

V=V asix0.96 | 24085 (14)

FHSEIRY A =UBLSEATHY Haldane equation 4> f2251%;
152 RN KR R N A R AR A (15)

V=0.96'%2'(0.161d1*S/(0.656 +S+5%1.16)xc 'PH®' xd ' 75!
(15)
i

VNGRS 4 RIS (mg/L/day )
CHEEREE (212 /1NEF)
1 CO 8 (mg/L ; JEE<35%)
:pH>6 15 0.94 ; <6 %4 0.87 (pH 4~10)
D SEREE>25C B 0.96 5 <25°C % 0.95 (15°C~35T )
(=) EERREa 3R
LARFIRE CO, N/NKERARAYZE
AEAERIRETTE CO, FAS AR, (20cc/min) AYIEN T
HEFTERER - DUREREE (10152530~ 35~ 45%) CO,
(BA CO, MIZERHVRS ) $/NEKE S MR ETTIRGE, » AT
R/ N R BB SERn T BRI -

7= 7 o] LARIEREAETRRE Ky 200mg/L 251/ NERGE:
LIRS > CO, Ry IR R IR > & CO2 M Fy 30%
I i )/ NERHERRE By 941mg/L 5 & CO, (I
30% » /NEREER K AR R B B CO, JRFER i sd i » i &
CO,JRFEH T 30% LA FFHINN > /NSRS IR A A e A2 S
MR « & CO R Fy 35 ~ 25 ~ 15 ~ 10% » /NBKTEE
KA E SR 1 848 « 817 ~ 703 ~ 541mg/L » [fi iR
CO, P By 40% » /NERSHE e B 395mg/L o

INERTEE SIS AR R AARIE DU/ NBRTHE AR R 4 R i B S
Z AR - HlEl 11 A REh G B/ N RSy E R
AR > el CO, JEFEVRE TG /0 - & COp FEFE E2E 15%
I NBRCEREE A4 R 1 3L4mg/Liday » 2 1RE
CO, EFEFFIEN - /BRI 4 R BRI 5 Hah CO,
SEFE B 25~ 10 ~ 30 ~ 359%0% /NI Ry 24.7 -
24.4 ~ 21.2 ~ 18.5mg/L/day - fii% CO, SRy 40% » /B
g RIEAR NS £ 5.2 mg/L /day -

CO R 15%I1F » /NERGREE A RIRA R - £ 0.078
day™ ; Hx CO, 2/ ky 10 ~ 25 ~ 30 ~ 35%0% » /NERSHELEA:
E#% 5 0.071 ~ 0.058 + 0.044 ~ 0.035 day™ > fii CO, HfE
Fy 40% > /NERERELAE RHRER(K o fy 0.018 day™ -

o w Q

o

R 1. AR CO, REBERRT » NRBENEREY

ot | NIRERAORE | TISERIER | LR
(mg/L) (mg/L/day ) (day™)
10 541+10 24.4 0.071
15 703£15 314 0.078
25 817+19 24.7 0.058
30 941+20 21.2 0.044
35 848+16 18.5 0.035
40 395+13 5.20 0.018

CNEREEARIRIE Ky 200m/L ZEAS
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1000 -

=) Ln @ ~1 =) W
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= = = = = =
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B 11 RERE CO, BEmRR T - /INRBEHIE REHER

4 ST AR R R R B N AR

EOCIRHVEREE T - DURIE Ry CO,30% » A DUSE
A/ NERERIRE > DABSE By CO, 15% ] LUSE i/ NER

UG R R B IR SRR T 0 jE CO, R EIE
35%A FaailH > &% Ky 30% ; BIE/NRERSERBRER
e CO R 35%IEf > &% By 30% © “PH A RERE T
& CO2 R 15%IKF ; {HHAER R T Y CO, E{H R Fuith
WRIR RIS B - B TRESIAE RN CO, » ERELRIA
Ko CO IR » R FH PG A R SRAR S B NER R -

TRIZOSIEE SR FTIE L /N R B B R By
COL R 15% @ H Z/DRIRZIRE Ky 20%HY CO, 5 AREHR
SRR Ry CO, R 15%IHAHE 7T LR Z /Y CO,
R EET 30%H5 S, ARIEFSCE BV ST U - iR B A
L2 2096 CO, » M#EKEALE HAE 25 8% CO,
LA G ERH Y/ NERE 2
2 /NEKGEE BT Nap,SO; 12 [

B LI EIRE CO, Ry aig R il st A
m/NERGERA R BT CO RE Ry 30% » DU E REARR
=Y CO, RS Ry 15% A (AR ACHE TaER - SLfZ A NaSO;,
JEFE 10mmol/L » 14 pH4 ~ 5~ 6 A/ NEREFI AR E 4 »
Fe A 10 mmol/L Na,SO; » &S] 20 mmol/L B - pH4
INERSEERRAAIET s & EE R InE] 30 mmol Na,SO3HF » pH5
INERSEERRARIET 5 B RS 0% 50 mmol/L Na,SO; i » pH6
INEREEHBAYASE T § A pH HYEREE /NGRS SOx B2 )

25 ~ pH6 -

A - & pH & 6 BF > 1 DL Na SOz 2 E %] 40mmol/L ;
H pH B 5~ 45 Na,SOs 2 R LLE] 20 F1 10mmol/L Na,SO4
FVEREE T AEAT - A0 12 -

FRE R IR SR B IR SRR T pH 4 81 5 AT DUz
Na,SO3 RIE/ZIFIRY - {EFE pH 6 FRET T - FIR T KRR A1)
PAZZAZE] 50 mmol/L Na,SO; » i B4R 5 H AE X Z 2 40
mmol/L Na,SO; -

SA[ELRIE CO, I/ NRF AR

RABIREHER [FRE CO 558 THY/INEREE » Sl
EEGAE - R &R E AT CO R -

&5k 8 HILUAIE - AEIRVRE CO, MEFEHFY/INERE
SHRIZEAR  IEEEFET - /NEREEHR R 25~27%
e

Rt

350

300

[
L
=

S
E
%‘200
=
a
3
~ 150 o
——pH4
100 —— pHS
—+—pHé
0
0 2 4 [} 8 10 12 14 1a
Na,50,mmol/fL
B 12. HERR CO,/NREH Na,SO; W52 S]
% 8. FEIRET CO/NKEEHE
CORE% | SfSEE (mg) | HEE (mg) | &% (%)
10 19614 48.5+2.4 25+1.3
15 23015 62.6+3.0 2715
25 25716 65.4+4.0 25+2.0
30 23747 61.7+3.7 26+1.6
35 21416 54.0£3.2 25+1.5
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FREHER ~ BB : /NEKEE(Chlorella vulgaris) PMEEHEE RIRSE T 2 B4 RRFERES
/o~ GEamEEEERR (Z) EERRAR

A FEs R 7 R ARE 7 » S5 — 8By B = AT IR R
aBE BBy Ry R R 0 DU MR AS R Ry
(=) =Rk

1. EhRIE COL AL Ky 10~359%0F » Ry NS IE S 1YL R
5 CO2 ML By 3590 » /NERE A e = A RIS - Fs 833
mg/L ; CO, ST By 15%0% - /NEREA I R EHE CO, »
5 25.5mg/L/day -

2. pH 5~8 R/ BRI S iYL R - TR &R pH
6 » A E/ NRER AR R AR - 35 B 702
mg/L &% 28.0mg/L/day ; pH 3 /NERSEEIET -

3.20~30°C R/ NEKGER B A AR R AR TR RIRIT Ry 25
T ARE/NRERGSRBRENRARERER 255
706mg/L }% 29.8mg/L/day ; JE &R 35°C/NEREE = AR ©

4. 24 /NIFEDCRPE B NEGEAE RN N E R B R
WA > By 661mg/L Kz 29.3mg/L/day 5 12 /NEFHE SRR
BRSO N AETREAT - Ky 1.49mg/LI g N
o A E SRR R R By 101 -

5.pH Ay 6 B/ NERSEE AT DL A7 Na,SOg & %] 50mmol/L ; pH
B 5~ 4~ SyRIAETLIEAZ 20 I 10mmol/L ) Na,SO; °

6./ NERCE R AR R E AR

x=0.98 ?*2(5.88* $/(91.3+5+5%7.16)xc' " 'xd™*  (16)

X L NEREREAORIE (glL)

a: FOE (=12 /N6 )

s:CO, & (mg/L ; J4E<35%)

c:pH>6 5 0.90 ; <6 5 0.82 (pH 4~10)

dBEE>25C B 0.96 5 <25°C & 0.94 (15°C~35C)
TN A RERERE AR

V=0.96'2*2'(0.161*S/(0.656+5+5%1.16)xc ' PH6/xd T2/
an
it
VU NEREESP AR RRE (mg/L/day )

a: HEOEREEL (212 /N8F)

s: CO & (mg/L ; JHEE<35%)

C:pH>6 5 0.94 ; <6 13 0.87 (pH 4~10)

d 1 SEREE=25°C % 0.96 1 <25°C %5 095 (15C~35C)

1. B CO2REE Ry 10~30% Ko/ NERGE i & 1Y A4 RedifE - CO,
TR By 3000 » NERGEA R RIRAE 0 B 947 mo/L;
CO, JRIEFy 15%0 » N AR ANEREE - &y 314
mg/L/day -

2. HIRRE AT LI Z 30% CO, 5 pH 6 W/ NG AT DL A7
Na,SO3 JEEE] 40mmol/L 5 pH £ 5 ~ 4 ~ 43 RIa] DIEAZ 20
F1 10mmol/L #Y Na,SO; »

3. BLRLIGRFAHEL - R R T DAY COp R (RN F
MR SR, » pH 6 i/ NERSERTT LA AZ NagSOs RS s Rz
K -

4. AFEHTRE CO, MBIV NRESHRIEEAR

EEEET » /INKEESHRE 25~2T% /4 ©

(=) B=
g T LI BRI T CRIE ~ pH ~ SR MR
(] T A NG S AR R B T -

AR EREHE BT - AEREMNESARE > LS
EESETIR -
3 DT e B R N Ry 2

BIa: s~ i

SRR

1. FZEH(E98) HHs% Botryococcus braunii B Chlorella
vulgaris A= fRFFMEZ PRES - EHREREREE TR BRI
ENTERN-

2. 5 (R 101) » DU ERR P ERSER AT &b
B AT PERAZE » BRI IL T R SRS TR ST b L3
e

3. FE (R 95) - DSy e B B e s [ 2 e
Wi Z LR COx Z 5T » BTN RSB ERSE T2
E N e

4. HREEZR (R 100) - s iEs =i mis 2 254
s B PR BN AT IE R R - B ER B AR Y T AZ A TS
Pt 15

5. GRS (£ 92) » /NEREREMREF BRI PRET - REER
BB BRI CAZ BT AR 3w

6. ORUEAR (B 100) - /NERIEE cCDNA SEARELDIRE AL 77
Mt BITL B ER TR RIS B A A SR T SE it o
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10.

11.

12.

13.

14.

15.

X
wEE (R 101)  FIH R ER R o 5
YrE SRR E B 2 R bR BN SOE R LY
EEN TR

MERLH (E102) @ 1RIAEEHRIE — SALBAER
BB 29 - REERIALER S > BN T R ERENS TR
BABH RO -

B (R 102) @ (e DUsRRE & EE CO, 25T
BT RHORER » R TR BER R R Bl 2t 5 S o
JEREES (R 100) - (W0~ PSS EAE R 4ram - Bdn 3%
SEOITTATE R - 43 (10)0 13 -

BRtGAT (B 100) » FIR)/NEREE R & ER KPR i
P2 B RFHE I BT REKE IR IR T
FEERZBE5RL -

GRATHE (R 99) > DI T SRR B/ NI E T AE R
R ZIZE - BT ARE/KE IR SRR TR S 3
N
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