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Abstract Anaerobic digestion is an energy-generating, ecologically friendly waste/wastewater
treatment process. However, treatment of anaerobic digestion effluent (ADE) and purification
of carbon dioxide in the biogas, commonly called biogas upgrading, are two issues that prevent
propagation of this process. Since ADE contains high concentrations of nutrients, it can be uti-
lized for microalgal cultivation if the chemical composition is optimized for the purpose. Mi-
croalgal cultivation is at the same time a promising platform to capture and utilize carbon diox-
ide in biogas. Therefore, simultaneous ADE utilization and biogas upgrading can be possible by
coupling microalgal culture. Previous studies using the simultaneous process adopted open pond
systems with algal-bacterial consortium. Although these processes were effective in treatment of
both ADE and biogas, the volumetric productivity and economic value of the microalgal biomass
are low in such systems. Thus, this study aimed to establish a simultaneous algal pure culture and
biogas upgrading using centrifuged supernatant of anaerobic digestion effluent from an activated
sludge treatment facility.

To achieve this goal, the ADE concentration, pH, dissolved inorganic carbon, and metal com-
position were adjusted by batch optimization tests with Chlorella sorokiniana. The optimized
ADE media was then scaled up to 4-L photobioreactor (PBR) coupled with a 1.8-L gas/liquid
exchange column for simultaneous processing. Since the current study adopted algal pure culture
in a closed PBR, gas/liquid transfer was expected to be different from previous studies, and thus,
three liquid circulation flow rates (1,2 and 4 L d") were tested, which resulted in liquid to gas ra-
tio (L/G) of 0.1,0.3 and 0.5.
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As a result, the ADE media was optimized to 10% ADE content, pH 8.0, 0.1 mol L bicarbon-
ate addition, and Mg + Mn addition. While the raw ADE did not allow the growth of Chlorella
sorokiniana, the maximum algal specific growth rate using the optimized media reached more
than 2 d", which equals a doubling time of less than 9 hours. The optimized media was then used
for the simultaneous microalgae cultivation and biogas upgrading process. The average produc-
tivity in the PBR was 206 * 138 mg L™ d". The carbon dioxide recovery rates for L/G 0.1, 0.3,
and 0.5 were 90, 94, and 99%, respectively. On the other hand, O, contents in the upgraded gas
were 8.5, 8, and 14%, respectively. The content of carbon dioxide and O, were in a reverse rela-
tionship over various L/G ratios. The current study demonstrated the effectiveness of carbon cap-
ture from the biogas, but also suggested further challenge in prevention of oxygen intrusion from

algal pure culture. Comparisons with other studies suggest that optimization in gas/PBR volume

may enhance the quality of biogas upgrading.

Keywords: carbon dioxide, Chlorella, CO, capture, waste valorization.
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ZFERT BI2IE, LG e i AIHE TR 2 M a3 % 2
LAY/ VA

ZZTAMZE T, WA E V72 2 AlEBR Y
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WAIEEAZ, Chlorella sorokiniana Shihira & RW.K-
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Fig. 1. Schematic diagram of the two-phase CO, absorption and microalgae cultivation process.

L7 PRIRICHEE 427280, LR L, pH. DIC i FE,
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2.1. H LSO REL
PO ORI L LOHIbZ %72
. OHEEAHOBEE| 28 L 7B OS2 AT o 7,

2.1.1. HLRIRE. #18 pH, BEERKRRRE
BN, FKE TR 2R3 TR L 723 i
TR DR R E R 21T o720 #KITH 5
THALTEO AN L 104 17, 25, 50, 100% DFEF 5 5
L7
WIS, B O E VT, B2 8H

pH &b & L. oMl B2 i D 8% 3% pH 4
HOBE 2175720 #13 pH 4414 pH 7.0, 7.5. 8.0,
8.5, 9.0, 10, 11 DFF 7 &L L7z ¥ pH O %
(Z1E. 1 mol L DIEER & KERAIL S M) KB %
fER L7z

PLiE L7 B X O pH i it iz
VT, #2722 DIC i TR E R 21T o720 FKBR
%413, 001, 0.05. 0.1, 0.2, 0.4 mol L" ®F} 5 5ff-&
L. DIC {#FEDOFFEI I RBRKFZ T P T L2 EHL
720 pH FHERIZTH LI EE L DIC 1 O EE A IR
WA LT 5475720

BRA2 5, REE 25T, L FHEEE 200 pmol
(photons) m™ s, HMEJE #1d 24 WERIHAHT & L 72,
BeARRe I, AR 10 mL O U LEBRE % i
ML7z0 MBI, P& 750 nm 2B 00FHE
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Table 1. Chemical composition of C medium and PIV metals per 100 mL.

Chemical composition Unit

C medium (Ichimura, 1971)
Ca(NOs3), + 4H,0 15 mg
KNO; 10 mg
B - Naz glycerophosphate + 5H,O 5 mg
MgSO, « 7TH,O 4 mg
Vitamin B, 0.01 ug
Biotin 0.01 ug
Thiamine HC] 1 ug
PIV metals* 0.3 mL
Tris (hydroymethyl) aminomethane 50 mg

*PIV metals (Provasoli, 1960)
Na,EDTA - 2H,O 100 mg
FeCl;, - 6H,O 20 mg
MnCl; - 4H,O 3.6 mg
ZnCl, 1.04 mg
CoCl; - 6H;0 0.4 mg
Na;MoOy + 2H,0 0.25 mg

(ODys,) &L7z0 MEREZIE, BEFFTF TRV T v 7 A
HHWTHRELIT-o7205, ot (DR-6800,
HACH) % 7o B CHlE L7263 % (0D, )
D1 cm BHEAOBEIIZ LI TFOFERMHEL? SEHL
PAL 5 RN L VAV

0Dys9 = 1.85 X ODyype + 0.036. (1)

2.1.2. £/EE

AR, I pH. DIC i B % o L 7298 bii
B a G, B2 E&BEORMEFZHEL, L
B EIT o7, WEREERIMEH L &R,
C. sorokiniana A~y 7 5322\ % C KsH (Ichimura
1971; Table 1) % b &12 Mg, BLU PIV EEBETR

(Provasoli 1960) Z##%% 3% Fe. Mn. Zn. Co, Mo D7t
6 A L7,

FERGMG, ML 2D CHIML, SEBEEA AL
WH bR, LIS ME SR 1 EE T O
RI2GEM $XTO PV &S BN Z 7251
Mg DAEINZ 725 Mg IC & TR E 4 E % 1 788
FOMA 25 Mg & PIV & B HEA IR 7254
ToFT 15 4tk & L7z (Table 2) . MESIBHZNAZS
Tk, £BRBEONHZRIC 720, C R L [AE D
EDTA Z RN 720

FEAE LTI 25T, EFIREE 200 pmol
(photons) m™ s\ BARE & ] & B 12 e« W54 12
BRI L7ze BEBEARIHTIZ 96 7o VT L— 2L
720 FEERMIMHIZY 2 VINDIKGFHEEFETH T LR
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Table 2. Experimental series of metal optimization tests.

Experimental condition

Metals
Mg Fe Mn Zn Co Mo

C medium

ADE

ADE + Fe

ADE + Mn

ADE + Zn

ADE + Co

ADE + Mo

ADE + PIV metals
ADE + Mg

ADE + Mg + Fe
ADE + Mg + Mn
ADE + Mg + Zn
ADE + Mg + Co
ADE + Mg + Mo
ADE + Mg + PIV metals

+ o+ o+ o+ o+ o+

+ + + + + + +
+

+: added; -:

Tz, WA OT ZIVIIEEE K EEE L . FFAtky
I3 T4 VA EHWTEEREEZ B L7292 T,
F oy o) TINy 7 TT L — Ve FioTz, REIR
HIZIREFEEEE (SHM-2002, LMS) & W TR IR
o7z HEIE, ¥M7u 7L —h)—%— (EPOCH 2,
BioTek) % FH\W T 750 nm 12 BT 20587 %
ELTz0 HLHRINE Tl 24 BRI LCATHISEE
THEARLND ODyyy O FADMERSINIZ72D, T
KA LG AR AR ORI V2,

2.2. 2 BEREARBRTOLRZMA VW CO,
# Z[ER
2.2.1. EBREH
AN L, AEHF 40 L DT/ )V
BIRE T Z v Mq V) 72 5 — %2R L7z (Fig. 1o
BRA2 52 im i 25°C JE FHEAE 500 + 58 ymol
(photons) m” s, HHESFEH] 24 FERIBHEAL L. 1Lk
Brih & BN O AR DS 0.5 d' &7 5 £ 12t

not added in each experiment.

LCHEBE R Z T o7 RPN ORI, K2
FER R T SR BRI EIIE BR2< 1 (CTP-
1000, EYELA) THHVKZIEER S5 2 L THEIL72,
JERI I kT (A a Z a7 547 FL20S-
SENC/ISLLN, ¥%) 2 i L 72,

V708 =PI TR L 7B S 2 S e &
% 0.5L min' CTHALCBSIHELITo72. T2
10 HEPAREIZIZ, V7278 —IKEA~NDONAF < ADk
BeabiCz, VT 77 —NIRICHEE T2 ANTHE I
BT/ LR HIZH 5 ~ 7T HZ L1 LL
EL. A—b7L—TR SNz 20 LR 70 L
YR MV IHE L2,

WA, ARIARE 1.8 L o727 VB EELH
V7o —% L7 (Figure 1)o A H 212i1x, /N
AFH AL CLEEVEDE NN, AL CO, T A%K)
65:35 TAE LT A M L7z, HHaEEIIFHRTO
C. sorokiniana 3735 TR ON/-BEF D DIC %
FEDI A 5L CO,-C BAGHEEAT M2 5 K9, 7.31
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0.27, 0.14) BRI ST,

2.2.2. AIEIEH
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TR pH IZIEH 7 pH A—%— (D-51, HORIBA )
WPBE MO pH 121 pH T4 —(17SD, SATO TECH [pH
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ATolze FIRERIE, RT-HREFEE 07 ym DT A
WHEIE AL (GF/F 25mm, Whatman) B LK T
P L7zilB A 60COR T 14 =7 (DG-82, YAM-
ATO) T 1 HPL FEZIR S8 7-1%, FHETRIT (UMX
2, Mettler Toledo) Cal®=%1T7-o72, DIC iEEIX. ok
ZALEE 0.7 um O T Aid#EIE AR (GF/F 25mm, What-
man) TJE#EF, TOC & (TOC-V CSH, &) ® DIC
B Ay F a2 W CRBRLE % OFAEHI RS Z L,
HEELL 72 CO, BERMAITAZLIZEDERLZ, TR
MBLE, FAZO< 7T 74— (GC2014, B [ 7547
7172 : Shincarbon-ST 6.0 m X 3.0 mm LD, ¥V 7
HAAN)TL]) ZHWTHIE L7z,

3./ R

3.1. bR D REL
3.11. HILRIRE. #4A pH, BEERKRRZRE

FeTp B AR BE T OB TIE, 10 ~ 25% D51
T OD;5,0.15 FEFEEE TOIEGEA LS 72 —F5 T\ 50%
BLO100% S TlRIZE A EBEARST 0067
~ 0.096 DR F 572 (Fig. 2a) o 10 ~ 25% D5
Tld, F R HEEAT 047 ~ 0.55 d" &7 D, 10%
THILHEE BE TR b BV OD,s, 0.156 35 541720

10% WAL % IV CTE 72 2 91 pH 414 T1To 72
B2 TlE, pHT ~ 9 O 5 THAGHA HERR S AL, pHI0
PLETIZIZE A SN RSN 72 2> 572 (Fig. 2b) o
pH7.0 B XU 8.0 THLDARF L) & A I\ bl E
EAELN (p <001, 121095 BLU1.05d"
THh o720 pHS.0 TIHMHDRFND 1.5 5L B EITE W
(p <0.01) #: K OD;5,0.34 D3RR ST,

10%741L3E. pH8 THT-7257%% DIC &% T CTORs
FRERTlEL 04 mol L' O EIEELGZHRVT
ETOFEMTINE TORERED bR LIS FH
JE 126 ~2.04 d' 231551172 (Fig. 2¢)o H T3 DIC
JEFE 0.05 BLU 0.1 mol L TIEREINEER 82 ~9.5h
HHEFRSIL, ;K ODysy b 1.05 EZNFE TTHRLE
AN,

3.1.2. £ E#

Wb SN L A VG B8R ER
gtz X B 55 ER2 1T 72 (Fig. 3) o {HALRIZ 4
&% AT 72955 Cld, Mn IRINIX. PIV 30
X, BIO Mg iRIMXTHLEX L0 bE B R
I BEAHERR S 72 (Fig. 3a) 0 L LI SHDILHE
THHE B L OB ODys 13 C BFMIX & IR L CEne
W 4 fEB LU 2 5D &N H 572, F72. Fe. Cos Mo
WIMXTIUTE A EBEFEATERR ST, THALICEHAHRIX
LB ODys HMEA 5720

OB LR S Mg L SR S E & LA A D
B CRINL 72538508 Tl Mn NI & PLV dRA0IX
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Fig 2. Growth curves of Chlorella sorokiniana under different (a) anaerobic digestion effluent (ADE) con-

tent, (b) initial pH, and (c) initial dissolved inorganic carbon (DIC) concentrations. Growths are expressed

in optical density at 750 nm (OD.5,) with means xstandard deviation (N = 3).

T C R & [ 55 O i #% OD,s, SRR S 1172 (Fig.
3b) o HFIZ Mn IRINX Tl C 55 Hod oA H B 5l o i
1.1+0.1d" 1235083 £0.03 d" &fedm WA
fFoN7z, —7F T Mg lZH AT Fe. Zn, Co. Mo %
MU 72 BRI TIE, BB L MRk, AL
WXL HEND, HEHNIZITEA LIRS %
o7z

3.2. 2 BEREARBHTOLREAWE CO,
7 Z[EUX

HALE RS o> pH 125735 8.39 = 0.15, FEEAEN D
pH (ZF5 9.56 + 0.10 THEERMI % 8 L THIRIW L E
L. K53l pH MR E L L) B4 1 FEEE S i#D)S
MRS N7z (Fig. 4a) o — . WIBEAN O pH L LG
0557820+ 034 &, LIGI03BLU0.15%
£ 7.82 £0.09.779 = 0.13 L LKL THEIZE >
72 (p<001)o
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Fig 3. Growth curves of Chlorella sorokiniana in diluted anaerobic digestion effluent (ADE) with various
metal supplementing conditions; (a) only PIV trace metals; and (b) combinations of Mg and PIV metals.
Growths are expressed in optical density at 750 nm (OD;5,) with means +standard deviation (N = 3).
Growth in C medium was added in each figure as a control.

BEMNO B EREIL LG 05, 03, 015
T CZ NI 390 * 56, 295 * 60, 468 = 150 mg L
TH Y (Fig. 4b) . HTOLEDHLNTIZ, F#IZ L/G
03 %ML 00 LT CTAEICEML (p
<0.05) o DIC i FEIL, BRI 2@ L TLRELTBD,
AL AT IS ME 1308 = 48 mg L', Hasflis
1093 = 41 mg L', WPUAANAY 1288 + 45 mg L' T
HY. WIZEEEN O DIC EESHILHE L D
K<, WIGE TIHAL R £ 132 Lo T 7z,
VEIRE O L) 5 L7 AR R R 13 206 +
138 mg L' d' jRFEMEEHEIL 94.3 £ 71.5 mgC L
d' &7 o7z,

HBERE T A DL N, TADY 64 £ 2%, CO, A

HT34 £ 2%, O, AW 1 + 1% Th -7 (Fig. 5a) o
BT ATIZ LG H2%0.5,0.3.01 L34 T 512D
NTCO, W AEENZENEIN 032 £021%., 2.3 +
0.71%. 3.2 £ 1.1% & #%& % 212 57 L (Fig. 5b). L/
G 0S5 EHOAFEIMMP»o72 (p <001, K
D CO, MINERIX 99 + 0.7% 94 £ 2%, 91 = 2% T
Holze —H. FHHEIAHFD 0, HAIZENZEI 144
*4.1%. 8.0 * 0.7%. 8.5 * 1.2% &, L/G It 0.5 %1%
LIBT3 BLU 0.1 DOEMTHERIZKS 572 (p
<0.01),
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Fig 4. Two-phase CO, recovery and algal culture (a) pH and (b) algal cell dry weight. Liquid to gas (L/G)

ratio was changed from 0.5 to 0.1 in two steps.

4.% %

4.1. Hb BRI D REIL
4.1.1. HILRRE. #8 pH, BEERKRRE
AL RN EE 1 10 ~ 25% TLOH B BT 7 B pil
MR SNz (Fig. 2a) o IR ERMCTHIEAS R ON
ol B HIZ, BV EERE NHy IREICH D EEZ LN
%o IZEEIT72 NH, 1 pH 255\ 3 & NH, 188
TIRREDEIEHE LR, 25CTDHKIZBITS pKa 1X
925 T& % (Bates & Pinching 1949) . {H /L i JFi D
NH,-N 2134 1000 mg L' TH 1), K77E0H pH 8.98
DEHE NH, 113 450 mg-N L' ©F 1) 32 mmol L
LB SN 7z (Anthonisen et al. 1976 KD FAE) o AT
72X [ Chlorella sorokiniana NIES-2173 k% Fv 72
BEAEIFZEIC L B by RBROBEEE NH, (2855 ECy, £
1.6 mmol L THV, 3 mmol L' PL Tl & A EHEGE

IR &7 o7z (Sekine et al. 2020) o ARHFFETOMHAL
T IE O B2 BE NH, 2 I AR BROTRE D 10 5Ll Eo
ERETH), THDERTEMES RSN eh o7zl
TR &7z — T HALTRIR B 10% 414 Cld pH 27 8.56
FCTIT L2 & FE > ClERE NH; 32 FE 13 1.2 mmol
L' FTIKFL, S IEiEE o7z E 2515,
EZHD10% EFL7-HIED 572 17 ~ 25% i
FESECH i HE NH, i1 3.0 ~ 4.5 mmol L' TdH
D, ECs, % 2 fEREFE ML 2 T\ 70 BEIERFZEIC BT
NH, [HEDEAWIIIIANA T v R ENEL e b L
RSS2 DS ST D (Uggetti et al. 2014) o
BEAERFZED EC5, 1.6 mmol L™ (Sekine et al. 2020) (4]
WG EAY) 002 TREASNTBY, RWFZETIE
0.05 DL k& 2 5L ETREL 72720, FHED RIS
TWETREME D B B0 AWIZETILERE NH, I EAYH
IZECs AN &5 10% IS 2 il D, €
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Fig. 5. Gas composition during the two-phase CO, supply and algal culture in (a) supply gas and (b)
treated gas. Liquid to gas (L/G) ratio was changed from 0.5 to 0.1 in two steps.

DHEOFEERMEL 72,

i < pH DAL T, pHI0 Adifi D S CTHaTE A
RS2 (Fig. 2b) o pHI0 LLED S CldilEBE NH,
7564 mmol L' Z#tz., A 24 I2HH LTwizk
EZ2HN b, —J5TpHT ~ 8.5 Tl HE NH, X 1.1
mmol L™ PUFCTH 1) I E T L AL WHT Vi EE72 -
7L R RN, FOHT pHS S TIEZEH LT
WA ROz £ OWIREZRE RIS TH 505, #:
DIRLREE (N = 6) 2170728 2A, 1ZIZAEOMER
MPEONIZ e, WERAEO RREIIERI SN,
pH8 THFEDS E 22 o 72RO — D> DT EEPEE LT, {H
LS .00 DIC DIREAIEZ BN S, RIBDELS
DIC = s bR T, &b {Ev> DIC % 0.01 mol

"SI, 0.05 ~ 0.1 mol LT & B L CHEiEAY R &
CHpI S N7z HALIRIE O DIC 1249 1000 mgC L
TdH-o727% 70C 1 R OMALERLE O 10 R RIS
LT DIC A LTI REMED B %0 D72
. pH iz # L FEE: T3 DIC 2SO ALEIZ R > T
T2TREED S Do pH XTIV A D HEIIE T E 2R D
CO, XM AR T, F7= Chlorella JEIXTE k%
TR I Lo TOEBUIRITE L2 &0 (Bear-
dall & Raven 1981, Fan et al. 2015) . pH7 %> 7.5 D51}
L0 pHS THFEAE e o /- REME D B 50 2 DA
DOFERE LT pH ZALITHE) &85 DBRELR ESE 2

v FEDTRE XS B OMGELEETH 5o
DIC 2% 4 Tld. 005 mol L & 0.1 mol L' D5
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HORLBVEIEISE LN, koL BY, &L
IMED A7 0.01 mol L' TlEBZ 5 < DIC 7
DIZHFE SR S 720 —H T 0.2 mol L' DL DS
BT RBEAEON L o7 BR]ELTEZON
DX, BATVIBETH D, RIEERTIL, DIC IEFE
DI NaHCO; Z A L7z RFEIZIRATETHY .
DIC JREEDSE N 5120 TR o Na HEASE L
HEAME D 72 E 2 BN b,

PLEOFER LY AWFFE TR ML I LR
T 10%. pH8. DIC 0.1 mol L™ |ZFR%975 2 & Tk
b B2 C. sorokiniana OF;#hé L THEHTELZ L
DGR E RS2,

4.1.2. &8

FFHENOSEOBEE AT L7290, Hl (PIV
DIHEE) TEBERMLIZEZ A, Mn, Mn = & T
PIV. Mg DS THALIIX &0 & i ERR S
7z (Fig.3a) o TOZEND, ARFHLHEEHLTIZ Mn &
Mg 2SR Z LT WA BEMEAVRIE S 7z, BEAFIFZET
(ZKFE A5 VR 7L C Mg AR Z$ 5
Z LS &N 2AY (Kimura et al. 2019) . Mn O/R 2
IZDWTIARIFFE CHIO THERR S IL720 Mn DAL Mg
DHRTIX C RO IEGH L L L T4 DUF 035 T
o727, 2 DR MAE DO TIRINT 5L EDTRIE
Sz,

ZZT T Mg £ &R HAG LY T, B
BB RER Lz ZORE, Mg + PIV =4
JBHEL Mg + Mn O Tib s\ I S (Fig.
3b)\ Mg & Mn 2SR {HALIEE L TAR LT /zZ &3
BOSNTZe ThH 2 DD MTRRENGEFEEIL
CHMELFIETHo7Z 00, CEMEFBEEDN
AF Y ANEDPE SN L EEHDMER TE /22 &0 0
bo —H THAILHEHMEL C Ko 1.1 £ 0.1 d 7" I
X LC Mg + MnC0.83 £ 0.03 d' THY), CEHAIH
HEIZEP o7z (p<0.05) . BEENIZETIX, KERXS
FEREHRIEALI 2 -V ORISR L [/ U R A R A2 L 721
12\ C Bt & S5 O35l 3 A5 54172 (Kimura et al.

2019) 0 AWFZETIEHLIIL. TARFGIRE LTS A
5 L EEERE D S OB B TR HN A RN L 7214 2
LBl 7B KIB L Cdd B0 TR RS TR FI DB
MO DOERLE L G2 70 ReME D H 5755, FAl
EIAHTH %,

%72, Mg |2 2T Fe, Zn. Co. Mo % Z1LZ L HIH
THINL7z 4 RHTIXIT & A EHIEDFER SN 2>
720 Mg DADFAFL) SHFEHMK D 572 DIF, Zhh
R IR T2 LA LTV L7200 EE
Z5M % (Guanzon et al. 1994) . — /5 ClRE DK E 4
BAVRIIENT V5 Mg + PIV 5 TR\ BATHAT RS
N7-Di, BRI GClEEtRo» 2 IRET
57O EZEN RN ST-OTIE RN EEZ LI
bo ZOZENL, EOEEPANELTVE0AHZ
b V281213 PIV ESEHO L %2
BRAEDING Y AR LRIMENT VL IREDO D DE IR
N$ % Z & CHGHBHE 2 3] T X ZA Rk AVRIE S
72

REBRNAEF L7z A5 5 BEEALTIE Tl Mg
B4 2T Mg & Mn AR LTV 5 2 E2)5HH
bipkpolz, BHEIZaANFTEERMHLIZAY V55
HALE 2 Ol B R 2 AT o 72 BEAERTZE T )
Mg DSANET A Z LSS D72 5Ty A (Kimura et al.
2019) o THALI O Mg™ 131V ERR AR & BUG LR
FEEDEHL OO ZEATRENT S (Park
et al. 2010)s DT EMNH ., HALI A FH VTR
EREETILILAE Mg P AR TWERHETHL L
FAONDo AL HEFEHALT Z 72l B ORE
ETIE, AY HRBEHEHINZEEDE NI LoT
HEFESN DAY FEEHALIR DA A ZAL L. B
B OWHLEE DB TS 2 EDSIR->T VD
(Degbowski et al. 2017) o AHFFE TRV ZHALIRIZ T K
HIRA LIS LG RN SRS N2 O TH S
A LB EE R B EA e EORINAL LT O A
DFNI LD, T FFEHRELE TIIANEL 5h o
ToMn SAVELTEEZ OGN A, SRR AY V5
[l Rl IRt R By @ VAVAE Rl A= SN
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FeLRRRICTHILIICAVE S A E S m AT L.
AN AR T2 L ENHLEEZON S,

4.2. 2 BREREARBR7OLRZMAW: CO,
# R [EUR

AL ST LTS H A F V72 2 ARG BR A A 2
W70 A% FEHEL 72, EBRBIEZ ST pH
(T2 LT\, HahE e SR T
X pH 2580 84 5% 9.6 TTEAL., ZOHRIIE
T 78~ 82 FEEANLIHA LT (Fig. 4a) o TALITKFEE
FEIZBWCH Mo DIC 27H% 342 LT pH 25 LA
L (Zeebe & Wolf-Gladrow 2001) . ZDf% CO, D
XD T pH AN L7228 2R LTV D, WA D
pH X L/G L 0.5 5 01 12 TRA B L, i
(X35 CO, DUAGEI GG INS 5720, 3N pH
BRI T L7ze SOEND pHIKTA LG 03 B
L0 12B1F5 CO, EER DI (91 ~ 94%) 125
BL7obE26N 5, F720 R LG HTOEEEEII
5 CO, A EITZILL 2\ 7z, LG I 0.1 51
TORNIRIEE pH (IEFFEAE pH \TEEE L o7,

CO, MR &A% LT 90% DL L@ EZ 7R
L. BICL/GH 05 &M TIE99% L1TIZTXTO

CO, D&M L7z0 — i CHZEMTIL 0, DIRAEIG DS
14% L <. WOEEEE OB EE R AR A2
% I 720 LIG 1% 0.3, 0.1 E U5 & CO, X
IIENZN 94, 91% LA TH—F7 T, 0, IRAEHIE
B 8% FEF THMA L7z ZOLHIZLIG HiHEn &
CO, WA AN 20— T BT &5 LR
DEEZENED L GRALTLE) Z MRS,

2 ABPEBR R ZAEH T Tk A% O BEERFZE T
FER AR OSNT WS, BIZIEFBR) 7745 —
TR N7 7)) 7 R R WO, F 7 ARG EL
AT BEAERFZE T, CO, IREIX L/IG I 1 225 05
W22 T 1% DT O IFE IR W E 2 5 —T5, LIG
0.3 TliE8.3% F TEBUIHEINL 72 (Toledo-Cervantes
et al. 2017) o [AIBEAERFZET O, IEEEIL L/G H 1 OB D
0.8% 5. L/G 0.8, 0.5 12713 T 0.1%. 0.01% & i
DL7zo TOIHILIG DR BIIEANER) T 5 —
R EHO BN L TRR D20, V7o 85—k
ML U TR T A D CO, TN O, i % 5
RO WG LED D5,

KREFFED LIG 0.5 12 B 2K T Ao CO, i
B BRI ZE O H THL L, BV CO, LD 15
LN EN b o7z (Table 3) o —H T FHFEED

Table 3. Comparison of CO, gas upgrading performance using two-phase recirculation process.

Bi Gas/PBR .
Photobioreactor PFD 1oma'ss‘ as/ L/G CO:2 gas composition (%) O in upgraded
Microorganisms productivity ~ volume Reference
3 0,

(PBR) (pmol m2s1) (gL'd") (LL'dY ratio Supply gas Upgraded gas gas (%)

HRAP Algal-bacterial 10, 455 g9 025 107 295 68409  12+02  Posadasetal, 2015
mixture

HRAP Algal-bacterial 420105  0.05 ND. 1 295 0.4%0.1 0032004 Loledo-Cervantes
mixture etal., 2016

HRAP Algal-bacterial 1506 4+ 500 .06 032 05 29.5 0.840.0 0.01+00  Loledo-Cervantes
mixture etal., 2017

Bubble column  Vannochloropsis 0.1 1.05 330 30 5.8 5.3 Meier et al., 2015
gaditana

Bubble column  Vannochloropsis 0.1 1.05 678 30 2 6 Meier et al., 2015
gaditana

Open PBR N?.”OCH"“’P“S 100£20  0.03 011 182 28 1.9+0.6 1.2%0.1 Meier et al., 2015
gaditana

Flat-pannel PBR Corela 500458  021+005 183 05 327 03102 14%4 This study
Sorokiniana

Flat-pannel PBR C7orela 500458  0.13+£0.12 183 03 358 23+0.7  80+0.7  Thisstudy
Sorokiniana

*HRAP: high-rate algal pond; PFD: photon flux density; N.D.: no data available.



71 75 N T % 15 (2021)

CO, A FHFOEN L 5T, MHoOM7ELD S 0,1k
AEDE D o720 ZHUUZN LD DERDHEA TN
5EZEZBND,

FIIROIZ, HOAEY OECDSBE L7 Rk
b bo BEAMITRDZ HMAIESE N7 7)) 744 R
I2& % H,SX° NH, DAL FFFIZHAYE LTHY (Posa-
das et al. 2015, Toledo-Cervantes et al. 2016, 2017). &
WO 5 ff D ED RN TR FEANE ISR H SN B IR
BTholze TNHDORFNTITHHE AT AND O, i’ A
HIIIRE ST T 0.01 ~1.2% THY (Table 3) ., L/IG
A 60 FEFETECLTD 7% FREICPR/24172 (Tole-
do-Cervantes et al. 2016) o —F OMIEER IR T
HW72iFZE T, RRCPAS RS 2 V75 6 3R
HEETDH 6% LB\ 0, [RAED SN2 (Meier et
al. 2015) . AKWfZE T C. sorokiniana DK EFE% H
Wizrzd, MOMAIZ X A ENE R ST 0,
RABEDEL G oTeE 2 BN 5,

WIZ, BEBOROBRTHEE 6N 5, I
E TOL K DOW D FARCRE M E V7225, H1i2ht
KERMWRI» bz L, HEEENEL (015
~ 03 m) BHEH2) OBRFEABEDE 20, K
Fe& D SIEAFRBE D 225 L E o722 EAYE
BEIND, RBFED L) ISR M TR R HE
W (0.05 m) A TICEFEER SR SN COo,
W CHREBL AT AR R ADSTR AL C L E o7 e 1A
Hbo

RS, A R 22 48 (PBR; photobioreactor)
BRI 231 F T ADOMHE  (Gas/PBR) L Y
£29 % (Meier et al. 2015) o i 221826 974 ik /ARG
wONET DL, BHUIT7T V) BICEE. KD Co,
AL T VIR 2%, 29 T5HEKW LG LT
b CO, DEMIT 3 HHEAET I HEIL . &\ CO, [H]
PENELN L, B A0 CO, & 0, ElE 23
(2D o720 %E1E 0.32 LUT O Gas/PBR L TEE S AL
T\ % (Table 3) o AHFFETH /- Gas/PBR it 1.83
72072728, CO, IR OHEAETIAMEL, B\ 0, A
wmIERLZEEZON S,

CO, BRI DB, REFWNLOREEDS
bR NIz, Bifl L Ei o DIC Z L 72 L &,
208 £ 83 mgC L' d' O#HETHA L7203 L.
MO FEF E 13943715 mgC L' d' THo
720 TOZEGFIFBERIZED CO, ELTRIMIHEL S
NTnanEEZLN, SRIMEH O DIC A 4= 12k
TG 55% TH o7z [FREDKEF R AH
Nannochloropsis gaditana % JH > T ¥ \» Gas/PBR It
1.05 THERE L7278 TOMERSINTEY, NAF T A
HRIERE f 32 D 46% H3RFHZ CO, & LTHE SN
(Meier et al. 2015) o — /7. [f] L iff4EC Gas/PBR k% 0.11
FCTHP S/ LTAH, NA T HAHROHERE KT
TR HERE T X9 RO CO, DIEFE IS
WX ENFEA A A &7z (Meier et al. 2015) 0 A
WFZECHV /2B R T Gas/PBR La fiwdfb 3752 &
T LOMEREDE N A F 7 AAE B ST X BT
WDH b, SHIT, CO, BFEDHEMET 2N LS D12
. ETVAVMEEEE VS Z LB EE S, ER
2 CO, MRS NF CT/RENT VS (Chi et al.
2011, Kishi et al. 2019)o L2 LIHLiE % FV: 725 7 )V
H)BREORZRINIKBEOT VAV HIHDLETH DT
O, LT OREROBIFEAFE 2 %o

F720 RIFZE TGN F < R FEEE RO 720
IR OMPGHEEZ 0.5 d" L LTV, i
R (2 H) D720 HEHI SR BT R AT L 720 THAL
R O7 =7 (106 £ 13 mg-N L") BLU) »
2 (112 + 03 mg-P L") 3EERZRIZENEN 64% B
FU75% AR LT 2o XY V5RO 320 % 1
WY, BREEAEM AT A 7201213, T 4
o 8 HAREE (MHGHEE 0.13 d") 123200 H5H S
EDHSNE TR oT 2,

PLED I B A 5 28T, A5
T CHEE SN L BEFEW) T 5 CO, W ARTHILIE A &
AL . BN A A~ ADEREIZFIH T HETH 5
CEDIRENTZe RFMZIREHEAL DR\ N A F A A
EEAEEAY L, SOHERE NA A ~ A% S fifEE
BELTHHATESLEICTHILET, AY U E5EL
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HEFTBNAFT I ARBERERYOGFL 7 T2 ADE K
IZHEMT A EE LN, SROFERI;IIFF SN S,

o1
1

RIFFETIE, TRIGIRZREE LTAY U IEEHIL
W& 7 LR B O AN FE & w0 pH 1N CL
DIC (L GBI AT 52 LT Lo 5
AR EORE M L LT 2 2 L ATITRECH 5
CEDIRENTz, FICEBHEOMIETIZ, ¥ 5
DB Lo THILEH O S IEBEOMBAZILL . M
MBS ORI BE R BT D ) LI LT 0 4
JEBHEDBALT L b ol AY VIEEENAT T
AHD CO, W A% MIed 5 2 FlifEER T 23 7 0t
RIZAY RS S PR S B I A T S O
B LCHHTAZE T, NAFTADRSD CO, A
B LA I A % A 7 5 720 DAL O R
FHZRIREAT ) ZEDWTRETH B0 ABFFETIE,
O 2 FGFER I I ZAEEL T 0 b A OB R OB HE A
2. BSHEI D7 F v bSOV EN) 77 5 — % VT L/IG
Wx 03 ~05ICRETHIET, E\Co, IIUEL
HozEFmNA A~ AR ERTH I LD
RETH DI EWbholz, HEROREBEEZHS
e LEAR=ATHIE T A D CO, T A%IFITT
NOHRIT AP P SERFTTRETH L Z LSNP Lo
720 G413 0, BAZ S 720 DM OB B L
250

B

A5 SR TG e iR b e —
LRI EEROESEIZ 7> TR TT#]
K HINEFR, BERERRIZH D220 K
e D — LRI BT A BRI /e S HEHER (4-1406) B
SOSRERLRFEMNGE 7 T > 71 > T HEOL e %
2T 720 ELHFLHL ET %o
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