= o 2 -4 6V = v 6V [
A1sAneIN1sAIanAsuaulasanlanluniadaninalevasniassaulunsau

Study of Carbon Dioxide Removal from Biogas with Microbubble

N5INA  ANVLIR

Songphon Suekkachat

3%mﬁwuﬁ‘ﬁtﬂud'swﬁwaamsﬁnmmwé’nqmﬂ%zyzyﬂ
AAnssuAmEnsuUMTn a113813AINIIHLA3aeNa
UAIINYIAYEIVATUASIUNS
A Thesis Submitted in Partial Fulfillment of the Requirements for the
Degree of Master of Engineering in Mechanical Engineering
Prince of Songkla University
2562

AVANSVIIUNIINYIRYEIVAIUATUNS



2)

FoINUNUS A15ANWINISANaRA1ISUBUlneanleRluLAaTININAeWBILAFTEAU

lumsau
AIGE! WLNTING ANYLYIR
#197139 AINTTULATDING
219159NUSnw INednushan ANZNTIUNTEDU
................................................................................................................... UY5¢51UNIIUNNS
({978ans19138 A3.980 Tungdn) (A7.ARRTUN WFITTN)
............................................................... NI5UANT

............................................................... ASIUNTT

............................................................... AFIUNTT

(599A1AM5127159 95.U52EU ADREISRIAN)

Tadinine1de unndngrduasvaiuesuns eydRliduinerdnusaduiilu
drunilaveanisAne muvangasuiyyriainssuaransumidudia @a1v13v0
AMINTTULATDING

(FNEn312158 A3.A159ENA Hgea9)

AMUAUMANINGIAY



(3)

195058971 NaUATeUINMINNANYNITeveinfnyiies uagliuaniniuveunmyanand

AU IULNADLA?

({efmans1a1se as.vgn dungdn)

sl ¢ a A s
919158NUINW1INSTUNUS



(@)

P
v

Pnivesusesdn manwiteilimedudiunisunseudfivsyailuszaulauneu was

Lilagnlalunmstuvesusimusayaluvael

A

(WPNTING ANVLIR)

v =
UNANY



(5)

FAINYUWUS AsANwINISANIRANSUBUlRean Rl uLAATIN T NAIENBILAETE AU

lumseu
AIGE! WLNTING ANYEYIA
8191791 Imnssuesesna
UnmsAnen 2561

UNANEYD

NuITplilignUsrasdiiednwinisidnasveulaeenledluufiadininee

o w a % I3 8 ¥ ad 1% ~ v T 24 ooa 1%
mimmamaswmwmmaﬂmﬂizqﬂm‘[ﬂmmﬁmimaLLUU@M@JWJ&JW FINIAAAT 1IN DY
yualupseuazlinannisuywinnazindeuniadinmassiiioibiiavosvuiaidnass
drudtupeduliieliufanisueulaeanledazangludiwasuiadinimuignsasedu lu

= Y 6V 6 6 o =3 & a o Y
nsanwltwiaaIsuaulneanles lunauanasaanduliatin1nwas Muualionsinig
Ivaveania 0.1 3AS/UNY LAY OMIIN1SLNAVBIUIN 5, 10, 15, 20, 25, 30 WAy
35 any/ud Tunwideiinvsnsfinwmesnilu 4 @ fe diudl 1 Anvmginssunislinalu

o & a P o | a = & H \
AN d1UT 2 Anwivunaneaia d1ui 3 Anwinisazatevssansuaulaeanltuniuln d@u
4 veaovarwiadinmlaslunis@nwinginssunisivavesuilumedu lnsldlusunsy
ASANUIUNNNAAIE@NTVRILUA ANSYS Ver.15.0 (Fluent) waz@nwiuunaneaainiiadnasig
WoIYUIALAN lngn1saeninlaamendesganssal wagmuuiaduruaudnatuaiene
WALANISIATIZIAN Anwin1svinazateansuaulnoanlen iyt laeltmanasiaasauin
WAn tunisiuasianututuaisvaulaeanladnaun1saiesi 30%, 40% wag 50% lu

=K go’ 1 2% d' u a 6 I3 o 1 r.:l' ¥
nsaldnsNsivavestining 9 uianiasgesnizgninysunaaisusulaeenleduagtirnlown
Baszimuszaniamlunisidanisvsulaeenles diuaavinaidunaaeudiuiatanim
fr8ulneld2nas 19N UIALEN AEN1TUILAATININDSTIDINTTIIULIANS LB
UszAngnmlunisiidnansveulneanleduasnisinusgnsuiading uasninadsnunldse
USuaundanansla

NNANIIANBINUIT NaN1591aINIsinavesluganaaaiiniiiiurie

madnuntuiidaaialessuadn asfnnsmyuannglumdasernuiiaudieenlig
AoaNLUIRTIUINMIIRDNIIEANLSIAERludn vz N seanlukIAWaENIZA8fI08N
AUt wdnAnnsnguILUInaELaTeIReauill Inedlaiuanusinindiagrinla

d' a 1

funyuanluuinudnaniiuinndy sasnisivavesdifiauidviznanenisasisneslll



(6)

& Ao H a A a Y] ¢ a A& A
uadnas lnefignsinisivaun 35 aas/unil Jvuaduiugudnansafenasiiniiga 50
um Tun1siiagateaisusulaeenlanlull ens1n1slnavesdilazAIULTUTU

AsuaulmeanleamatNiuty dmalilsyansainlunisindnaisvaulaeanlannauy T4

a a o

ludnsnisivavesin 35 dns/wi duszaniammsminaisueulnesnledsgan 89.2% 7
AMULIuTUATSUBUlApanlen 50% n1sANYINITANaRAETININAeUaelTTIRnaS 19N B

YUIALEN 8n31nN15braresigelulinaliaiuaiunsatunisvituiansuiaiimugdu

'
a a )

= A Ao H a N o
LUD9NVUIANDINLANAY I@awamﬁmii%au’l 35 ARS/UMN llﬂiga’mﬁﬂ’]w%ﬂ‘m?j@ ey

@ d'

Auausalunisidnasusulaeenlesiinuunnsisedi sifiduddgy Monsinisluai

20 dn3/wil wnngdiunsldnuinnige ewinldndinulosuaziivusednsn1mnisans

wialusnaiudnsINIsivaduun



Thesis Title Study of Carbon Dioxide Removal from Biogas with

Microbubble
Author Mr. Songphon Suekkachat
Major Program Mechanical Engineering
Academic Year 2018
ABSTRACT

The objective of this research is to apply microbubble generator for
biogas purification with water scrubber technique. The microbubble generator was
generated the bubble by swirl flow and shear biogas with water to generate small
bubble that float to the top of column. CO, will be dissolved in the water and purified
gas can get thought to the top. This study simulated biogas by mixing CO, and air. The
experimental conditions are 0.1 litre/min of gas flow rate, 5, 10, 15, 20, 25, 30 and
35 litre/min of gas flow rate. The experiment can be divided 4 parts. First part is study
about water flow in the column. Second part is study about the size of gas bubble.
Third part is study about dissolving of CO, in the water. The last one is study about
dissolving of biogas in the water. Flow characteristics was simulated with ANSYS
Ver.15.0 (Fluent). The bubble size measurement was captured with microscope camera
and the diameter of bubble was measured with image processing. The dissolved of
CO, concentration before cleaning was varied at 30%, 40% and 50% for all water flow
rate. Gas was measured with biogas check with infuriate sensor for methane
(CH4 0-100%) and carbon dioxide (CO, 0-100%). The value will be calculated for CO,
removal and CH, enrichment. The biogas upgrading with microbubble generator. Gas
for the experiment was collected form the biogas factory to find the CO, removal, CHy
enrichment and energy consumption.

For the result, the simulation shows swirl flow in the nuzzle from high
water-flow rate at the inlet to nuzzle outlet with the highest velocity. The water flow
pattern at the outlet is stream jet which separate to the side of column. The swirl flow
area will increase from water flow rate. The high-water flow rate effect to the diameter

of bubble size. The 35 liter/min water flow rate can generate the smallest bubble size
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with 50.44 pm. For the CO, dissolving, the high-water flow rate and CO, concentration
before cleaning effect to high CO, removal that 35 litre/min water flow rate
can generate 89.2% for CO, removal at 50% CO, concentration and 15 min after
experiment. The biogas upgrading, the high-water flow rate effect to biogas purification
case from smaller bubble size which the 35 litre/min water flow rate is the best value
for methane purifying. The CO, removal is not significant to water flow rate.
The 20 litre/min water flow rate is the best for the application because of lowest

energy consumption and good efficiency.



ANANIsuUsZNIA

o 1Y

VOUVBUAMKAILAIANTINTE 75380 TUNAFA NaUBIUININITYINIILUS

ee

L3 a

deaazatlunsnsiawnluingridnusaugniedanysel veveunn as.AnATu 489550
p3.TUNSANR N AN WEBY war eemMT1913E AT UszaL ddmFeding ALV
FuurthuazasaudloinerdnusligniosauysaiBaty veveunmuauduiinsidoula
Fanw aazdenssumans Alvanuewneiliiniesdeiaufadonin wazveveunm
19158 UarynanInelumalvimnsseiena masasunnviuitlildnailudil Afdw
PrglumaiitoauhliimeninusatuidiSeauysalded

YoUBUARS AMEIMINTTUAART UM ANedeasvarundunidile atuayunu

o0 A v -&J -&I -dl o A v o Aa a G’Jl -di’
nsvinIveLazidallean unyinidelun1syinineinusluasedl

PNIINA ANVLV



a5U8y

[

NANYD

c

AnRNIsuUIZNIA
78N13M159
s18n15n NUTENaU

dyanwalAngauaziige

U 1 unin

GUEITY

1.1 anudAguaznuvealgm
1.2 InUseasRvesaive
1.3 YAUIAYBIUIIY

1.4 UYszlovunaininaglasuy

= = Y
unv 2 NaYHasnannis

2.1 AauanURveUAaTIN M

2.1.1 89AUTENDUVDILAATININ

2.1.2 anusuuaall (Flame velocity)

2.1.3 gamniiailyl (Flame temperature)

2.2 waluladszuunanuiatinnlulsemealne

2.3 Fngnmnsuankazn1sidadin vl dund s unauny

2.4 FFNSVUIaMBUAATINMN

2.5 Wasseauluasau (Microbubble)

2.5.1 puaudfvesnassyivlunsou

2.5.2 msuvlesseauluasoululdau

2.6 nannsasanasndaszsulunsau

[

2.7 NUNIULBNAISTLNYITD

av a a

2.7.1 914380

2.7.2 MAdeieteaiunisidInasuaulaneanlonannuiadinin

2.8 999719N157398

v v v a 1 [
gUDINUINANATINDIYUIALAN

(10)

co N N 0000 AR A WO WLVWDN

N N P P =, 2
O W 00 0O ~N o0 O O



(1D

#1508y (6i0)

N

unfl 3 JunsuLazIIMSANYINITISY 31
3.1 nMssnasanislvalunediusivn 31
3.1.1 Tumaildlunissrass 31

3.1.2 Fupounissiassnsiva 32

3.2 1988 UAYANAGDS 34
3.2.1 ganeansn1stidanfadinmeiei 34

3.2.2 Enas 19 eauuInLan 36

3.3 MsAnwvLIANBIIINITEnas1anasvunaLan 37
3.3.1 yavnaadinneavuIadn 37

3.3.2 35 msnaasansianasunnian 39

3.4 nsEnwINIsnazanemsuaulaeanlesluinlnsldianasiamesuindn 39

3.4.1 ganeansn1atidaaivoulaeentedluii 39

3.4.2 ansvaassnsidnasusulnoenladluth 40

3.5 nsAnwmsauiatanmdetlegldvhdnaialaswuindn 42

3.5.1 ganaaesn1saauAaTanmdae 42

3.5.2 FansvnasinsaaLRatinmeet 42

unfi 4 nan1sAne 43

4.1 mamiﬁﬂmé’ﬂwmzﬂ'ﬁluaﬁum‘f'ﬂwqmmamﬁ'gamiﬁﬂmmmq 43
waransvaslua

4.2 HansANwITEIANBIINTIAnasanesrLALan 47

4.3 nansenwnsinazaneaiueulneenlasluilagldtin 49
a51arla9uunaLan

4.4 wansAnEINIE AT nel g anad e suLnaEn 65

4.4.1 NsAnwIUsEANSAMNIsAIRAsUaulaeanladluLAaTin - 65

4.4.2 W ugnsnlglunisdneuiatanim 67
uni 5 a5UNan13IvY 69
5.1 @aunansive 69

5.2 UDLAUDLUY 70



#1508y (6i0)

UTTUIYNIY
= o I3 90’ Y oA
AMANUAN N. HANISANEYINTISINazanea1suaulaoanlad lullaeldiaie
v <
#971909vUaLan
AMANUIN . ANsAUIATaNssausTunisiua1suaulaeanlufvaiafin
a¥1anasvunaLan
= v [ = | v % Yo o v
AIANUIN A. NANISANEINITNNITANRAETININATUIae THinRnaS19nag
=3
YUIALAN
AMANUIN 1. UNAMUFITULNELNSG 1
AMAKNUIN 3. UNAMUFMSTULNELWSG 2

s

UseIndieu

(12)

i)
71
73

77

81

83

92
101



IYNT1INTIN

A15197 2.1 eadUsEneULarAUI TN 9 vesuAaTann

M5l 2.2 Aniduusserinenufeugndeluledeiumnuidutuveuia
msusulaeenledluuiaginm

A5 2.3 panndanuvesUssmalne U 2556-2559

M5l 2.4 wadafidesnianlduiuusgunmuiainmuastedteids
Tunsaginaila

Ms1edl 2.5 Wisuifisuduusing q Tuudagisvesmavhuiqnsufatnnm Kadam

AT 2.6 IWSsULiBUA IR s UImadakaz ANt ges i Tuusaz s
yo9n3viuIavsuiaaniw Kadam

el 2.7 agdeiddeiifndesiunmsiidauaniveulnoonled
Tuufiadanin

a av a a v v v a 2/ 3
f1919N 2.8 ﬁ’EUQ’IU’J"\]EWlLﬂEI’JGUENﬂUW]QﬂﬂiNWQQGUU'mLaﬂ

A19197 3.1 T19az9ANITAMUA Spatial discretization
A151991 3.2 Haulalunis@nwinisasianesvunnian

a a ¢ ° ¢ H Yo o
A15199 3.3 WaulvnsAnwinisvinazatsasusulneenlentuinlnglyian

v <
A519N9VUALEN

a = P 9 & o Py H Yo a v <

A157199 3.4 WaulunsAnwinisanawiadin naeinlnelsianasiamasuunnan

A15197 4.1 nasnunltlunisneassnenseanuia 0.006 m>/h

(13)

14

25
26

29

30

34

38

39

a2
63



5181150 UIZNBU

3‘1] N 2.1 Navee CO, VI?,JG]@?YJ’]?,JLﬁ’)L‘lJﬁ’ﬂW?J’eNﬂ’ﬁLNWIW%JlILV]UﬂU@’m’]ﬂ‘Vl

AR 1 bar gaumnnil 25°C

v 6 I

3‘1] n 22 ﬂ’J’]llﬁllWUﬁi%‘lﬁ'JNE]mﬁﬂiJLUﬁ’JIWﬂ‘Uﬂ’J’]ML“UN"UUGUENMLVIH

WaEAILTY
JUN 2.3 waluladnismiauiansusulaeenlesuuu Water scrubber
yiadnhnauunlglu

E‘U 24 mma:uwuﬁizmwmmam1szflumsa“amuwaamsuaﬂmaaﬂlﬁm

AUBMAL
9 Y

D.

gﬂ‘w 2.5 wialulagnsmdnauianisueulaeonlas WUy Pressure swing adsorption

U1 2.6 wialuladnsmanuianisueulaeonlaniuu Chemical absorption

CaN

Uit 2.7 maluladnisidaufanisueulaeenleduuy Membrane separation
Ui
Uil
Ui
Ui
Uil
Ui

'1.]1/| 2.14 N15@579 microbubble Iaely microchannel

CaN

b

2.8 Mianasrewuuldingnsnauduluvionisiva

€aN

=D

2.9 %@ microbubble WialdvaanaIvIgUIY

CaN

2.10 anasanes Venturi type

€an
=D.

2.11 ¥anasanes Ejector type

€an
=D.

2.12 ¥aeas1aneakuy Multi fluid mixture device Kawahara

€an
=D.

2.13 S¥UUNa® microbubble Tngldmnusuvinazany

€an
=D.

D.

CaN

Uil 2.15 msaseledasldusadeuluvionay slit

CaN

D.

1]14 2.16 S$UUNISAS19 microbubble ﬂ’]i‘lﬁll‘lJLLN‘Lli‘Wiu

CaN

Uit 2.17 Tnseadrwashianadianes Venturi tybe Ay

CaN

D.

'1J1/| 2.18 SyuuUNIsaauiailalunisAne
Ui
Ui

Ufi 2.21 52U photo bioreactor fildlunisvaaes

CaN

2.19 i“‘UUVﬂ‘U?ﬁWﬁLLﬂWU’JﬂWW@I’JEJ@’N&I@UE‘N

€an
=D.

=b.

2.20 iu‘uuﬂwa‘mmaawaammMumsuaulmaﬂlﬁﬁ@%ﬂﬂﬁﬂ% sodium hydroxide

CaN

D.

CaN

D.

Ufi 2.22 iuwmimmwﬁﬂumimam

CaN

D.

‘LJ‘VI 2.23 53UUNTSMaaIuYad membrane reactor

CaN

Ufi 3.1 lumaiildlunissiasenisiva

CaN

5UT 3.2 9gazidenrain1sasenialuluuinges

(14

10

12
13
18
18
19
19
20
20
21
21
22
22
23
24

27
27
28
31
32



578115 WUTZNaU (613)

gﬂﬁ 3.3 [oulvvaulwanisinalunismuia

Un 3.4 wmaami&ummﬂmmamamm'ﬁuauiwaaﬂlsm“l,ul,t,ﬂammw

CaN

gﬂ #1 3.5 dnvarvesi@aaiseuindn

i‘lJ 3.6 ﬁ’)u‘diuﬂ@U%ﬂ%@ﬁ@Qﬁ?%iUﬂ’ﬁﬁﬂ‘U’mﬁ?J.ﬂ'WW’J@W’ENGU‘N’]@Laﬂ

[
D.

i‘U‘VI 3.7 %ﬂ%@aaﬂﬁﬂtﬁﬂﬂ‘v\mﬂEJWQQGU‘L!W]Laﬂ

[
D.

U7 3.8 Wmaaqmiﬁﬂmmimaumsﬂwuaulmaaﬂiﬁzm“[,um‘[m%mam

CaN

un 4.1 mammLiasu'eNmﬂwammuﬂuwwmaawamwmﬂmammq ‘)

)]

CaN

D.

'1J1/| 4.2 wamuirwesnslvatiludndrsenanosiishmsluaisg 4

CaN

‘U 4.3 ﬂ’J’]iJﬁiJWUﬁiuWJ'Nﬂ'J'mLi']FLULLU’JEﬁlINs’ﬂLLﬂu X Vl@]’]LL‘Iﬂ‘L!\W]N ] VURNU Z

CaN

‘1J 4.4 ﬂ’J’]ZLIﬁNWUﬁiuM’J’Nﬂ’J’]ﬂJGUusUENﬂ’J’mLi’]SLULLu’JLLﬂu X UUWNU Z AU

CaN

Sns1nslravetnAuAnsnety

1 13 ¥/ L3 aa o S
5'1.] 4.5 ﬂ'W\lﬂ’]EJWEN‘UL!’]@Laﬂ"iﬂﬂﬂa@Qﬁ;aﬂiiﬂULLUUﬂf\]@@a Nonsnslnaufng 9

[
D.

i'th/l 4.6 vunaLduruAudnatatluLiardnsNTiviat

e

U 4.7 nswdsunias %CO, fimmseanlunsdninududu CO, nadh 30%

2

SUTt 4.8 nsiUABuLUas %CO, fimseanlunsainududy CO, nath 40%

[
D.

i‘iJ‘I/I 4.9 msiasunlad %CO, MM eeanlunstANUINTU CO, N9 50%

e

UM 4.10 nsLAsuulas %CO, intseanlunsdsnsinisivavestiibng 4

2

SUTl 4.11 mawAsunuas %CO, masenuazmailunsdisnsnisivasiis g
youhiiian 2 Falus

Ul 4.12 mvwanansatunisidaesueulaeenlednsdlil %C0, madh 30%

sUTl 4.13 avwanansatunisidaesueulaeenlesnsdlil %C0, madi 40%

E‘U n 4.14 ﬂﬁﬂmﬁﬂwﬂﬁﬂiuﬂﬁiﬂ’]ﬂﬂﬂ’ﬁu?JUIQSSﬂIGZiﬂﬂimVI %CO, N9 50%

EU n 4.15 ﬂ’)’]llﬁ’]ll’]iﬂﬂ’]3ﬂ’]‘ﬂ@ﬂ?iU@u1®@@ﬂl"U®Wﬂ’N§JLEUlI”U'L! 50% lutaan 12 SU’JIQN

sUTl 4.16 duszavsmsaemaniuelaoonludnsdlil %CO, madh 30%

o,

a a

E‘U n 4.17 allﬂ'i‘“?mﬁﬂ’]’iﬂ’]EJLV]@']?UE]UIWE]@ﬂI‘UG]ﬂﬁMVI %CO, N9 40%

s
a

EU " 4.18 ﬁll‘Ui”ﬁ‘Vlﬁﬂ?iﬂ?EJLV]ﬂ’WiUE]Ul@E]@ﬂl""U@ﬂimVI %CO, N1 50%
EU n 4.19 ﬂ’?!’lllﬁ']ll’]iﬂiﬂﬂWiLG]NﬁWiUQUIWQQﬂl%@ﬂim‘Vl %CO, N9 30%
E‘U  4.20 ﬂ'ﬂllaﬁu’lﬁﬂsLUﬂ']'iL(?]lJﬂ’]’iUE]UIﬂ@@ﬂl‘UﬂﬂiiuVl %CO2 N9 40%

E'U n 4.21 ﬂ’)’]llﬁ']iﬂﬁﬂiﬂﬂﬁimmﬁﬂiUE]‘Iﬂ@EJEJﬂl""UWﬂim‘Vl %CO2 191 50%

(15

R
33
35
36
38
38
40
44
45

ar

a8
49
50
50
51
53

55
55

57
57
58
59
59
60



578115 WUTZNaU (613)

gﬂﬁ 4.22 dansangmaniveulneanlennsiiil %CO, Nl 30%

Uh 4.23 nsin1saneimansveulaeenlennsiin %CO, madi 40%

CaN

SUT 4.24 Shsnsenewmansueulaeanlesnsdii %CO, madh 50%

2

5UTt 4.25 UszAvsnmnsanemansuoulaeanlenluinnsdin %CO, nadn 30%

[
D.

SUT 4.26 Uszansannisanemansuaulaeanlesluinngdifl %Co, mad 40%

[
D.

'1J1/| 4.27 Usgansamnisanemansusulaeanlenluiingiiil %CO, et 50%

CaN

U 4.28 Arwannsalunisvhuiavsufaiimuannuiadanm

e

sUfl 4.29 mnuansnsalumaiudavisuialinusesnnisivaveni

2

'1J 4.30 ANUANSOlUNTSATRASURUlnan R NLAETININ

(16)

R
61
61
62
63
63
64
65
66
67



D) D2 Dk D2 Db Db Db Db D) Db Db Db Db Db DIDb
© © © © © © © © © © © © © © ©

o))}
©

)

[ 4

JoyanualAganazalee

Usinainsuaulaeenlesiiivadlutii (me COL/hr)
ANUNTuAsUaulnpanlennaun1sas (%)
ANLLNTuASUaUlnpanlYAaIN1Sas (%)
anududuaniveulneenlesitazansluthaunan (meitre)
anaduduaiveulasonledftazanslutduifigaungd 25 °C (me/litre)
ANUTNTUINUABUNITAS (%)

AU UTUINURAINITAS (%)
UszanSnnlunisarewmarsueulaeenlan (CO, transfer efficiency)
AANIINREwhEnatalas (m)
Susvavsnistremansueulaeenlas (CO, transfer coefficient)
AMUALUTSEINATLALLRE (mmHe)

& uildlunmsduasueulaeanlas (kw)
arudulothigamad 25 °C

Snsmslwavesti (litre/min)

dnsnsaemuianisueulaeanles (mg CO,/kW-hr)

1381 (s)

J3u1a511 (litre)



unil 1

UNun

1.1 AnudAywaziuvastaym

v a [~ [ a a ci" al' o a
wiadanin iWundsnumyuieu (Renewable Energy) llanilsianunsaniiunis
a Y 3 [ dy a a %z’ Y &Y a 1 a & [ I
NAMLAL T UNAINUNALNUINNTDNAINDETA (UL WAASITUIIR hazauiiu) vsadnlu
WasUNILGon (Alternative Energy) NidnAtyonanilsveslsenall] ilpsainuseinalneg
WWuusemanensnssy il dngavaunsaundauniatdinimlaegimainuane
YBUAINIBUNFYIINA1ARAAIMNTTULUTIURIMIST AadAdnd n1AguYULazanIY
UsZNBUNITANN 9 WULATDUUADTIINIINITIAYATHIBANNNINAIIUAN ) lagunflid
Finmazealiufaiiinueguinni 60 % Jsaursadwiadinnluldlssleviluslves
WaIule 1wy e ldusylovdainainusoulaenss Idudamasdnsudundautuui
\AsReud visaludamaslunisuannseualadi [2]
& I3 ! o A v & & I3
wiadinimlunguuiandsenovludrsuiaimu arsvoulaeonles
lalasiaudalvnuazdu 9 LLﬁ"aLwiazsuﬁmﬁﬂzuﬁuﬁaLma@iwﬁ’umwﬁm%Lﬁ“flué’umwwia
d' I3 1 & o [ d' v % = q‘ I [ 1 Qy 1 d' < v
w30seua Ly uidlalasiaudalnaidenaniuindgvsidunsaiansoutu dunidulanyl
anuse wazlotNunfukiaaznluluinseseusvinlmasoseuddnte sedunaunaziwia
Fanmldlgruasassudsasinisantotinazwenlalasiaudalnsmdenou wiadmuduwian
fifnanusougs usegalshinulledidndiunvesUsmnauiarsveulneanlednauegasiduna
e uSeusuviaanas drunianisvaulneenlesmdudiunanluwiadiningy
UYBNINNALLNAYIN IAAIAINUSOUTIUVD LA AANAILAITIAINAVIN AN UTUT WY BIwD AT L
asi ibiAadyminisunlndlanysalivanllite vieenvasiinlgmlnduwaziindam

a

nsszlaintuluiesunlugd dawavililsz@nsaimnisvinnuresssuvanas anvisdeiing
ilmAnnsianseunieluviedeuiadneiiy fAatun1susulgnunmuiadinin vsen1san
dadruuiansuoulaenlaealuliatinninas azamsaantymienuadld uaziiadinin
A o 1% a ] =~ v o v

i1un1sUTulgaRunIneas 3end1 luladiinu nszuiunisluniswenuasanduuia

s & & = & 1 & v a1

Arsuaulavenlealunszuaniadinin wienszuauianis q laevildagldmaianig o Tu
nswen Fsazinataddnanmnazaiuisadiuiauliaiunsaldusuluiatanimie
nanlulodimuls wedenldlunisidedadevulusialaenal & 4 35 Taun n1sdndusei
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Adsorption) n13aadumigaisiaiilagldaisazateiaiiu (Amine Absorption Process) wax
NsLUNAIBLEBLaRNKIU (Membrane Separation)
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(2) Anwnsindnmsueulaeenledluuiatannlngliisnsgedudeth

(3) Anwusngnistnadiintuluaeduiilaeldlusunsunisfamanasans
valya ANSYS (Fluent) Ver.15

(@) Fnw1vunneINIRAMENaeIRanssAtLUUATRDS

(5) Fnwinsidnaniveulneenledluilaldidnarmesuinidnlaenis
davaufataninsmenisnauLianisuoulnoenladiazeinie

(6) AnwinsidnensueulaeenlenuazinuIansiimuanuiadinin

1.4 Usglgwinaindnazlasu
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NOBUAZHANNTT

(23 IS IS v 1 A = 3 |3 [24
wiagannddiuusenaundn 2 diu Ae Bmusazaisveulaeenled uwia
msvaulpeanlendamuandflivinlvdialn daalvdssaniamlunisenludveuiadinim
anas Aaudssasdinisidaansusulasenledneuniazdnluldenu luuniiasnaifs auaud

o aa A ) o Y} v o Y
VDILAFUININ LV]ﬂIUIaEJV]LﬂEJTU@Qﬂ‘ULLﬂﬁﬂnﬂ']‘W W@ﬂi%@ﬂlmﬂi@u LLAEINUIYNLNY IV

2.1 pauaudAvaiadanIn
2.1.1 99AUTENAUVILAFTININ
9AUSENOUVBILAATININ Usenoulumiewiaidiny 50-70% wazuwid

Asusulaeeanlan 20-50% d@ufimideidunieady 9 [3] Adlun1s1an 2.1

a % Y v &
A15199 2.1 29AUSENBULATANULVNVUANN UBILNATINN [4]

29AUITZNDU ALTLTY
CHq 50-70 %
o, 20-50 %
H,O (vapor) 0-10 %
N, 0-5 %
0, 0-2 %
NH, 0-1 %
H,S 50-10,000 ppm

v

FRTINITNAUNUAITIINSRIUAILY) VOIUAFTININ 1 m> (NTuAadnu 60%) 2z

anansanaunundanulusuiuudu fail (4]
1) wiiansdal (LPG) 0.46 kg

v

2) 13mumezja 0.60 litre

1%
o w a

3) UNHULUULY 0.67 litre

oY

Y

4) WU 0.55 litre
5) Wuldl 1.50 kg
6) wannszualwii 1.2-2.5 kWh (GﬁuagﬁULﬂ%aqsuﬁﬁmﬁmlﬂ/\lﬂﬁ)



2.1.2 anusavarlu (Flame velocity)

Al fe enunrvedeuiuaannniswnnifgnananiisufuau
Tunsluavesdiunandoimas arudualidusudsiiddalunsesnuuussuugnssidn
Tuseanlvsivoneiossud mawilwiifivunluiesmviivsmiiodmiendiothiiudou ua
gunsalinuauUasndesiey (5] Anuduiusszninsausuvailil (Laminar-buming
velocity) fumnuiduduvesnsueulnoenladlunfadinm dslugu 2.1 sziuinuiunm

asueulneenleafianas dawalianusudailigeu

W W B
o o O

15 7]
10 7]

Laminar-Burning Velocity(cm/)
o

T T T T T T T T

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Equivalence ratio

(=]
o
4]

JUN 2.1 waves CO, Nilsieanuiudailrvesniswnlndifivuiueiniafininudiu 1 bar

gaunnil 25°C

2.1.3 gauniiiadlul (Flame temperature)
gamgiadln WuduusdAgfiesdliiuiaussdniamvesssuumng waz

AUAMAIUNT v uainGs FeasliBnSnadonuaiunsanunsaiemauioukay

'
A

Aunnlelds guungiivatlvasiiuduilewiadinnidiunanvealinuiiadu (5]

v o & ' a ) I a & a
ﬂ'ﬂqﬂJﬁﬂJWUﬁizﬁ'ﬂf@mwﬁﬂJL‘Ua'ﬂwﬂUﬂ'Jr]llL?JN?JUGU@QNWIUELULLﬂaGU'Jﬂ']WﬁﬂlIE‘UVl 2.2
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JUN 2.2 auduiusseninsgaumgiiumliduanududuresdivusas Ay

d‘ <@ ! ¥ ¥ = d‘ 1 Y } %4 (2
"\]’WE‘U‘V] 2.2 guANUNTUesiinuanasdwaliainnuSauvenia

Fanmanasnuliaiy wiadinmndanududuvenianisveulaeenlenas@utiu e

inlulduselegiasinlilssansnmvesgunsalldussloviimasie Wasnidlauiadinin

vl wagndannaemanuieulvivaunsaludideiiauieunvdedndiuniseglule

dedaenely wavesnialuladeniutuniudsunawiaaisusulaoanladiiuduty A

nANSausantuRelauInTu 3nnN1sUTERUlagauNALAETIN ML UL UBINANND AN

noed) wilianuseuggydeluivleidenivdesnniy fannsed 2.2

o 2 [ s 1 b =] = Y ¥ 14 [24
M19194N 2.2 ﬂ?']llﬁllW‘Llﬁi%‘VT’N\‘iﬂ')’]iii@uq@yl,ﬁﬂiuvl,@l’ﬁﬂﬂ‘Uﬂ’J’]ﬂJL“UﬂJ“UuGUENLLﬂﬁ

AsuaulaeanlunbuwAatinin [5]

% % auFeuiigaydelufuledes (Fudmanniswenlvdifiauysaimmgud)
CH,: CO, qmwgﬁlaLﬁaﬁtmnsifmmnqmwgﬁ?ﬁmmé’am @)

(agd3uns) 120 130 140 150 160 170 180 190 200 250 300
100:00 493 535 577 620 6.62 704 747 789 832 1047 12.66
70:30 519 563 6.08 6.52 697 742 786 831 876 11.04 1334
60:40 534 579 625 6.70 7.16 7T7.62 8.08 855 901 1135 13.73
55:45 543 589 635 682 729 7.5 822 869 917 1155 1397
50:50 554 601 648 696 743 791 839 887 936 11.79 14.26
45:55 567 7.05 6.64 T7.13 7.62 811 860 9.09 959 1208 14.62




2.2 walulagszuunanuiadaninlulszinalne [5]
PNenasAlenITIRLILAzNTaUNEanGInunaunulanafunalulagszuy
MsHARLRETIA W
1) Uszianuenmiinuiadinin

ve‘ﬂvv 1

welulafdmiuufadinwludsemalne Suldfuyadaiidususuusnuasdesn
Guvoredunluniagmavnssy ssuunsinvhaulaserdenunadiieasenszanedioglu
vo wuaitiieluszuuazdanududuidosldnalunisdosaaisarsduniduiuia s -
a5 Yy vinlddedldfuiivolvguin mindesnissrvsuuiadinmunlddesnguiae
wanaAn 1w PVC, HDPE
2) walulaBnsudeufatnmanindegramnssu
nsUszgndldszuuniinaanufadininfudndegnamnssulugasusnd

% & A

npUsvasdiioanaitdanenisuintnunds susvussuundndrulngiluvendn lneufa

Frnmilinduargnudesiisgussennia laignunluldusslend eililesan ufailafiuun
og L.Lazf\;mﬂizaqﬁwé’ﬂLﬁamiﬂ'}ﬁmﬂjwL?w WBNAIMNGYLFLUAATININUAT Fefi¥ymndumniiy
sumuanUeviinuazdesnmsfiufiuinlunisasiaendn dagtunsldszuutoninianas
un msthufadnnluliusslenilnenssuazieiign o mahldenldeanuieuluniswdn
loth wenaniigsannsni il lunisudenszualiiuasduindeuniosinana

L2

3) sEUUWNATININIUNISULREIER

v saa

dmsuusewmelng Wrsuaesdnindnistamalulagssuuniadinimuinian

9

1%
s v a

= '3 ] 1 I~3 1 s ] a 1 o

g sugns Wnewusnqunsuanseanidu 3 ngu Aell whsuvualvg (Heuwidiwiuans
uuINNIT 600 mirgdadnd) luntlamieuadadwindu 500 Alansu waluladssuuwia
Fannild 1auwn UASB, HSS-UASB wag Covered Lagoon w1suauianans (Wiguying uau
gnsfaus 60-600 mireladnd) inaluladszuuufadininily laun UASB, MC-UASB-
1 waz Covered Lagoon WsuvwiaLan (Wauwindiuaugansyu 6-60 miheuadni) malulad

& A Yy vy vy a . a I a

syuukiadinnily laun szuulauasi (Fixed Dome) wae szuunaafinaAguUafy

(Covered Lagoon)

2.3 Ananmnisudauaznmsiniadaninlulddundsaumaunu
M15199 2.3 wangnanInnassuvesusemelng U 2556-2559 Tun1s1958yia
NAUNHEALUUTEAT NG kae WALULAETINI NMSITndanutugayinevosiatinn

wazwasuryuIsuiue Tunbeiuduiisuminuiiduivu (koe) 91nm15199zWiudnnIsly



wasunguIsuiivwilduivguluyn 9 ¥ wansdiidutiinsidfulnveanalulagnlduia

FINTNUAT AU UL T

A51afl 2.3 AanMNGINUveIUTEIWAlng U 2556-2559 [6]

q
nsnAnwazIanN131lY 2556 2557 2558 2559
NSHAALAETININ 670 906 704 751
mimﬁmwé’wumuﬁauﬁwm 9709 10619 11097 18710
nslindanudugarinevesuiatanin 495 727 495 593

nsldndenuduganevemasnuryuieunvan - 5902 6408 6579 7182

4 6V
2.4 FIMFIUTEVEUAETIN N
1) N13AnduAIBn (Water Scrubber Technology)
msendumetn Wumalulagnisiidnuiaaisusulasanles laun1senuiaginin
' o € e v S Ada ) Aa o P o & e ¥
H1upadutgadumeundauiuguazaamgian luniseaduuianisueulasenludly

wann1sAUALaNnsatunsaraenavesariuaulasenledluininuduguar g
AN wAluladll 2 huU AB SEUUMTUNASIAEILarsEUUNINsHuan nUIwaz U nauun Y

1%
aaa

Tl sedUsEnavYesTEUUITiivenndy wazvelaufanisueulaoenlys (unsalifinnsldufa
¢ & H H 'y} | P gy a ~ A & A
Asuaulneanlaneananiiwaziuvdindulultlug) nelunelisinartawaiadniiiaiunug

lunisanewuna

ANMSUNTETUIUNSNANITIVUINA UL ALY LagwAaTININLLBRIUTETUUNIAA
uwialalasiaudaluduay Wousnazeoiureendzgndnnionauinsatyaslilaiufugs
Usgana 13 U13(na) Lileriaduaiunsalunisagats wianaiuaugasiimenndumia

fuaaazazvagIunai Uil (@uralisnuszunal 10 °C) Unnlgmanasusulaoanlymtan

9 Y
zgnineenNIIIuAkAzIdIdRineanALdY iiausduioaninntzunduly

N19gAveIABULNIaLYasluid drudifvzidigueiluaninildeinialunislania

Y
Asuaulapanleanazatslutinesn Fufanesnainsuvuaziuniaaisvaulaeanlaadu
% ?)/ d' 1 1 6V L3 L3 ¥ U d' = = d‘ 6V
wan iinunislasiaasueulneanledeanluniinzrunduluivegadusniioazatsuia
ansuaulaeanten walulagnismanwianisuaulasanlamuy Water Scrubber w8n1inin

nduanldl felugud 2.3



wig@anni CO, gnidn wnaiia (CO,)
. Y
Water Separation ] ) >
dndundululdln
' —>
fi NOANTL
Ul
: Compressor ¥
-
o s » flain ahely
wiainm % | |
FUUM 2 O PR nouan I
FEUUMINA H,S wiaunauluthin e
Unduindl Co,

5UN 2.3 wialulagnismiauiaasusulaeenled

wUU Water scrubber sfinuinunnauunlatyy [5]

91nUjAsenaiives CO, AUl Carbonic acid wazuandatlu Carbonate iy

v oa

Bicarbonate lnevnsdeuiiindnaaudfdunsnnsz CO, azarved wagvhujizeniufiuyu

Mogluguves carbonate Winansusenau Bicarbonate 4l

C02 + H2o <+—> H2C03 (21)
H2CO3 +“—> HCO:{ + HJr (22)
HCO5 <« CO% + H+ (2.3)

& & H A P & ¢ °
arsveulaeenledazgnavarsluiiuinninding faasveulaeenledazgnyin

avangluilaavuiegumgivesnmasdaluguin 2.4
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Solubility (ml gas/ml liquid)

O.O?OOO O -0 o o) 0.0

0 20 40 60 80

Temperature ( °C)

a

JUN 2.4 anuduiusseninsenuanansalunisazaeiivesansusulaeenladiugamgil (7]

U

nsalsEUUNINITITNATILAEY (Single pass) U HvoffAe AziUsEaNTAINAITY

1%

o ¢ & o P 1 & ¢ ° |

uwiaansusulaeenledgs Wewinildaglifimnsveulneenleniazaneinuuey
o U -'-N'r-:l o g o 1 = a a o U a 1 1%
dnsuszuuninisindinauun el a19aiiusgansainnisindnldmwineuuly
11A58Ae7 tesantunislawdamsuaulaesnlenuu llaunsanazlaniansueulnoanlan

[2% 3

28NN LANUA FatuANNEINNSalUNSTULAEA1SUBUlneanlandennad wassuudaglun

PUNINNISIUNALIATUAE? TA8INTTUUNTINIINTSIAaVDILAATININ 330 m>/hr Uu

%
£ v

wdonfutwaeluszuulszam 50 litre/hr fedudiuiilanaueau fagudosendi
wldsruunuuldhafudenld
2) maam%ﬁ[mmnﬂ?aummﬁu (Pressure Swing Adsorption Technology)
nsgadulnensasumuiy lumaluladnsidauiamsveulaeenludiifes
wonufalalnsiaudalidesntou ndnnisvitauldnisidsuudasanuduniauuunduly
nduan warautAlunisgeduresiagreufanisuoulasenluduazufadug Tnsauaiansa

lunmsaaduvesiaguaiazviintusgivvuavesuanassuulsenaume 69 Adsorption 4 6

Y
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dmsuussgiigadu wu druiudud (Activated carbon) w3e Zeolite nMviauazlusey

ANUNATVDINTANTY ASlugUR 2.5

oo Ao o o v v
BAFTINTWANUAFNNULVNYU

mslauda

Water Separation

i |
v

WAETININ
. fannuia
33UUMAR H,S , , ‘ ‘
Compressor T T T T
! ! 3 : wiiana
A et '———-—-————-—-'————-—-————-'—-—D-——»

Vacuum Pump

JUN 2.5 wialulagnsmdauiansusulaeenled wuu Pressure swing adsorption [5]

luan1en1siuund uiagfasiian1uzn1svinaueieiu As JunaunITAn

FU TUADUNTHUANINWLALIUADUNITAS19ANNA Y QD19 10-25 U15(NA) VusgAUwe

Y Y

v
=1

walulad) ludunisgaduniadaninazidimisniuanvesdegadu ludunsuiuia

ANSUAULNDBNlUADNTLAN WAL WIASLAY ALONAATUUUAINATU LAETNDaNANNEIALTLAIY

Y Y Y
Wuduvekiaiiinugeuinnda 97% uenanilleasnigy Volatile Organic Compounds

' o
U A LY (V]

(VOCs) uazinasgnindulumensuiidsazdudniovuaududidunounisgaduiasnen

a1 danldsunisituaninudafazyimihidudgeduunud dudndusinzdidaniuenis
Huann lneuSuanauduasauisanuduussenia uwianeenunaindsuginisanainy

[y

uhovEiinAatimuduundna %a%ﬁmiauﬂé’ulﬂam%’dm Mé’qmﬂﬁuﬁa?ﬁuaaﬂmﬂﬁa@@
Fuudr Fugedunounisituanin) fagfinmsdamnuduiilewiounsidrgtuneunisgadudn
adanils nasonissouresnszuaunisgatuareglutng 3-5 unit lunssuaunisgaduuia
lelastaudaludazidunszuiumsiidounduldly @edddanudon) daduslitinsisauia
lalasiaudalideanieu Avgiliusednsanlunisidauiaasusulasenlananas

\Wesnndgaduiduanimnisgaduuiadu 9



12

3) ﬂ’lﬂ%’ﬁ’lilﬁﬁﬁlumi@ﬂ%m (Chemical Absorption Technology)

msldansaiilunisgadu Wunalwlagnisidauianisveulaeenled lngliuia
Asuaulneanlanazargluansazaisnne Amine 91ABAIINLANAIIAIUAINEINTATUATS
avarvvesunanisueulaeonleauasuiaiinuluaisazarenie Amine LYy

Monoethanolamide (MEA,R-NH,) #3® Diethanolamine (DEA) \lusiu Ufjizensail

nNTara18vas CO, : 2(R-NH,) + CO, —» RNHCOONH;R (2.4)
135818 vad CO, : RNHCOONH;R —» 2(R-NH,) + CO, (2.5)

uwiamsuaulneenledagiuiserduiaeiiudaunisninediu senitanisge
= (2] I3 6 & = = 1 6V
Fuufian1svoulnoanleyd ssAUsenouvesssuulIsivogndu uasvolaufa
Aarsvaulaeanlas (lunsdindnislawiansveulaneenlaneanainaisazaiy waziu
arsazangnaulUldlvg) anglunedidnarmanadniieliuiunialunisaemiia Aslugun

2.6

wWiaTININA CO, gNMIn wiaia (CO,)
«— " —>
( ) Cooler Steam Heater ( \
& A
LAFYINTN Heat Exchanger < oNmA
—»
a5azangmng
TNl yoNuaNIN

JUN 2.6 walulagnismiauiansusulaeenledwuuldansiaiilunisgady (5]

wiadinmazidmegadunismuaisaazlyaaiunieivaisazals wiadinim

a o

i1dauianisveulaeanlenudiuaziiniuidudure wAalinugeazoonaNTEUUNIY
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fuuu druansazarsiiufizerfuufaaiiveulaeenladayivasonniaduaissiiug
nandsuauiou 2 yn Welfingamai lasyausnyinnisuaniddsuniudouduasazas
fleanunanvetiuanmuazeiiaesiinisuaniudsumiufeutuletniudify wiidrgve
Huaniw ilodigue ufanfveulaoenlefluaisararsfiguugiasaszgnldeanain
ansazany uadinmiidufansueulnoanlefgaazgnudeniis dumsaraeargniunduly
Télmsifinegadu uineuizidvoszinsangamglivesasazareiiietaglamsnazans
uhaasuaulpoenledléndu
4) nsuensnedaidantiiu (Membrane Separation Technology)

mMsuwenmedadantiu Wumelulagnisidanianisvaulasanleflagnisiden

)

FUNULALUNTHUNNLUTUN T BDUEUTI91n Dense polyimide membrane Tun1suenans
lmdnnisanuuandnvesrualuanansenudwmedsluanaveswiausazyialunis
Asgan (Affinity) vinaunielaainueu 6-10 ursing Usednsnimveanisienduediuvila

YDILUNLUSY nann1siaenluveunadaniIshen Ao NI1SLANTUNIU (Selective

Permeation) ﬁ'ﬂug‘dﬁ 2.7

Biogas feed co, H,0 H,S NH, O

CH,rich Retentate

)

CO,rich Permeate
Membrane (aromatic polyimide)

ufia? Co, gnrirdn
YUY ’_&

YALNNLUIU

syuuMdn H,S

4 o &
LATBIANAITUTU Heater

wAatnw
— A&

Compressor

T
EURERIPEATAS) o

v i wiaIungy

uieriia (Coy
Filter < 10 lupsou —t

5UN 2.7 walulagnisnidauiaasusulasenleniuy Membrane separation [5]
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nweliatunisanduasueulaesnlediia 4 35 muideiladennaiaiuugady

e WWussuuilddudeu ldsedddanusousazansiad lnvansathunasudefuazdods

AalUMIII9N 2.4

M19199 2.4 wetdanfleuiunldusuluaunniiatininwaztentedeluusazinaia (8]

a Y A ¥ =)
LVRILEEEATLT Uof Jaide
1) Water Scrubber Technology wednalidudou podlduinnuaveamnl
(M3dauiaTin neueATUAIY #in
Y4 - Lyidadldasiadl
WINANUAUGIAEQUNNAN) .
. fnsUudaunsanis
loufiandniy

UIgnd wagyield

L3AulavaLuATiLSe

YUFINANOINIAWNE

aq o a
v lalasiaudalnalad
LdifAnasiansou "y
HGRENTITER
Tuvie
@oamaseulunisiig
laisasldmnuiou v o
AUAULAG
2) Pressure Swing Adsorption TauRadimund AOSdALLAE
(PsA) (Ignnswasundasaiudiu AINUIEND lalasiaudalrfeanieou
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A19197 2.4 (sie) wialiandeniunldusulssnuninuiadinnwaztondoidelunday

WwAlla [8]
=% Y o v
YUAVBITTUU Yoh SRIGE)
3) Chemical Absorption Technology mindeluou felganglunsla
(Wufiaarsusulasenlenazaiely Tuufiala GRETHGN
a15agan8m1e Amine)
wiadalyl TondsanuauTouas
FuLoU Tunsuanin
AN5aransnig
ArszuudvUg
én Aosivianevienadily
AsMaInaiavulu
1 o <4 4
Taignwdusag L
. wrazyde
YMN9UNAINUAY
6N Aosn1INdAua
Talasaudalng
nsgeyideuia
Twuties
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2.5 Wasszauluasau (Microbubble)

wasszdiulunsou (Microbubble) Aevlasormafifivuin 50-200 prm eeglutiae
vl idnsareguadioiiun esszdulunsouaransiugintiediad q uag
uninszaedaluiih dsanesemarhluivzineserniauinuesundsiuiaes
wihthu Turuaunsasreesseaulunsouayléosszduulu (Nanobubble) iintuiase [9]
2.5.1 pauautfvasnasszaulunsoy

wasszAuluaseuivuainuin dfufitnveslesernadiuauumiaa il
UsgAvsnmnisazatsvesenniaasginlduinnimieseiniaialy devuinveswesiiian
10 vlileseneiussaess (buoyancy force) o ﬁ’aﬁ?uwaqaﬁﬂwﬁqagf[,ufwléjuwu

Avesnessziuluaseuiiuszravdonsou deazdeaduldlivessindmudu
wasenmenunalng fanauifivhauazeaiuia (surface cleansing)
2.5.2 nsimasszavluasaululdau
frnultinmimlesseauluasoululdusslowidsd [10]

(1) Msunnduazen dmsuaiviunnssuainisaldlunisiiniiuaseinludes
Un wennniifsannsadluldaulunsdrsianuaseingunsaudendesdios q Tu
Tssrugaamnssy lnsaunsatasannisliayviothonasaiilidniouasdsanmsaiiluld
Rerfunstieiaiunsesngvdveseiliaunsogadudigsrameniefivszansamlunis
songrstUelsnlaAty
(2) mainens iy Tugaamnssuinudenaldfan thiliiwosufavuadnivsyaninmly

nsdevhanuazeauarinmAanld drugaamnssunswnedesde (Aquaculture) Tu

v o 1

WsudesnadinisinaniinaunnkasUsIIMYemandn Ndsanusatisanailianely
o Ly A ’é r-:l' e’lj v & £ s%’ a dl'

nsUrtansenisguanunmiildlunisinnsifesdvsednidivlingu o lalugaamnssy
nswnzUgnitswuuldlafiu (Hydroponics) @mmwsuaaﬁﬁmiﬁdﬂLﬁuﬁaﬁaﬁﬁﬂaﬁmﬁﬁml,t,az
rosrlsfisegeun Fsdimsthlutglunisugniiwwuulailefu Wesinanunsatinysuaea
nsararevewialutile vlihildmneUgnilnuaudifdmalinaniniinisasayiulanag
a Ao ')
TN MNRA LN

(3) @RaUNIINOMITHALIATERN LU TununeaswesaudiITulusemagJulatnig
189U IINITUIUNANIUNTV AL A AN DIV U ALEN LAV ANAL DA DI TNELAAABIB T N1
AMUAALAANIINITANIMIENITUITUNR UanaNTn1sUATineweswialaleususantuly

Tunsdevhmuazoansesioluingivdmivanamnssuemnsndwanaiguiu
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(4) M3unUaudy (Wastewater treatment) U MsiiaUSineandaunagaeluun
lnudndenanamnssy Inganusatigiiinauaiunsalunisazateveuiasingng o

v v

iy pon@lau aduaulnsenled vieleleuld seitusgiuingUszasdlunsldau Sneds
anmnsathaldlumsuenlefufivuegluinde (Fats-water separation) vaslssuialsiine
sonstidalutudeluldinety

By 9 wu mimuaulasaiuagiauaidivesian nsmuaunsinaves
pouninuazmsldulugramnssunoains nasnugsARsIfugumIazAINLT Y

=< 1 a N v v ¢ dy
INNGUTINNYINUNIUATAILA

2.6 wann1sasranaufiaseiulunseu
lumsasresiaseavluaseu lnemluaunsavile 4 35 Al
(1) M3dauiarIuTanINTUNTINIINURUEIEA WHulane WHulduvTouly Wawmes N3

daufianutuvesianiiiinneianiivuiaduiiuaudnais 1 mm Juld Mmyanvunvess
WUANNInaAvEInTeINeLAald wivuiavesgniuarfasivumdnniveuianaiewi g

a

Havi il sgadeausulussuuiindy deslindanuluniswiudunadu uasgngui

e

a o v & A ' a o & & aa 1
G]ﬂﬂUJJNﬁI‘ViW@QLLﬂﬁ‘I/anE)EJE]E)ﬂmLﬂ(ﬂﬂ’]ii’mmLUUW@QLLHEV]ZWUMIWQ"UU

(2) NTOALAUAINUAUBNALTAEA1ETUTDUYAT NITOALNLANUAULN ALV LDVDILNGD
AUDIANUFULEBUFIVBILAE FxvI kA dazanslureallauINTU NaINTUTANAWND
anANUAUlUNa LLﬁ"aﬁazmaiwummm%ﬂé’uéamuzLLﬁaLﬁmLﬁuWadLLﬁ”aizé’Ulmmau LHID
S 9 I vy A ~ ~ & ' o v
Uidgmlunisadrlasruadnliisinanuniieans yagunsaliinualvguasdudou
wananildnasnulunisdauianas

(3) NshErauaEssdsnuluverad nalwinmnudurasrufurnivadluain

y 1 o ] d' =1 [ 6 I [y} a =1 6V
ANutulruluswrdsnvaanaiiinusuainIanusuloaziinnsnatedunaswiasus
& Audvesdunlloldesinansvuinvesouianiiiniy ag1alsAinuisiidymiaiu
YSunumneauiauaznisaualvunveslauia

(@) F3n1snaundaluvesvaitazlvnsudoudntasnaslnivuindngianvazldluie
nyuaLsLleuingasnes vsetduliauialnalsneRivguseviseriuiansenssuenay
WosdvurmLanas M%@sl%aama'gw'ué’wmmL%QigwuLﬁmﬁnm‘ﬁﬁmmé’uﬁwﬁmmaaﬁaﬂaq

5] v 1 a & 2% Ya < aa dyd v a oA

wianananluvesvalogesussuianisiaureuialnivuiadnas I51dven A

anunsaasanefandvunadndusununnlduasainsanivauuniavesouiald e

WEIAIUANAILSIVBIVBIIAYeRIUANAIS I luindntoe e
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2.7 mumuenasiitieades
2.7.1 ywAdeiineadasiuidaaiieasuunnaidn
Sadatomi uagAme [11] eenuuugUnsainasszdulunseulaserfoussiuresily
viodal fngnssnausdusgasaununatsfalusul 2.8 nssnauduazdunisifinanauialiiu
veunadluieilesnnanuduiianasnaziianisgaufaitnluvesasnluiid dnalviin

Junesszavluaseu ldvuanesfidniiants 10 um

Air

o <—— Water

oo |

JUN 2.8 vhanasnewuuldingnsanausiuluvienisiva [11]

Ohnari kagany [12] ldusanuiiaintuasienisivawuunyuvitlvanusuly
LUILNUNANAARY UiddzgnaAiIgiunANdunaniIa YadlranuaInIAzNANTULA?
I [y al a A a . Y o Y i [y
nangidunasseivlunsou ewinussdnazusudeuiias Ohnari laaunfasaasseay
lupsouwuunsanszuan aglinannisaangns dsluguin 2.9 dasinisinavesveamnadananse
diwlads 12 litre/hr wazaandalunisuyuvesnisnauuiatazvoavalaunsallalugag
300-600 RPS dnsdiuvesnsInisivauiaiuresvateglugig 1/7-1/15 wuruaudnais

vowmlasinanlsoglutag 10-50 pm

Microbubble

< Water

M‘UUU&i‘%@@
|

R

>

sUfl 2.9 ¥ia microbubble wialdveamaivyuiu [12]
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Fujiwara Wagauy [13] asenesseauluasoulnenislyseuu Venturi e uwhduas
YANAIYNAW LD Venturi wiew 9 fuiiteadianoansluguin 2.10 ussiuvadluavzgn
TN DR TUNITHTIAINUSIVILA ALALUDUNANLBIANNAMUAUN

anas vnlmiadunesseauluaseu vum 100 um

Microbubble

Water H%Air

gﬂ‘ﬁ 2.10 anaseanes Venturi type [13]

Nakatake wagag [14] I¥HansenuveIn1sgidikargoanuain@nain Venturi
a (%] ~ a @ | Y a a @ ° &y
type lngnsiUdsunlasmnusuiieluasuuasninud) dwalminusiuauaum wiaas
gnaaLiuemanudng wiaduresvaiiinauivazueefinazausIvzgnanat wsdden
AnnnNsuaNwAaturaaaltunisiavuutiutuasyinlmAndunessysuluaseu 40-50
um

Microbubble

]
og':(>

N ARRNNNY

Air

—>

Water

gﬂﬁ 2.11 Mianassnes Ejector type [14]
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Sadatomi uag Kawahara [15] ldAnAum@aiiauiunainiiiadaves Sadatomi lag
14 orifice wasvienifin1siazgnguunuingrsinaudiu Weowsswundlluimda anudives
UazfinTuLe391n orifice ANFUTINISBONVDY orifice Azl luau vildaiuisage

amArugngy JibiAaduresseduluaseusuin 10 um

g‘l.lﬁ 2.12 ianas1eanaauy Multi fluid mixture device Kawahara [15]

Tsuge uagang [16] AnAuldonirazangludilneldninuaud 3-4 atm wagiag

gnudseaniui@adngdauideluuin 2.13 Weswnnsanassvesnnuduinleinia

Y

'
a o

dusgnuasseenunluthlugUiuuresessaulunsou

Y

" Microbubble |
[+ ]
P
0g0 b
So°
Valve
Water tank
Air inlet
) {5\ ,
Pump

Saturation tank

sUTl 2.13 szuURAn microbubble Tngldmuduviazane [16)

Yasuno kavany [17] ladeneslagnsldisiudesseavlunsou ddugun 2.14

vInvesnaLadeNatutsandnlaageglugig 33.6-51.1 um wiu microchannel #vu1A
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15x15 mm? SidusuAugNa199e3egf 1 mm Ansanans vuafiveuns 4 sy augseg

1 100 pm wagANHe1d 10 nm lagnasneasuuuiy microchannel

g

a l«——  Microchannel
o bol module

o
o
o
0
:]
o0
002
:o
09,0

Gas cylider

Microchannel Plate —

Glass Plate
gﬂ‘ﬁ 2.14 A15a319 microbubble 1a8l% microchannel [17]

Hasagawa wazansz [18] lewamnimdaildidwuasdvunaneingn Tnanieluvie
2wdl slit filuguit 2.15 T¥8snnsluaegil 13.5 Gns/unit duaslumaieenudunisly
vhdaliininnieuen ilkernmagngadiantsiesiiu siit fegnrelusie usadougnaing
Tnonnsidsuutasiinmianisinavesveamalainyuves siit Jadusnsiliiinnessesu

luAsou 40-50 pm

Water 00°00%
e ,00

Ui 2.15 msatavledlagldusadouluvieuay slit [16]

Shigeo Fujikawa agang [19] é’ma'm'mmw,wiugwquaaﬂlﬂmauﬁ’uffl Tumzdy
winnsvuveskugngwiliAnN siaesliTivuindnas vesiildazgnaseenluniondu
1h Tnganunsamuauruiavesladlalasnsmuguasailumsaasfvaseiniaiioglui
[esanesmmisaaneiiveseinmaaziinaiunisuendvesesszivluaseulnenaninnass

lpvunadurugugnasesasignaluauliegsening 10-20 um
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>\
® £ Mixture of water and

™ P Gr:? micro-air-bubbles

T
@ 1
_E @ -<— Water
®
@ Air
@

g‘dﬁ 2.16 S¥UUN5AII4 microbubble NSV ULHLTNTY [19]
(1): air compressor, (2): regulator, (3): airflow gauge, (4): motor AU shift gear,
(5): ﬂa'am%fwvxlaﬂmiﬁwiugwqu, (6): %u‘fﬂ, (7): regulator, (8): water flow gauge,
(9): napeway, (10): nsUansaInireen, (11): safety valve, (12): pressure gauge,

(13): MdAIvANeINTAeeN (14): reduction valve, (15): viauen

Gabbard wazauy [20] laenuuy Venturi tube Usznauniy 3 @runandfe
constricted section, throat section wag diverging section U3L38 throat section %ﬁ'gw’lz
YA 1.5 mm 15 § 58 9 dwmsuduiaingve Weilvedlvaruautausiag throat section
ibiausIveesivaglu dewmaliaiuiuusnatuanas naIntudlos I UTIN

. . . o & a X oA 2 A = =
diverging section AMUAUAELTNTULTRY 9 AuAISITIanawlesINNIsiURguLUaIves

A d v oo o @ a o & 2 o
WUNKUINA LNFNISLIULANFAIDDNLUUNDIVUIALANIUIUUN VUIRVDINBT 0.5-0.6 mm

Converging

secken ﬂ Air inlet

Water inlet

Throat section
Diverging

) section

160 Dimension of Venturi-

340 type generator (mm)

Uil 2.17 Taseadrsvesindnairanles Venturi tybe [20]
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2.7.2 yAdeiiisadestumsmdaaisusulasenladainuiadanin
Rasi wazanss [21] a3191A3adauiadanan landfill gas wuulnaauiisysu pilot
scale tlol¥dmSusunmurineAnvnavesrinuiuLazsnsnsivavestnuasuian ld
dm¥un1sdne naiildannsondniimuuignslndisaiegania 90 % lunisldaanudu 20

bar 9M51N15:aY99U 10 AAS/UNN kag ANUAY 30 bar 9R51A15 WAL 5 Ans/uNi

Exhaust gas Product gas
-
_———_——

N Y

DESORPTION ABSORPTION
COLUMN COLUMN

)Waler pump
1 Used water out

-1

Dried raw gas Pure water
Compressor Water storage n
Max. 30 bar

Gas st Gas storage
as storage Water

— —» Gas

sUN 2.18 ssuunisanauiainldlunisdine [21]

Maile uarmnig [22] Anwinasld Monoethanolamide (MEA) uansgadulussuy

faiiies fin1sAruAnguugiliaenaenn1smaaeene water bath lun1sneassazegluds
v A v Id )= [ = o a £ 1% = .

ninfianwazidunes In15dnlulasiauiierinuignswazairadouly anaerobic naennns

naaes Tdanududuves MEA W 3 e 10, 20 uay 30 %wt HUIBEINUIATIZA 2 90

(Meuuagndud absorption column) waild MEA Wuansaaduid ausagaduusuio

A1suaulaeantan 76, 78 way 84 %vol (MEA concentration 10,20 wag 30 %wt)

Usgansnnlunisidanisueulasenlenan 66 % Ngamgilvies i 77% 91 40 °C
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Rasi wazanz [23] 1935UsutguAassanudugelaslddniufgndy szuy
Usznoumie absorption, desorption ag gas drying S¥UU absorption wuadu 2 column
31 initial pressure 8, 10 bar 9uf9 180 bar ﬁwgﬂii’ﬁi‘]uﬁaLﬁmmmﬁﬂﬁﬁ’mﬁ"a TaUsSuna
CH, 2glu%39 83-92.1 % CO, a0 4.4-6.3 % Wlasiwwvide 2.5-7.4 % Uszdnsanlunis

o

AN H,S 99 % luwsaznisveassagldnatagietey 1.5-3 $3lue inldligaumgil 16 °C

Exhaust gas
ot Lq)

Absorption column 1]/ mtmn column2  Collector column Water in

e ‘*N == Pd==1Gas drying
o~ T Q‘ unit v Flash-unit Regeneration
Raw gas in[SR] o g i [0 H %\ e
) l BN

'!’mdum Eas
i storage

@

. High-pressure

pump Water storage

AR

1 1

for water

Raw gas pressure L
tank
7 C ompre 5501 |
3 T 5 Cascrculation
— Waler
i :-- ( chuL:nmg gas Used water back in
.............. .- R‘—m gasin Flllmg vmh Filling with pmc,er.:m out

gas Clean water in

5UN 2.19 ssuuviuTansuiadinimmeainunugs [23]

Maile uaganz [24] Anwin138719uianie75 Chemical absorption Tagld Sodium
hydroxide \Uushgaduaisueulasenled vnismaaesiinnnududusie 9 fe 1M, 2M uaz
3MIagAnwrUSunaauiduduvesdigaduninasedsednsainlunisgady

3 ¢ ' a v v . . a o 8§ v
Asusulaeanles 21NAITNARDINUIINITNNAMITLTUVDY Sodium hydroxide Huayvinlu
gnsn1sandunazUseansamlunismdaniiveulneenlendddu Usedniamnisiidn

CO, gegnlunsnaaeiiiie 66%



Anncrebec
Digestes
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JUN 2.20 sxUUNINARRITRINSRRTuAsUBLlneanlydlnenisly sodium hydroxide [24]

Rahul Kadam [25] tazane Anwdanlsne o veanalulaglunisarauiadanin

gnldiuegrawnivany lngiuiagisundsuieudndseng o fie auusansvesiivu

a IS a = a a [ g v J o [
AVIMINzaY USinadlinungeyide Usedniain ndaauild f1ungesnen Iy water

scrubbing Lﬁuﬁﬁamuﬂﬂﬁqm MIURIY pressure swing adsorption Wag chemical absorption

HANWALULAEAT 9 AIRIT99 2.5 A9l

A1319% 2.5 Wisuiguiulseing o lusdazisvaan1siusavauiadinin Kadam [25]

Considered Water Physical Chemical Membrane
PSA

parameter scrubbing scrubbing absorption separation

Consumption for 0.23-0.30  0.25-0.30  0.2-0.3 0.05-0.15 0.18-0.20

raw biogas

(kWh/Nm?)

Consumption for 0.29-1.00 0.30-0.90 04 0.05-0.25 0.14-0.26

clean biogas

(KWh/Nm?)

Heat consumption None None <0.2 0.50-0.75 None

(KWh/Nm?)

Heat demand (°C) - - 55-80 100-180 -

Cost Medium  Medium Medium High High
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M19197 2.5 (s0) LS uisufuwlsnne 9 Tuusazisvesnsviusgvsuiatnnin Kadam [25]

Considered Water Physical Chemical  Membrane
PSA
parameter scrubbing scrubbing absorption separation
CH, losses (%) <4 <2 2-4 <0.10 < 0.60
CHg4 recovery (%) 96-98 96-98 96-98 96-99 96-98
Pre-purification Yes Recomme Recomme Yes Recommen
nded nded ded
H,S co-removal Possible  Yes Possible Contamina  Possible
nt
N, and O, CO-removal Possible No No No Partial
Operation pressure 3-10 4-10 4-8 Atmospheri  5-8
(bar) @
Pressure at outlet 4-5 7-10 1.3-7.5 4-5 4-6

(bar)

M1319% 2.6 WIuguaMunSaunaiumatiakarAigsne luwsiagIsuainsvinuIans

wHETININ Kadam [25]

Upgrading technology

Technical availability, (%) Maintenance cost, (€/yr)

PSA

Water scrubbing

Chemical (amine)

scrubbing

Physical absorption

Membrane separation

94
96
91

96
98

56,000
15,000
59,000

39,000
25,000

Weixing Cao uazande [26] Anwin15ul fungi 3 ¥iinfiu @1m318 Chlorella vulgaris

wldlunisiusansuiaanin annanisveaedliiiud 803187 ARULAITIERALEY

= %; a Aaa o o o w [24 s & A = )
amLquwwqmmmumimmLmamsuaulﬂaaﬂlm AD 5:5 kara1NNITLUIYULNIYU

UszanSamlunisianaisuaulaeanla

=
an

'
I3

was 14 9l waglidlvinas 10 93lua Tu 1 Ju lneifiuseanSamgsds 75.61 %

ANgaAansld G. lucidum/C. Vulgaris menisiu
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Biogas sampling port

Inoculation inlet Biogas slurry inlet
Raw biogas inlet Upgraded biogas outlet
Ei —bot—>
[EI I | EE N

The mixed LED lights

Biogas slurry sampling port

Photobioreactor Distribution water tank

g‘l.l‘ﬁ 2.21 5¥UU photo bioreactor flalunisneaes [26]

£ o

Djeine [27] wazamy Anwlasosvinusansunadininlaeldaisazany Fe-EDTA

L‘ﬂuéh@msﬁu CO, waz H,5 MnTrzanaimaeainnistivn lusesu bench scale wag pilot
scale LilovnANTIATigadM3U ratio L/G, (M3lmaves Fe-EDTA fumislvavesufia) fuaanu
UWANANIYRIANAUTIYY Fe-EDTA Tngnu33n1s CCRD wafildliifiuin st bench scale wag
pilot scale UszAnBamlunisdne H,S agldanneiwes L/G figs wazaranduduves Fe-EDTA

1g9m1u816U bench scale a¥14 Fe-EDTA 0.2 mol/litre ua L/G = 1.27 Usgansanlunis
819 H,S aguiﬁ 99% a3 35 Wil WuAulU d w5 pilot scale Ussavznngaaniunisdng H,S
0871 98% uaz N15és CO, 18%

Treated Biogas Atmosphere

Absorber
Column

Regeneration
Column

Fe*'/EDTA
Fe’'/EDTA

Biogas Air

Pump

UM 2.22 szuunisgaduilslunismaaes [27]
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Xi harAmy [28] Anw1n15l1adiun1eues membrane reactors WUUNANY stage
fenszuIuNsuUUseLes fMudsiidnwilinadeuszdnsaimnisgadu CO, e
wangauiian Ao Aanduduvesans Ca(OH),, Fasmslnaveand, arsiduuss Shsnisiva
Y0IuAd, TEYRIVDY membrane, Way ALEIVEMET TR Nafild sn1nsinaves
ansazanefige, Sns1nsinaufadian, membrane Ao, violouseiien uay Usinaansida
uisztofinUsEavEamnsgeduasusulasenludls Tuvasiinnududuves CaOH), 1
watfiendndoswint ndmniuliifulsine q Adnwuldly membrane reactor wuy
2 stage Inwanunsondautaifiviunamiveulaeenlandiinii 3% dWininainnanisnaass

ASILLAUTLUUDEILBE 5 TAad

First stage reactor

Second stage reactor

o

Peristaltic pump

Gas separator Dissolving Tank

Rotameter

%

Product [
Peristaltic pump

Gas tank

5UN 2.23 SpUUN15iaaIuYes membrane reactor [28]

Yan wavAny [29] AnwBvanavesauduturodtinuninadan1svinusgnswia

Fanmnelafnys 9aeuas LED Taen1sladainsie Chlorella sp 29nn15Maaed Lasay LED

1Y |

ilianseaunsansyinlalanninlduasdifien lnedhsndiuvedianiuuas LED Navian

] [ [

A8 5:5 (RED:BLUE) wag¥339A 13 dutuvasilinuisuaunangndnsun1sinusansuiadinim

9

fD 45%-55% anunsaviuiansiinulegata 92.60%

Meier LagAtdg [30] ANWINANTENUVDILAY (NAITU-NAINAL) AUNISLASQYLAULA

YaamgieviuTansuiatin nlueuly lab-scale 31nuan1smaaes Usednsainlunis

[

mdasveulneenlanlugig 1 cycle (Naneiu-na1aAw) agsemIng 89-93% uazUszansam
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lunmsidnansusulasenlenvziinalaenssainnisidsunaiveguugll Inuaaumginenae

iliusunuasueulneanleniingy

2.8 ¥84714N1599¢

awv o d

2.8.1 UIgNeaInun1sn1awiaalsuaulaeanlenanwigdanin
NNISAVALNWITETMALITRITUNSAARASURUlARRNlwRaNLAATININ LU
TNsauiadinmuuugadumedt Ianuansalunisiuiansiimuiasidnaisueun

¢ A o v ax Y cs' <, = Idaa a o o % 5%
@@ﬂl%@%ﬂ\i bURLNYUNUITNITANLLUUDUY € LLagL‘UUVUQSL‘UVLNﬂ'JﬁV]ﬁ’]@quﬂﬂ'ﬁ]@ H,S 1@ 219N

'
=

Tdusesduluszuugs wagdasarvauaangiinlidnieiiinaliuaiunsalunisinda

Asvaulpeanlyn fawanslumisnean 2.7

M15197 2.7 asuanuiseninestesiunisimiauiansueulaeenlenluuiaganim

ERLd B3 wailld
Rasi [21] Water scrubber CH, ’g‘jﬂﬂ’jﬂ 90 %
Rasi [23] Water scrubber mméﬁ’uqa CH, 83-92.1 % CO, @8 4.4-6.3 % N
Wde 2.5-7.4 % Uszansanlunisiidn
H,S 99 %
Maile [22] | Chemical absorption 14 Usgdnsnnlunisnndn CO, 21n
monoethanolamide 66 % ﬁqm%gﬁﬁm way 77% 7 40 °C
Maile [24] | Chemical absorption 14 Usgdndn1mnisinam CO, g9an 66%
Sodium hydroxide tusgn
Fumsuoulaoonles
Weixing Idamsng Chlorella vulgaris | UseAnSamnisindn CO, geiis 75.61 %
Cao [26] ‘Lumw‘fm%qmél,t,ﬁ"a%amw
Djeine [27] | Wansazans Fe-EDTA Wush | Usvavinmgaaeluniséns H,S oefil 98%
AT CO, Uag H,S wag N15a18 CO, 18% luszav pilot scale
Xi [28] Mernbrane separation wuu | ufafiuSunauasueulasenledsiini 3%
multistage
Yan [29] | M@ ws1e Chlorella sp lums | CH, gatla 92.60%
aNuAATINN
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M15197 2.7 agunuddenifeatesiunisiiauiaaisusulasenladluwiadinin (se)

W38
v

35015

nanle

Meier [30]

Idawseieviugrsuia

Fanmlusgeu lab-scale

89-93%

Useandanlunismdn CO, Tuana 1

cycle (Na9Tu-NANAY) BgTENINg

2.8.2 9UIT8MA8IVDINURIDAES19NDIVUIALEN

4 v oy A a v v v a o I3 ! U A A9 Y o
"i]']ﬂﬂ'ﬁﬁ‘i.lﬂusﬂaﬂquamLﬂﬁl’JGU@ﬂﬂUV’JQ@ﬁ'ﬁWQW@QﬂJUW@LaﬂW‘U’N W?Q@Wl%ﬂaﬂﬂqﬁiﬁﬁLLU‘U

. [ aa [ [ 1 = A (Y] p=| o Y
MuAN (swirl type) ansnsaasianesndvunadneglugae 10-50 pm Fandnmsilidudou

anunsamuauInkarUsIaamladlateliaUTsumeuiuisoy q dwuandlunsned 2.8

M15199 2.8 MsasUnuITelnetasiumdaasaneunidn

K378 nsa¥1enas yurevlaadey

Sadatomi [11] Spherical body in a flowing 10 uym
tube

Ohnari [12] swirl type 10-50 um
Fujiwara [13] Venturi type 100 pm
Nakatake [14] Ejector type 40-50 pm
Sadatomi i@ Multi fluid mixture device 10 um
Kawahara [15]
Tsuge [16] Pressurized dissolution type | -
Yasuno [17] Microchannel technique 33.6-51.1 pm
Hasagawa [18] Shear flow in pipe and slits | 40-50 pm
Shigeo Fujikawa [19] rotational porous plate 10-20 pm
Gabbard [20] Venturi type 500-600 um
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unil 3

YANARDIULAZTUABUNTIY

Tuuni 3 9a5UNENNEIUUTENDUNINUAVBIYANAR DY SNYULUATNINNITNIIIY

v a ¥ I3 QAI aa [ o 6 [
YIRS 19N BIVUINLANTILIUN1TNAaBY I5NSTRvNIANeY N1sAdnAsusulneanlyn
1A8N1591809WAATININAINASHANLAAAISUBULABBN AN UBINIA kaE N1SATN
AsuaulneanleAaINLAaTININse Uinan1sinatsuaulnsanledndan1sanaundmsisy
Usgavznmnisidaansusulasenladuasnisvirusansuiaivu iethundseuiieuiuis
anufauuugeduieinludegiu lnsuwifevesnuidelunmsliisawiawuugadusie
11 Waufadinmeaniuil asusulaeenlenazgnasarslutvilndusunauialivugeu

aa < [ 1 N a a o

wazvuIaNINdvuInanadtuseavuluasau azdrgiulseansainlunisvinazany

Asuaulneanluntutinlafsslu Felisvazdunninaluil

3.1 nssnaesmsinalunsdusiin
3.1.1 Wnadildlunissnans
AFeTlATUsLNTY ANSYS (Fluent) Ver.15 lunnssiasanisiualaglduuusiass
3 §if 5U7 3.1 uandhunanissiaosnislvavesi Satwualifouinnugemaaesads Tunts
§1avsazionsulanizdnvaznisinaresingsldiiufauisiasdluluina lunasy
Usgnaudie 2 d1u fie dauhdaaimlestuiadnfifimadidhouaduiugudnas 14
Y 4

mm WagNI9e8NHIaAA 11 mm dauﬁamLﬁuﬂaé’mﬁmmﬁmmqa 1 m uagiduruAudNa

200 mm

©200 mm
*— Water outlet

Water column
1000 mm

Microbubble generator T Water inlet

UM 3.1 lumanldlunisdnaeinisiva
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3.1.2 JUABUNITINABINIT LA
(1) M3a519n39 (Meshing)
TN198519N 3 ALUUBATLAUANWULVBINSALUUAUMATUAR DAV LLLAD 198

wupuaziBunvainIananLlanaazaeautyl Fan3advuinvuin 0.5-5 mm U

2,521,012 elements fanandlusuil 3.2

Triangle grid zone

Triangle grid zone

JUN 3.2 MwazBenvresmsaienialuluuinaed

(2) Woulyvoulwanlglun1sAuans (Boundary condition)
lun1sdrassnisivavssinluganeass ladasizinisinaiduuuuly
Waguwlasnuiaan (Steady flow) lafinnsanmaainnisaemanusounazlifnnisayde

ada 1 a

AuTou MvualigamiidAng lifanavesrusddduas dmiulunavesannuduliu

19uuud1a99 SST k-0 model tilpsarnidulutnaniinisaiuiuiniugiusinalnanday
Usiilnasenatnuiienagu [31]

n1smruaieulvreulwnvenisiva LL“LiQ’e]@ﬂL‘fJu 3 d@7u Av druusn

a A

. . a8 a N & ) v & [ g o Y] [
Velocity inlet @U1du) Ao NuRAmualiluniudiresd Ingmuundnwuzaean1agn

TugUresrnusiveinisiva duiaes Wall (Fvn) Ae wulandmualidundesnisiva

v v
S o

Fenunnimunzegludiuvemwesaiosiniavesoniawagviededunisiva diuna
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1%

Pressure outlet (@unq) Ao NuRaNdmualiluniseenseinsivalagegluzuiuuveainy

[y

U

—

% Pressure outlet

Wall

i Inlet

sUN 3.3 SeulvveuuanislualunisAiuiu

nsivuadeulvvelivesnsiva mIusun1een AMNEBIN AL
PULUULAEAMUNLRYUN AR UARall
Waulvveniavesnisiva
Auuslrndaldiinisloa wazlddnisiadoun
HoulvveIPNUFUNIIeDN
AMAUA IAAINUAUNIIDDNYDINIT ARV AUANUAUUTTIINA
a = P
WouluuaannusIMIuIn
o @ cl' 4 Yo d' 1 (v} a d'
AAUAAIIULSIVDI AN LU IATA1AIINAUNSNAaRIR397 5, 10,
15, 20, 25, 30 wag 35 ans/ui

WoulvraarnurukUuwarANUNtnveIt
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AMvuAAMUTUIkILLAEAUNTEATe 0 QN TVMENAABIR3ITL

19 AnuruwUWyinAu 997 ke/m? way Anunilaviniu 0.000891 kg/m:-s

(3) NM5AUIE

Tun1sArurnaglddansaiuuuy SIMPLE (Semi-implicit Method for

Pressure-Linked Equation) #4il18aL88an15A1%UA Spatial discretization Aduansly

AN 3.1

A19719% 3.1 91882L98AN1INMUA Spatial discretization

Scheme

SIMPLE

Gradient

Pressure

Momentum

Turbulent kinetic energy
Specific dissipation rate
Intermittency

Momentum thickness Re

Least squares cell based
Second order

Second order upwind
Second order upwind
Second order upwind
Second order upwind

Second order upwind

3.2 SIUaLLBYAYANARDY

3.2.1 YANAABINITNNIARARTININAIUA

SUN 3.4 LAASMNUNINYANAFDIN Y UN1SANYINITANInAISUBUInBaN lwRn83T

Y
14 '
o =

9

U ¥ a a “ﬂl U ‘&’
Andumei Failsgazidengunsalililunisvaaesisil
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(D biogas analyzer (2) gavihanandu (3 gaauaugamadl (@) heater (5) Juuuuneslds

(& fhethauiatinm (D rotameter (8) Hhinairmesvuindn (9 redutii

JUN 3.4 ganaaeanldnisnyinismdnaisueulaeenlenluwiatinin

(1) Biogas analyzer 3u Biogas check Geotech l¥vann1sganausad
dunsusalun1sinwiadny (CHy 0-100%) kazaisusulaesnlen (CO,0-100%) aanTLau
(0,0-25%) Sasewadlnfined wiadu q awnsadaldlnenisdenesnnieuen amnsadn
gnsnsiravesuialagld anemometer, orifice plate Way pitot tube JALSIAUY static Lag
wsusng o Awdafieuldrzadidionawuluegaes 30 Jund

(2) gaviraubu Wugunsalildaruaugamadiildimniifisimueds
yhauswiudamesiionwssauguunilia

(3) gapruaNgagll Wuaunsaldmiuatuaunisdtenseualniilidu
F0LMB3AI8YAAIUAN SCR 200-480 VAC 50/60 Hz 45A UansAH1uMtIefdnea Ju BSC
shinko Tnsansnsaeruaugamailiasiliiiu + 0.5 °C

= s

(@) Bomos vwn 1500 W lddmiuiiugunglingsaindiugavinainuu

ielilagaumaiisunivun

2

1% 1%
o

(5) Jutwuuneslds vuie 2 usadin Ju 2DK 205 dusuldussuuin vy

YANARDY
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(6) feg1eufadanin tiuuRadlddmiunisnaasuiienanaasy
Anuansalunsidnnisveulasenlenvesynnaaes

(7) Tsmdlwas WJugunsaldmsuindnsinisinaluvaznaass lagldands
dierdmunsngnisiva Tsmiwesthazldaamstail 10-60 Ans/uit uay dmuufaasld
7l 0-0.1 Ans/unfl

v a ¥

(8) adnadrsrlesvunaidn grindeuTnndudsesnofiniiniioainees
uRafigngaainniafiuaswesiidn ieldsusuavesliandussivluasou fuwady
HUAUENA9 50 mm g4 150 mm

(9) Aedunith ¥haneaTannsenszuenvua WukIuguSnats 20 cm uay

< 1 o af Yo Ly ) I3 I3 [
3100 cm Wudundniladmsunisvinazanevasesusulneanlenlasdunavuinva e

[
=

G
Y
d‘ a
MARTU
3.2.2 ¥adasinenasuinian
o % 2 & DY o A
Wianasewuiadnildlunismaasaduwuunsivanyuais lwdnnsandeu
voswaniuufangnaadiunegaguussawindurosundn nedivedsdunisinans

wnunanserinysEavza nlunsasianes dagui 3.5

Water outlet

/

=)

il l«— Water inlet

9

\ Gas inlet

3D view front view side view

5U#1 3.5 ANuULUDINAnaS 1IN UIALAN
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H @20 l—H

(n
&

top view

SECTION A-A

JUN 3.5 Snvazveahidaadislesuindn (9e)

TEnas e uIAENaN BAENTINTEUBNTINIAINBYATAR WA AU 8717 LA
Furuaugnana 3, 150 uag 50 mm AudIRy 11asgnadsdunvnavioria 14 mm fign
Ansaluundudiauasienseinszuen 50 mm anavuau aianudusnigluidasilf
wiagnaadunauldlesr unision ua19aun 1.5 mm naduedsdunisivavun 20

mm 88N NIAAvInnIeeenIUIn 11 mm LLay’JLﬁﬂL‘ﬁUWEJQGUU’]ﬂLéﬂ

3.3 AMSANEIYUI ﬂwaﬂﬂﬁﬂﬁﬂaﬂﬁ%ﬁﬂwaﬂm'}ﬂLgﬂ

'
[ =i

nsAnwIaIAneIINaasslossuindn IinguszasiiioSouiioudng
nslvavesiifinasovuinmles
3.3.1 YANAaIInWBIvLIALEN
gunsallunsianessuisdanusznausie voafinnlaafiviiannszanuunanii e
Wz 9 120, 160 uag 2 mm ANEIRY amé?mé’mﬁ;ammﬁﬁﬁwma 1000 1 (Digital USB

Microscope Aopute H1000x 5.0 Mega Pixel) dmsuaienin é’ummﬂugﬂﬁ 3.6
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JUT 3.6 drudszneugavaaesdmsunmsfinwaieniniavesuwindn
inungnsnisivawia 0.1 ans/uii wemmvandadevesdsunauialylng
wafuruanesluyndnsnsivavesi Jadeulalunisfnwinisadislesuunanuianids

AN 3.2

A1519% 3.2 HaulalunisAneinisadranasuunaian

9951015 Matn (Bns/ui) 5, 10, 15, 20, 25, 30 uag 35
gnsINsvawna (Bas/uni) 0.1

D medutith (2 Microscope (3) siarinmles (@) uiarnsueulaeenlas (5) Rotameter
(® tuneelds (D heater (8) ganruangamail (9 ynvinaandu Widnasamlesvinaidin

JUN 3.7 Yavnaesfinwa naewesuunian
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3.3.2 Fn1maaain1sinnavnaian

iluneduiaggngasumandiduasinadifestnles wetlwasuiesdn
ylosuiiiy 1dInsmasenvesesinrlaszgniaite fuiinamudrthamlumauianes
mewatianslieszinnlaglénmsdeulansiulusunsy MATLAB nannsinsenn1mag
Wunsthamdsuaesnanaduduisnauiioniduiuguinasluniisves pixel
wenluAanduduseun mie pm avgnuladlaenisivieu scale vosnmeneldussiin
fisdmenaierfutunmaeunanesiioulasdurunnessss o delu Tuwsdazteulunis
naaeazldnsiiudiegnanin 20 nw vn 9 5 Wil wnvedwiazesluusaznInazgn

YIULRAY

3.4 MsAnwINITInazatearsuaulaeanlanlutinlagldiidnasranasvuinan
n1sAnEINIsitazateasuaulneanladluiilagldiideasanesvuinidn 3
¢ A a a o w ¢ ¢ a1 Yy v oA

nuszashiiallTeufisuainuaiunsalunisindnaisveulneanled NArAnududud

wanAnaiy Auruianeslunsiionsinistuanuasuly
3.4.1 ganaaen1sniaaasuaulasanledluun
o A I3 & ay v | ¢ x>
whantglunisnaasudunianiaainnsuausznineansuaulasanlaniuainialu

o | A o A o = o a A v v ¢ & 1

gnsrdrunnmuaiedtassduniadinimasanianuudunisuaulaoonlannis o lag

Mrundnsimsivandwauuia 0.1 8ns/uil wagaruAugmin 25 °C LieAIAINAINITA

Tun1sazarsasuaulasanlanlimsinasnnisnaass Failidaulunisdnwinisvitazane

msuaulaeanleatuinlaeldmanas 19 LA NLAAIFIAITINN 3.3

A1519% 3.3 Wauluns@nwinisyinazaneesusulaeanlamiutinlegldmianasianasruin

Wan
Sasmslwarh @Ens/und) 5, 10, 15, 20, 25, 30 uag 35
snsnsluania @as/uii) 0.1
ANUTuAsuaulneanlyn (%) 30, 40, 50
qmmﬁﬁfw O 25+0.5

wigvzgnuauiiviosnay \u PVC nsansyuaniduriugudnans 25.4 mm 813 300

mm kiaNgnUassnaun1snanazgnAIuANAI8lsnIimes taf1muaa1Ldudy
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0.1 fn5/U9 duUTENOUYNNADILAAINITUN 3.8
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115 Ma VeI N

(D) Aofuith

@ Biogas analyzer

(3) viosmauuia

(@ wiansuaulneenles
® ome

(® tumeslas

@ heater

YAAIUANUNYI

Y

(@ gavimnandu

Rotameter

1) dnadravies

@

U 3.8 ganaasamsfnmnisiharareansusulaeenlantuinlagldinga

v <@
ASNNDIVUIALAN

3.4.2 35n15MAa9IN1SN1IAA1sUaU Lnaan lanluLn

[

uwiandenisaneazgniniiionesdusenaurensuaulaeenlennisinsasinuia

Fanw nn 9 15 widt Wunan 2 Halus adildazgnilvimsizimdszansnnluniside

Asuaulaeanlunmuann1si (3.1)

COzremoval (%) = @

r

x100%

a9 C, fAe Anuutuasusulaenlgnnaun1sans (%)

C, Ais Anududuasusulaeenlydndinisans i 1a

(3.1

Mo < (%)
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AN tuatsueulaeanlefnsaniseenvzgniiuidiasieiniusunu

A1sveulneanlealutfintrluAiulumn CO, transfer coefficient, CO, capacity, CO,

transfer rate wag CO, transfer efficiency AANNST (3.2), (3.3), (3.4) uay (3.5)

Tnen

Tne

Tne

TneN

log(Cs—Ct)1—-log(Cs—C,

KLa — 2.303( g( S t)l g( S t)Z) (32)
ta—t;

K, a As duuszansnisaewmasueulneenlen (CO, transfer coefficient)

Cs fio Amsueulasanlennavargluthdudineoumall 25 °C (mg/litre)

C, fo masusulaeenlennavarsluiiniuia (me/litre)

t Ae e (s)

P+73.53h—p)

CO2 capacity = K, a (CS 760-p

P Ao Anuduussenav@nLia (mmHe)
h Ao AmuanAARILUNDYAAaT 1IN (M)
p Ao Anwauletigaumgil 25 °C
V Ao Y3ueni (litre)
CO, capacit
R, = =Y (3.4)
Pin
R, f9 dnsin1sanemuianisueulaeenlan (meCO,/KW-hr)

P, Ain masudlglunsiiuasveulaeenlan (kw)

__ (COy capacity
E = (2220) 100 (3.5)

E fe Uszansnmlunisarawmasusulaeenlan (CO, transfer efficiency)

A Ao Y3unaumsusulaeonleniifiuasluii (mg CO,/hr)
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3.5 N1SANYINITANAETIN INA28U Iae ldianas19rasuuiaLan

[

noUszasdreInsfnunisduiatanmieiilaglddnasnmesvuindn fe
mMsmUszansnnlunismdnasusulaeanlasluliadinwasaneiUseuihoukuiluuile

fUN1sNAaRINIsNNsYNazateAIsuaulaeanlan tuun

3.5.1 YANARBINITANUAFYININAEUN
wianeaeunuanisanudaduianidanmsiidadnds lnsuiazgndoudige
naaodlagnIuNTasIiuinungluiidnaiaewunndn Jsgnasuaugnsinig

18 0.1 An5/W19 HouluN1SVAADILERINIAITIN 3.4

o = = v & Y - Yo a Y] I3
19191 3.4 LﬁauvleJﬂ']iﬁﬂTﬂ']ﬂ']iaqﬁLLﬂa“U’Jﬂ']WW]ﬁuqiﬂﬁll%wja@aﬁqﬂweﬁmuqmLaﬂ

9951015 Matn (Bns/ui) 20, 25, 30 wag 35
gnsINsivawia (Bes/ui) 0.1
gaunnii (°C) 25+0.5

3.5.2 3nnnaIsduRaTan et
wAadrnanilddimiunisnaassargninesdusznevresufadinuuay
asuaulaoenlesnounisaaes Saufauinamiseanyn 9 15 ud e 2 Falus A
Isaggnihunieneiiievuszansnimmsmdaaiveulasenleduaznmsviuigrsiimuly

whadn e ltaunis (3.1) wag (3.6)

COzremoval (%) = @xlOO% (3.1)
: (Cpccry=Crchy)
CHsenrichment (%) = r— x100% (3.6)
7(CHg4

e Crecn,y AR ANANUTNTUIMUARUATANS (%)

Cp(ciy) A® AANUTLTUTINUMAINITAE 2 13anla 9 (%)

TugANAaBI9=ANA pressure gauge USLINUNILILAENIIRDNULNBU LY
° ) Pt 9 o . ° o o = a
AUIUIINS LTI UN1Ta9UAETIN W (Energy consumption) d@wsutinluiuTeuiiiey

U ad v o v S A 9
fusauianlsinignldludagdu
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un 4

NAN1SANEI

dy a dy I3 1 [ v = [ 9;

unilazaSunetianilu 4 @rundn Usenausiy nsANEaneuensiiavesunly

YANARBINIE CFD A1SANHIVUIANDIAINIHIANAS 1IN IVUIALAN NISANWINITYINAZANY
5 901 Y a ¥ < % 6V I &
Ansvaubneanlentuilaeldiidnasaesruinanmenisuaukiaaisuaulneanlaniy
2101A haznIsAnwINITinazatealsvaulaeanladlutinlaeldianas1aesvuialan fe
wiainmass Fluseasidenazeiuieie n1sdnaesdnyaensivareninlugannaedn
o 1 d' a -qy 1 d‘ [ g

ANSAIUIUNNAANENSVDI LA VUIAVINBINANTUABNISUASULUAIINSINIT UL
ANUEILNTalUNITaTaNsUNvaIAsUaUlneanlaRNANANULTLTULAEYUIANBIRRNaTY NS

o/ s

minAsuoulnoanlealuniatinnInase tagfulseng 9 Auanstennuaiusalunisazans

o 6 6
J1vasansuaulneanlan

4.1 wansAnednwaznisivavashluganaassiignisAiuinmenaransvasliuag

d' o < H Ao
SUN 4.1 LLammamimaaammLiamﬂwa“ummmaiumwmaawamm’ﬁlwaﬁum

Y 9

v
o 1 =3 [

ety aziuinusnaredulihidnvasnslunawuadu 2 daundn q Ae 1) druvesifl
AnnavLeaY WudnyarNSNLLINIINKNUNANDBNNIRUEN YaTiseenainiidnasd

< N =~ a = a A a y I & | DY) -
ANuaaaLaranaiiainanmyua Fausnaniensivalulutasdieliuiadiuun

Y
yaa =

an1snaniulandy 2) dvesiilvaluiuinsadeaindiunnyuasiiuaisauliisin
1 @ H < 1w ] a v ' =

19800 TukdardnsinisivauiazinitaneaensivaresdndusukuuRe Iy uiasd
I w oA A A a < T a Y o o o 9 v @ A
ANUBANA1AUNEBdINTNAMLLIveUSAUINMIGdITEn AsvinliausIing
PONINAIININANFWALNTFIILRINUINTUY draliiunlun1snyuIunWumulume Awuans

lusy 4.2
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Velocity
Streamline 1
3.000e+000
— I
Water outlet
I 2.250e+000
w 1.500e+000
I‘ 7.500e-001
| 0.000e+000
) [m s*1]
—_—
Water inlet

Q,, = 5 litre/min  Q,, = 10 litre/min  Q,, = 15 litre/min  Q,, = 20 litre/min

JUN 4.1 mapudivesnisinavestlugannaediidnsinisinatieig 1

Velocity
Streamline 1
3.000e+000
—= i
Water outlet |
- 2.250e+000

l-F 1.500e+000

- 7.500e-001

I 0.000e+000

[m s*-1]

Water inlet

Q, = 25 litre/min  Q,, = 30 litre/min ~ Q,, = 35 litre/min

JUN 4.1 namnusiveamsivavesinluganaaesgnsinisivatinia 4 (sie)
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Velocity
Streamline 1

3.000e+000

[ 2.250e+000

” 1.500e+000

I 7.500e-001

I 0.000e+000

[m s*-1]

Q, =5 litre/min  Q,, = 10 litre/min  Q,, = 15 litre/min  Q,, = 20 litre/min

JUN 4.2 namnusiveanislauiludiuaigavnaesnsnsinisivaiieig ¢

Velocity
Streamline 1

! 3.000e+000

[ 2.250e+000

ﬁ 1.500e+000

- 7.500e-001

I 0.000e+000

[m s*-1]

Q,, = 25 litre/min  Q,, = 30 litre/min Q,, = 35 litre/min

1l

= < - 1 1 Ao T 1
JUN 4.2 maanuveamsivatludaaganeassidnsinisivatieg 4 (o)
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U 4.3 uansmnudhlunundudavesunu z amsuvesguuuanuiuudula
sgiuinfinnuniigslurinunnunaiaveayavnasiazazansiainiuszeyieanain
ununanauiseuuen Snnsinavesinysiunssfuamualusnduiauny x vuwn z
Tnefisnsnisivavestin 35 dns/unit fanulunundudagean feenuiiluiududa

a | v a o oA a & 2 Ao a a X 9
1N ArdalminwsenRewiadunasunaniiuseansnnunndusuluanie

1.5 35 litre/min
° | a ¢ < 30 litre/min
FLLAUIILATICAITULIY 1.0 A 25 litre/min
IULLU') AU X UULLNUY z ——-= 20 litre/min
’\u? 05 A — — 15 litre/min
I 10 litre/min
o] 5 litre/min
> 00 A — =
=
@]
S
- L 05 1
% -1.0 -
7]
X
-1.5 . . . . .
-0.04 -0.02 0.00 0.02 0.04

Z (m)

JUN 4.3 anuduiiusserinemnunilunuidudannu x Aduwnieeng o vuwnu z

JUT 4.4 uansrnuduveansmannudilunwdudavuwn z lugun 4.3 azmiud

ANNTUT AN UAINBNTINTINATDIUN FaN8RTINTINaveedn 35 dns/wndl Tarudugs

an lneanuduguandiiufussdndeuninngaduiudsivenisanuaunsalunis

a$1psruadniazUsuiamaauin
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T (Pa)

5 10 15 20 25 30 35

Water flow rate (litre/min)

JUN 4.4 Anuduiusseninenuduresrusluiuiunu x vuwnu z fu

dn51n15avesinwananaiuy

4.2 nan1sAnevuIanasRINIdna enasvuInEn
Mnwaneaasiuuiasdnsnsivaresihnuihannsondaresidaunidnly
swivlunsou udazilvuianasUTinumesiiunnsnetu Gdludnsnnisivath 5,10 was 15
dns/ i uiaiigngaiunazlifianuiaiios SvuiarlesiiluguazUiunaumesiios Tusn
nslvavasth 20 dns/unit Tl wwarlesazSudnasasiiviinamesnausnsnisiva
yosthiisntu Taefinsnislvavenit 35 ans/unfl aefivunauazSuuvesiinfian @

amenguuavlesiiinduluisardnsinsivavesdiuansfsgun 4.5

JUN 4.5 mmanevlosuunadnainndesganssaiuuuidnea Nensinisivaiising o



48

JUN 4.5 nndnenleuuIndnINNaoIganssmikuuAInes N9nsIn1stnatinia 4 (se)

PNNTAATRANAENBIINNGDRANTIAUNUT Sn5Insivan 5 Gas/and &
yuarasiiluglan 415 um Wednsinisivavesdniindu vuaneazidnas Jsazdanaleadn

Wlednsn1sluaveatgeinies 9 ANNLANATELIANBIRzENTaal Inefidnsnisiva

103U 35 Ans/uil Tawerlesiidindign 50 pm Fauandluzud 4.6

500

400 -

300 -

200 A

Bubble size (mm)

100 +

5 10 15 20 25 30 35

Water flow rate (litre/min)

JUN 4.6 vunaduruaudnansaslulsazdnsnisinat
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4.3 namsAnwmahazaisasusulaaenledlutilagléindaasisiasaunaiin

U7l 4.7 uanauTinnuwesafuslaeenladnsimnisen (CO, extraction content)
munaunduduasveulaeenlesmat 30% wdiuitlunndanmsinavesi U
asuaulaeenlasmdamadsasiutununm susuniniianaadesndeumiune
yoshiinannisazansaifveulaeenled luinan 15 wiksandanismeaes Usuw
asusulasenludniseangsan 2.4% Ansnsinavesih 5 dns/undt lnefiviinaeiveu

gegniiaa 2 alad 6.3% danuuanseiudnsinisiravedtn 10 Gas/unil 89 1.4%

7
—e—— 5 litre/min — & — 25 litre/min

6 o 10 litre/min — —0O— — 30 litre/min
e —— v —— 15litre/min — —— — 35 litre/min
8\/ litre/mi

: +- 20 litre/min

£ 5
(0]
e}
5
S 41
c
R
T 3
©
s
o)
~ 27
O
)

1 A

O T T T T T T

0 20 40 60 80 100 120 140

Time (min)

JUN 4.7 msiagunias %CO, imseanlunsiiaududy CO, nudn 30%

JUN 4.8 wansUSinamsuaulaeenlennsmitesn ruanududy 40% wuin
gnsn1sivave 5 dny/unil Spsdiufanisueulasenlurnsainisesngsgn Failmn 8.6%
a1 2 F2lug alUSeufisudusnsinisinadu q aLiuInANLAnA1UeIUS M
AsusulaeenlednimieendinsipeuazisunseefmunnTuilomeuiugun 4.7
nsdlfmuanuuduasveulaeenledneunisnaaes 50% aauandlugui 4.9
oA Y a s [ ! L% 96’ S 1
wuan 2 Falus Usunaeiveulaeanladnsinisesnluudazdnsinisivauidenly
v o N o 5 a RPN s 4
waneneiuinn eniunsaiidnsinisivavesin 5 das/und dusunuasusulasenludnss

NNBBNEEN 10.2%
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10
—@—— 5 litre/min — & — 25 litre/min
o 10 litre/min — - —0O—-— 30 litre/min
/{; 8 ——-—w—— 15 litre/min — —— — 35 litre/min
=)
~ — A —- 20 litre/min
4+
C
]
=
& 6 1
V]
C
Q
0
© 4 -
=
x
O]
o)
O 2
0 T T T T T T
0 20 40 60 80 100 120 140
Time (min)

UM 4.8 MsiUdgunlas %CO, imseanlunsaiaundudy CO, nudn 40%

& aNa Yy v Ao H a =

INNTNARBING 3 NFANNE1INITIAUIENUT NTRsINSInavest 5 Gns/unil
fivsununisueulasenladuinamiteendiwazun nannsddu q sgrudiuladn e
AvueANuuduasueulaeenlednoun1snaaedgadu Usinuuianssusiiaumiesnay

Wudunnulumewazyinlianuanandutsazonsinislvaanas

12
—e—— Slitre/min — W — 25 litre/min
[e] 10 litre/min  —-—0O—-— 30 litre/min
;\3 10 4 —— % —— 15 litre/min — —— — 35 litre/min
= — —A —- - 20 litre/min
g 8
_&) i
C
@]
(V]
C 4
s 6
]
O
©
]
5 a
N
S
2 T . /g/’
=
0 T T T T . .
0 20 40 60 80 100 120 140

Time (min)

sUT 4.9 msiUdguulas %CO, imseanlunsdiaundudy CO, nudl 50%
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a

Ul 4.10 uansnsiasunasusunaniiveulaeenlednunaiinisesnys
s lnsiUsuisunsdsnmnisivatufsrfuluwazenududuasueulasonles
nudrlunndnainisinarestn Araudutuaisueulasenled 50% dziiuiuia
Asusulaeenleinsinisesnasan

ANNIY 40% waz 30% wansbiliuinusnamududuaisusulaeenlednounsaneding

sanisnnanA1suaulnaanlasuInnINvuIanaalanas FailaUsuiauianisusulaeanlas

AouN13aNgadu ilivsinaumiveulaeenlennsimisesngsuniulume

€O, extraction content (%)

CO, extraction content (%)
N

12

— @ COy initial 30%
0~ COy initial 40%
10 1 ’ /'
— y—- COyinitial 50% 4

100 120

Time (min)

(M) 5 dNS/UN

140

e COyinitial 30% P
s
0 COyinitial 40% s
4
| — - €Oy initial 50% e o

100 120

Time (min)

(@) 15 Ans/u

14C

CO; extraction content (%)

CO, extraction content (%)

e COyinitial 30%
o COyinitial 40%

| —-v—- COp initial 50% 7

0 20 40 60 80 100

Time (min)

(1) 10 8n5/U17

120

140

e COyinitial 30%
0 COy initial 40%

——y—- COy initial 50%

0 20 40 60 80

100

Time (min)

(4) 20 AnS/UTI

120

JUN 4.10 nsAguudas %CO, mseeniunsdldnsinisivavesiing q

140
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8 7
—e— COy initial 30% v —e— COy initial 30% P
/!
7 1. .0 COyinitial40% s 6 4.0 COyinitial 20% 7
7 o
6 1—v- COy initial 50% ,/ —-y—- COyp initial 50% ~
A 7
5

COy extraction content (%)
=y
CO, extraction content (%)

0 T 0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (min) Time (min)
a = a =
() 25 an /U7 () 30 anT/UN
8
e COyp initial 30%
7 0. COy initial 40% //)
S 6 | —-wy—- COpinitial 50% ) N
= .
(V]
€ 5
S
o
s 4
k9]
LR
x
b}
S 2
O
1
0
0 20 40 60 80 100 120 140

Time (min)

(%) 35 ans/u19

gil‘i‘?'i 4.10 M3iAsuLUAs %CO, ineanlunsdidnmmsluavoniisig 9 (9)

Ul 4.11 wansanuiduduaniveulasenledidumismasonuazniadingd
Sasnsluavestineing q nan 2 dalus wud aemududuasueulaoenlasmad 30%
finnadudumfueulneanleduiinamieaniiunnistuesrstaiau lnefidnsnisinaves
i 5 Ans/undt Savenududuaniveulneenledgeanlunnnsd snsnislnavesii
20-35 Ans/u1f dnwaranuuanaesnsuetlaeenleddudsuulasanndiaiaiy
duduaveulaesnledudinaumadi 30% Adanududuasveulaeenled 50% auidiu
1 fishsinsluaih 10 uay 15 ns/anf Snsdideududuasusulaoonledigean au
Feitsnsnslnavesin 20 uay 25 ans/unit eiismsnisinavesin 30 uay 35 Ans/uni

THwnlturesnisiiuasvaulnesnlanusiiunisesniayad
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11 —e—— 5litre/min — @ — 25 litre/min

10 - o 10 litre/min — —0O—-— 30 litre/min
—~ ——-w—— 15 litre/min — —— — 35 litre/min
o
~ 9 {1— & — 20 litre/min
-
C
i)
c 8 -
O
O /,;/]
= 7 T ’////// -
2 ez =70
£ 61 By s
5 R s

P e

N 5 - ==
O O_ -~ ==
W) v ﬁ//

4 -

3 T T T T T

25 30 35 40 45 50 55

CO9 content at entrance (%)

JUN 4.11 M3vdguudas %CO, neoenuazmadilunsdldnsinisivaciig o

299UIAN 2 Talag

5UM 4.12 uansanuanansalunsindnansueulaeenledfimnuidudu 300 nui
uwnltuveseuannsanisminmiveulneenledluudazsnsnsivairfanulndidestu
Tnednsnsluath 5 Gns/aund fanuaanselunistdaaivoulaeenledsan 79% fian
2 $alus wagiidnsinisivavesi 35 Aas/unft SussAnsamnisidansveulnoonled
g9an 97.33% aan 15 wiit dwmdvuszansamlunisiidaasveulneenlediadofe

90.97%

auausatumsminasueulasenlednanududu 40% fwandugun 4.13

'
a a o

zLuIgnsInisivaun 5 ans/undl ensliusz@nsaansingn 78.5% Mvian 2 Faluanaasy
A v H a A A a a o w ¢ I3
N13NAaRY NgnI1N15navesun 35 dns/nd Tussaviamnismdnaniveulaeenledasan
97.5% 71181 15 Wil FefluszanSainnisianansusulaeanlaniadsluliazensinistva
91.27% lusnsinshuannsening 20-35 ans/uni Useansninlunisianaisvaulnesnten
fianuuanatesadlaiUTeumeuiuguin 4.12
SUT 4.14 uaasruanunsatunisminaisueulnesnlenininudutu 50% g

WwdngnsnIsinavesn 35 dns/wndl dansliusz@nSaingega 98.2% et 2 Falus
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unltuvewanisidamiveulaeenlesdmlndifssiuidefisudugui 4.12 uaz 4.13 Tag
fiuszansamlunisidansusulneenlesiady 91.94%

analuauisalunisaidnaisusulaneanlanlneninuamlanuLudu
arsveulnesnlefiaunisnaassiinannundsduasiiuin dediuanududuasueula
sanledneunmsmnassazsiliieruansalunsiidaaiveulasenlefasiunulufe Tne
srdunaldannitsnsinisivavetin 35 ans/unit Wewiuaudutuaisueulneenludus
30% 40% waz 50% aevinliuszAndaiwnisiidanisveulasenledifiugetu 97.33%
97.5% way 98.2% MNEFU FaaenndesfiuinAdoes Yong Xiao [21] Inefiuszansanly
nsfdnanfuoulneenledgsgn 98% Aarutuduaisueulaeenlesd 50% wazaiy
wanAweInsidaansueulneenlesluniarsnsinisivatianas uaiesanndnsinisiva

yoirsuaulneanlesnivlunisaasaiies 0.1 ans/u¥ vinlmiuAuLAnsTlluInin

100
LS.
95 A m\%\&
¥
= 90 A
3
- —@—— 5 litre/min
GT_J\‘ 85 A o 10 litre/min
8 — — w9 —— 15 litre/min
— =A — - 20 litre/min
80 1 — = — 25 litre/min
— —0—-— 30 litre/min
— —— — 35 litre/min
75 T T T T T T
0 20 40 60 80 100 120 140

Time (min)

JUN 4.12 Anwanansatunisianesueulaeenlednsdlil %CO, Mt 30%



100
Qis\*
\\
95 - 3@»\\\%
L
ot i} \\‘\
g —@—— 5 litre/min >~
o _ i )
~ 85 - (o] 10 litre/min
O —— - 5 litre/min
)
— A — 0 litre/min
80 4 — = — 5 litre/min
- —0— — 0 litre/min
— e — 5 litre/min
75 T T T T T T
0 20 40 60 80 100 120 140

Time (min)

g'ﬂﬁ 4.13 mmmmszﬂunWiﬂ’mmmiuaulmaaﬂlwﬂiam %CO, N9 40%

100
ﬂi‘{\
\:#{\
95 -
8
= 90 -
5
- —e—— 5 litre/min
G“()\‘ 85 A o 10 litre/min
8 —— -9y —— 15 litre/min
— - —A-—-- 20 litre/min
80 4 — =m— 25 litre/min
— —0— — 30 litre/min
— —— — 35 litre/min
75 T T T T T T
0 20 40 60 80 100 120 140
Time (min)

sUfl 4.14 mnuanansalumsiidnaiusulaeenlusinsdil %Co, madh 50%
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JUN 4.15 wanuanansalunisindnaisueulaeenleniiainududu 50% lu
wan 12 Falus azwiudmngnsnisiraves danuanunsalunmsidanisueulasenludi
Lduandnaduunn wansliiiuinlunismdaaisveulaeanledlienamiuluuuiy daadli

UseanSamluanuaesiy

100
80 -
S
=~ 60 |
>
(@)
-
)
=, 40 -
O
()
20 4 —e— 25 litre/min
O 30 litre/min
—-y—- 35 litre/min
O T T T
0 200 400 600 800

Time (min)

JUT 4.15 anuanunsamsidaaniveulaesnlednsilil %CO, nad 50%

Tunan 12 Tl

;:;U‘ﬁ' 4.16,4.17 uay 4.18 LanIANFuRUSSE I duUsEaNSn1saew
arsuoulaeanlad (CO, transfer coefficient) AUsns1n15lnavesirfinrruidudy
asvaulaeenladniadising q Faldnnismuaenuduresrnududuaisveulaeanles
Tuih Iﬂaﬁwuamﬁqmmﬁmaqfwmmmaaa 25 °C auiiudn MsuiinTuvessnsinislnaves
5ﬂdqma1ﬁﬁmﬂizﬁm§ﬂWﬁdwamm%wauvl,maaﬂlszjﬁgq?Jyul,ﬁaqmmumwgﬁtﬁﬂaa TGEINATAR

ANMULANANTALRUTULL B AsUNUNS N LARIUSEANS AmA1sAanaNsUaulnaanland1 99y



COy transfer coefficient (min"}) x 1073

CO9 transfer coefficient (min"h) x 107

1.6

1.4 A

1.118

1.0

0.8 A

0.4 A

0.0 .

1.260

1.312

1.354

1.395

1.418

1.481

U 4.16 dudszAvsnisanewaisuaulasenlednsdin %CO, Math 30%

10 15

Water flow rate (litre/min)

20

25

30

35

2126 (2%
0 2009 2024 2068 [
. T 1.896 1.937
15 |
1.0 A
0.5 -
0.0 T T T T T T T
0 5 10 15 20 25 30 35

5UN 4.17 duUsgavamsaemensvaulaeenlennsalil %CO, Mt 40%

Water flow rate (litre/min)
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3.0
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N 05 .
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O-O T T T T T T T
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Water flow rate (litre/min)
U 4.18 dudszdvisnmsaiewaisueulagenlednsdli %CO, math 50%

SU 4.19, 4.20 uag 4.21 uamanuanansnluninfiuafveulaeenledlui
(CO, capacity) Wisuiisuiudasmnslvavesiianududuaiveulneenlesdeunisans
fine 9 91nnsasdiugn Aauaunsalunisiiuaiveulaoenleslutiieziintuedis
feLiewnusnsinisinavetin uazuandliifiuiernuunndisegisdaey Fauandldidiu
guanlesfidnasavdmanosnsnisiunsueulasenles Sewlsiunsaiuaiuaiuisoly

o % 3 L3
AsmManAtsvaulneanlyn
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e 40
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(W)
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59

63.493

48.115

39.762

25.813

17.107

13.03

8.566

5 10 15 20 25 30 35

Water flow rate (litre/min)

JUT 4.19 anuannsalunisiiuaniveulnesnlednsilil %CO, N1 30%

100
- 80
Is
\(\l
S
g 60
e
2
8 40
S
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~ 20
0

91.34

72.023

59.04

38.707

26.244

20.45

14.55

5 10 15 20 25 30 35

Water flow rate (litre/min)

5UT 4.20 Anuansatunisiiuanveulneanlednsilil %CO, Nt 40%
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140

120 - 116.342
<., 100
@) 90.793
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£ 80 4§ 75.369
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ol 50.04
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o' 40 7 34.077
v 26.226

20 A 18.4

O 1 1 1 1 1

5 10 15 20 25 30 35

Water flow rate (litre/min)
Ul 4.21 prwanansalunsiduansueulaeenludngdlil %C0O, madi 50%

sUl 4.22,4.23 war 4.24 uansdnsinisdtemarfueulneonledlu
(CO, transfer rate) fimnanduduansueulaosnledduduiig 9 wuin wwalduresnsimae
wUsuniufusasinisinaresiifiuty esainmsiiusnsinisinavesindeddnd sy
unTunanewinddiefisuiuudailalulsunadesuazvingy dwalddnsinisdiom
asusulneeanledluthanas Wewssueuluudaznsdlvesnnududuasueulaosnles
Fudu asiiudn dnsannsasmansveulasenledluingelunudiainududy

¢ fa Y oo a 2
Asuaulnoan R SUAUN ALY
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Water flow rate (litre/min)

JUN 4.22 dasmsanemansueulasenlennsdii %CO, Mt 30%
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5UN 4.23 gasinsanemensusulaeenlennsilil %CO, Mt 40%
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16000
—~ 14000 | 13800.331
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Water flow rate (litre/min)

JUN 4.24 dasmsanemansueulasenlennsdiil %CO, Mt 50%

AMUdUNUSTEInaUseansatnlunisatemarsveulasenlas (CO, transfer
efficiency) fusnsnsinavesinfiaududuarsusulneonlennsiniadisig o dauansly

SUN 4.25, 4.26 wag 4.27 giuiwudlduvealssansaimnisatemansusulaeanlamiuii

&

[
=

A9TUAIUDNIINTTEIAVDIUN NINSINNSEaVRIUN 35 Ans/und) ﬁﬂizﬁw‘ﬁmwmimamqq

D. e

iam 19.51% FIansliiuINruInveanidnadtaziunnisivaiulunsduduinuindwa

9

faUsEanSnInnIsatemansuaulaeenlennd lnuaennaInuAINEINISALUNISANEN

Asuaulaoanton



CO, transfer efficiency (%)
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25
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15 A

10 A1
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4.004
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5 10 15 20 25 30 35

Water flow rate (litre/min)

5UN 4.25 Uszdvizninnisanemansusulaeenlenluinnsdlil %CO, Mt 30%

CO, transfer efficiency (%)
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Water flow rate (litre/min)

JUT 4.26 Uszavznmnisanewmansusulaeenlyaluinngdlil %CO, matn 40%
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Water flow rate (litre/min)

JUN 4.27 Uszdviznnnisanemansusulaeenlenluinngdlil %CO, Mt 50%

A1599 4.1 wananasauntdlussuunisimdanisveulaeenlan Tussuudufia
e38gaguieinmilagsedldnduegi 0.30-0.90 kWh/Nm? [25] agsiiudnnaaudld
Aausignsnisiravesun 15 Gas/uit Al dargendnunsgiu iesanUSunamiantdlu

AsANTUSINaABe 0.006 m3/h

AN5199 4.1 WasuNlglun1seasaranIsaswiaaisuaulaeanles 0.006 m3/h

Water flow rate Energy (kWh) Energy consumption CO,removal (%)

(litre/min) (KWh/Nm?)
35 0.07 11.667 92.51
30 0.047 7.833 92.45
25 0.0325 5.417 92.36
20 0.0167 2.778 92.23

15 0.008 1.333 91.65
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A15199 4.1 (519) WaINUNlFlun1sMeasIranIsaawianIsuaulaeanlen 0.006 m3/h

Water flow rate Energy (kWh) Energy consumption CO,removal (%)

(litre/min) (kWh/Nm?)
10 0.004 0.667 91.35
5 0.001 0.222 87.56

4.4 wan1sAnwINITawiadanInaaetlasldiianas1easvunaLan
4.4.1 n1sanwUsEANSAIWNISA1InA1sUaUlnaanlaf luLAddIn W
3nran1snaaaInnatnisalunisitusansufaiinuainuiadanin

a

(CHy enrichment) Asuanslugui 4.28 wudn 8nsinistuaun 35 8as/unil AUszansaan

s
a a e

g9an 33.13% 7Laan 30 w1Ainden1Imeaes wazdszansanlunisiuansuiadinuag
anaInINgnIINIsinaveun laauszsansainnisinusgnsuiaiinuvesdnsinisinai
20 Aas/wit edign aziuinUssavsnmlunisvhusavslivuligannfiadeuiuisnisdng
megwuunily Wesnuiaiivuneunisatsdiaududuasiia 70% mnuTuiadinue
nidiu agviiuseansamlunisansgeuy
- o S A4 1 a v o v
\HangnsInsivavest1ndindt 20 dns/uiit lansnsagauiadilussuuies

wazauAuLialiates Fdiiiuvaaes

36 - -
—_— A — 20 litre/min
34 ———w——— 25 itre/min
o 30 litre/min
— 32 A 35 litre/min
X
£ 30 A
(0]
€ ©
é 28 A v-———v——_““'\\ © o
c T~
v 26 A v~
= .
Y24 . v
T T TR N
22 A T
20 T T T T T T
0 20 40 60 80 100 120 140
Time (min)

UM 4.28 anuanusalumshuiansuiainuanuiadinim
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L o a &

SUN 4.29 WanIANUAINNSLUNISYNUSANTWAATLNY 24U LaNINTINTT

Y 9
1

Inavea dwalianuauisalunisvihusansuiadmuiady Weswnvuiavemosiianas
TaeAuaNsaluNSYUSavsLiailinugegn 32.24% N9nsinsiravesii 35 aas/ui

1387 15 WININEINISNAEDY

34
32 -
& 30 A
€
£
f_) 28 -
c
)
= 26 -
)
24
22 . . . .
15 20 25 30 35 40

Water flow rate (litre/min)

JUN 4.29 Anwanansalunsiuiavsuiaiinusesninisinaveni
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AN5199 4.2 WAINUNBLUN1TNRaIReanIsSNanLAE 0.006 m3/h

Water flow rate  Energy Energy CH,4 Co,
(litre/min) (kWh) consumption enrichment removal

(kWh/Nm?) (%) (%)

35 0.068 11.380 32.24 83.71

30 0.029 4.946 30.22 85.13

25 0.013 2.229 27.39 85.33

20 0.008 1.4039 23.07 85.14
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M13199 .1 YoyauSunanisueulaeenlufusiium10enyANARDIYBINITNAABINTTYN

avaremsuaulneanlonluinNaAANLtLtuAsUaUlnaanloR UMM 30%

74

Q,, (litre/min) 5 10 15 20 25 30 35

t (min)
15 24 0.9 0.8 0.8 0.8 0.9 0.8
30 2.8 1.3 1.2 1.1 1.1 1.1 1.1
a5 3 1.8 1.5 1.5 1.5 1.6 1.6
60 3.9 24 2.1 2.1 2.1 2 2.1
75 4.4 3 2.6 2.6 2.6 2.6 2.6
90 4.9 3.6 3.2 3.1 3.1 3.1 3.2
105 5.5 4.2 3.9 3.6 3.6 3.7 3.7
120 6.3 4.9 4.6 4.2 4.2 4.2 4.2

M13719% n.2 JayauSunamsusulneanlunusiinm19eenYnNARDIYBINITNIARBINITIN

avaresuaulneanlonluinNAANLNTuASUaUlnaan R US I NIRTN 40%

Q,, (litre/min) 5 10 15 20 25 30 35

t (min)
15 2.2 1.1 1 0.8 0.8 0.9 1
30 2.8 1.5 1.5 1.2 1.3 1.3 1.4
45 3.4 2.3 2.2 1.8 1.9 1.9 2
60 4.2 3.1 3 2.5 2.6 2.6 2.8
75 5.1 a4 3.8 3.3 3.3 3.3 3.5
90 5.8 4.8 4.6 4.2 a4 4.1 4.3
105 7.2 5.7 53 5.1 4.9 4.9 5.1
120 8.6 6.3 6.1 5.9 5.5 5.7 6




75

M13199 .3 YoyauSununisueulaeenlufusiium0eNYANARBIYBINITNARBINITIN

avaremsuaulneanlonluinNAANLINIUASUBULABBN R USLIUNIRT1 50%

Q,, (litre/min) 5 10 15 20 25 30 35

t (min)
15 2 1 1.1 1 0.9 1.1 0.9
30 2.7 1.4 1.6 1.5 1.3 1.4 1.4
a5 3.6 2.2 2.5 2.2 2 2 2
60 4.8 3.1 3.3 3.1 2.9 2.7 2.9
75 6 4.1 4.6 4.1 3.9 3.6 3.9
90 7 5.2 5.6 5.2 5.1 a.7 5
105 8.5 6.5 6.4 6.1 6.1 5.5 6.2
120 10.2 7.5 7.5 7.4 7.4 6.7 7.1

M13199 .4 Toyauseansnmlunisidnaisueulaeenlervesnisnaasnsinaraty

AsuaulseanlamlulnnAANuuTUAsSUsLlneanlaAUSIANINTN 30%

Q,, (litre/min) 5 10 15 20 25 30 35

t (min)
15 92.00 97.00 97.33 97.33 97.33 97.00 97.33
30 90.67 95.67 96.00 96.33 96.33 96.33 96.33
45 90.00 94.00 95.00 95.00 95.00 94.67 94.67
60 87.00 92.00 93.00 93.00 93.00 93.33 93.00
75 85.33 90.00 91.33 91.33 91.33 91.33 91.33
90 83.67 88.00 89.33 89.67 89.67 89.67 89.33
105 81.67 86.00 87.00  88.00 88.00 87.67 87.67
120 79.00 83.67 84.67 86.00 86.00 86.00 86.00
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M19197 0.5 Teyauseananmlunismdnaiveulaeenlenveinsmaaeinisyinazale

AsuaulseanlamtuinnAANuLTUASUsLlneanlaAUSLIANINTN 40%

Q,, (litre/min) 5 10 15 20 25 30 35

t (min)
15 94.50 97.25 97.50 98.00 98.00 97.75 97.50
30 93.00 96.25 96.25 97.00 96.75 96.75 96.50
a5 91.50 94.25 94.50 95.50 95.25 95.25 95.00
60 89.50 92.25 92.50 93.75 93.50 93.50 93.00
75 87.25 90.00 90.50 91.75 91.75 91.75 91.25
90 85.50  88.00 88.50  89.50 90.00 89.75 89.25
105 82.00 85.75 86.75 87.25 87.75 87.75 87.25
120 78.50 84.25 84.75 85.25 86.25 85.75 85.00

M13199 N.6 Toyauseansnmlunisidnaisueulaeenlenveinisnaasnsinaraty

AsuaulseanlamtulnnAANuLTUASUsLlneanlaAUSLIANINTN 50%

Q,, (litre/min) 5 10 15 20 25 30 35

t (min)
15 96.00 98.00 97.80 98.00 98.20 97.80 98.20
30 94.60 97.20 96.80 97.00 97.40 97.20 97.20
45 92.80 95.60 95.00 95.60 96.00 96.00 96.00
60 90.40 93.80 93.40 93.80 94.20 94.60 94.20
75 88.00 91.80 90.80 91.80 92.20 92.80 92.20
90 86.00 89.60 88.80 89.60 89.80 90.60 90.00
105 83.00  87.00 87.20  87.80 87.80 89.00 87.60
120 79.60 85.00 85.00 85.20 85.20 86.60 85.80
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FuUszansnnsanewmanduaulasenlad (CO, transfer coefficient)

fhognamseunaeluifunannassnsdidnsinisinavesi 35 ans/unit uas
At suaulneenlasniadi 30% lneilswazidonddl

1. qquﬁﬁwﬁ%’ 25 °C AaBANISNAADY

2. 9naseatasuavlneanledfiazarsluidudifigungd 25 °C
(C.=0.43 mg/litre) thlvaufurmiveulneonlesfiazansluiiiieuiunaiiie suansly

1919 (V.1)

A15199 9.1 nansAmwnvesmasueulneenlennasaneluliieudiuian

Times G C.-C
(min) (mg/litre) (mg/litre)
15 0.009 0.420
30 0.018 0.411
a5 0.026 0.403
60 0.034 0.395
75 0.042 0.387
90 0.050 0.379
105 0.057 0.372
120 0.064 0.365

3. 141A1 C-C 1Ay log oA durein1siuasuuuamiuiiaInig o

Aananslugu .1
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t

log C -C_(mg/litre)
[

S

0-1 T T T T T T
0 20 40 60 80 100 120 140

Time (min)
al v o 6 a & [y Y4 [ a 1
sUN 2.1 nsvlAnudusiuowuy log Mluanudiuesening C-C, Manng 9

a senilaluunuluaunisi (2.1)

K a = 2.303 (lOg(CS‘CtZ:ltjg(Cs—Ct)z) )
K a = 2.303 (103(0.42(1)210—_125(0.365)2)

K;a = 1.3401 mg/litre

auausalunisiiuasuaulaeenlan (CO, capacity)
lunsnaaesiinnudusinlusyuy P=882.67 mmHg ANANAINHIARALRY

uwiaasusulasenled h=1 m anudulauingaumagil 25 °C p=23.756 mmHg U3unsind

Taviavun V=87 litre WrA1ang 9 tuunuluannis (v.2)

.53h—
w) 1% (2.2)
760—p

COz capacity = K; a (CS
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CO2 capacity = 1.3401 (0.43 882'671+73'53(1)‘23-756) 87

760—23.756
CO2 capacity =63.493 kg-CO,/hr

ansnsanawmwiaasuaulasantun (R,)
= ° ' & & P Y] e °
Wunsihenuanuisalunisanemeansusulaeanlamnmsaiendsnuinldlunisyii
avaremsuaulneantes TunN1saaeaonsINIsivaredtn 35 ans/u TEWa99 I UNInLe
0.07 kW

__ CO; capacity

RO = T (¥.3)
63.493
RO ==
0.07

Ry = 907.045 kg-CO,/hr

duuszdnsnmsaremansveulaeenlad (E)
USunauanududuaiveulaeenlenigniiuilan 54240 mg-CO,/hr uazU3una

wianUeudngssuy 0.006 m*/min wnuAiaaaasluaunis (v.4)

__ [ €Oz capacity
E = (2222252 100 (v.0)

~ < 63.493

100
54240 * 0.006)

E =19.51%
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M13199 A.1 TayanuaTaluNTIUTANELAATININYBINITNARBINTAUAATIN N
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#aen

Q,, (litre/min) 20 25 30 35

t (min)
15 22.89 27.85 30.29 32.40
30 23.44 2791 30.78 33.12
45 23.37 27.74 30.72 32.87
60 23.072 27.39 30.21 32.24
75 22.87 26.85 29.65 31.84
90 22.42 26.14 29.01 31.15
105 22.035 25.39 28.21 30.29
120 21.528 24.25 21.37 29.52

M1319% A.2 Yeyauszansamlunisidansveulasenledluuianninvesnismaaeinis

ANLAFTININA YU

Q,, (litre/min) 20 25 30 35

t (min)
15 85.21 86.95 85.38 84.2
30 87.76 87.16 86.92 86.43
45 87.02 86.55 86.72 85.64
60 85.14 85.33 85.13 83.71
75 83.16 83.44 83.35 82.5
90 79.87 80.97 81.36 80.38
105 77.65 78.33 78.84 77.73
120 74.31 74.33 76.2 75.37
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Abstract

Biogas has been found as the alternative renewable resource to replace fossil fuels, which contains 53-70% of
CHya, 30-50% of CO2 and other gases. Water scrubber is the most popular technique for biogas cleaning due to economic
and also high purification output. This research aimed to investigate biogas upgrading by using microbubble that
generated from a developed swirl nozzle. The water flow rates were controlled of 10, 15, 20, 25, 30 and 35 litre/min. The
bubble varied in the range of 50.44-116.04 um for entire experiment. CO2 removal from pilot scale by entrapping CO2
reached 83.06%, and CH4 was recovered to 96.26% at conditions of 35 litre/min of water, 0.1 litre/min of constant gas
flow rate. Finally, flow characteristics form simulation result inside reactor including with nozzle part were discussed to
understand flow phenomena.

Keywords: microbubble, microbubble generator, application of microbubble, biogas upgrading, biogas purification,
water scrubber

1. Introduction

Due to increasing fuel prices, greenhouse gas emissions and high energy demands from the ever-
increasing developing world, the new and high technology for process developments of sustainable and
renewable resource energy were needed (Fan et al., 2016; Kainiemi et al., 2015; Mao et al., 2014). Biogas
has been exploited as one of the alternative sources of renewable energy that has potential to supplement the
current energy requirements. Its advantage shown that the physical and chemical properties were similar to
those of natural gas. The biogas potential was able to replace natural gas in all applications such as the
production of heat, electricity, and can use as vehicle fuel or NGV (Natural Gas Vehicle). Biogas was also
economical and environmentally advantageous because it helped minimize land, water, and air pollution by
utilizing waste to produce energy.

Biogas was normally obtained by anaerobic digestion process of organic matter. The typical
compositions contained of CHs (53-70 %), CO, (30-50 %) by volume (Yang et al., 2014), and other
compounds such as H,S, and NHs. Due to its flammability and renewability, biogas production and utilization
have increasingly been seen as an emerging alternative energy technology. However, raw biogas still needed
several purification processes to reach application standards, involving removal of CO; and other trace gas
compounds.

There were four main techniques to remove impurities from biogas. First, Pressure Swing
Adsorption (PSA) was a sensitive process that required H,S removal before the adsorption which could harm
the adsorbing material. It also incurred some high cost of operation. Second, cryogenic separation was not
often to use as it required a number of process equipment such as heat exchangers, turbines, and compressors
irrespective of the fact that it produced upgraded gas of high purity. It also had the highest cost of purification,
which compared to the other techniques. Third, membrane separation was also used widely because it yielded
high methane quality gas. Although it yielded high purity gas that was often achieved by increasing the
number of modules, which leaded to lose methane. Finally, Chemical absorption was often preferred in
industrial applications because it had high efficiencies, removed H,S completely, operated at low pressures,
and had higher reaction rates.

C-1
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2. Objectives

The objective of the present study was to investigate the new technique to purify biogas from small-
scale biogas plants by entrapping CO, and CH4 recovery including of developing nozzle that used to generate
the swirling flow. The condition to create microbubble and size measurement were also experimented.
Amount of CO; removal and CH4 recovery were used to assess the ability to use microbubble technique for
biogas upgrading. Moreover, flow simulation was also conducted to explain the flow phenomena.

3. Materials and methods
3.1 Experimental setup

The pilot scale was set as shown the flow of circuit and experimental apparatus in Fig 1. An acrylic
column reactor of 1 m high and 20 cm of diameter for biogas upgrading system was connected horizontally
with microbubble generator at the bottom. For water flow circuit, 1 hp centrifugal pump was used to circulate
water as a media to upgrade the biogas. The water flow rates were varied of 10, 15, 20, 25, 30 and 35 litre/min.
Water inlet temperature was controlled via PID control unit, which was set at 25 °C. The flow rate was
adjusted by ball valve which installed at the discharge section and was monitored from rotameter. For raw
biogas flow section, the room temperature gas was flowed vertically into reactor from the base of microbubble
generator, which connected from low-pressure raw biogas container. When water pump was started to
circulate the flow of water circuit, raw biogas was drawn into the microbubble generator by influencing of
low-pressure that generated from swirling flow inside the generator. After water temperature was constant,
the gas inlet was released to let into microbubble generator. For present study, constant gas flow rate was
kept at 0.1 litre/min.

<=

g,

;
Il

O—1—

o | | =
Setgs

Figure 1 Flow circuit (blue: water, orange: gas) and experimental apparatus of biogas upgrading pilot scale:
(1) biogas analyzer, (2) cooling unit, (3) temperature control unit, 4) heater chamber, (5) pump, (6) raw biogas container,
(7) gas flow meter, (8) microbubble generator and (9) reactor

[l

Duration of gas scrubbing was 15 min before taking the sample to analyze the gas product. Then
upgraded gas product was sucked by potable gas analyzer (Geotech, Leamingon, UK) from the upper section
of reactor to analyze the gas quality.

3.2 Microbubble generator

Figure 2 shows the actual image of reactor and microbubble generator. Water inlet (nozzle) with
diameter of 14 mm was attached horizontally at tangent generator wall. Swirling flow of injected water due
to the attachment position of nozzle induced raw gas at the bottom from gas container to mix with water for
scrubbing purpose.
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Figure 2 actual image of: (1) water column and (2) microbubble generator and (3) details of microbubble generator

3.3 Microbubble size measurement

Microbubble in the sampling water inside the glass chamber was measured by using high resolution
camera as shown the details of the process in Figure 3. The grass chamber dimensions were 12 width, 16 long
and 0.2 cm thickness. Image processing method via MATLAB coding was employed to average the bubble
diameter from the sampling picture that taken from high microscope camera which 1000x magnification and
5.0 megapixels resolution. For each of water flow rate, the sampling water was drained every 15 min from
reactor to measure bubble size. An average diameter of bubbles was received from 10 sampling pictures.

e
ks
i|.x:|?_' <=
oy

Figure 3 Experiment setup for bubble size measurement (1) Water column, (2) microscope camera, (3) glass chamber,
(4) microbubble generator and (5) flow meter

3.4 Biogas upgrading evaluation
The CO; removal efficiency and CH4 enrichment of different compounds were calculated from
equation (1) and (2), respectively:
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co, removal (%) = &%) 10096 (1)
. _ (Cpicry=Cricny)
CHajenrichment (%) = ——2*———%-x100% 2
Cr(CHy)

Where Cr(cp,) is the content of compound in raw gas, and € cp,) is the content of compound in product
gas.

3.5 Computational method

The governing equations for mass, momentum, energy, turbulent kinetic energy (k) and the specific
dissipation (w) are discretized in a three-dimensional computational domain to yield a set of algebraic
equations, which are solved by imposing the boundary conditions with the second order upwind scheme using
Ansys-Fluent 15.0. SIMPLE algorithm has been employed for pressure velocity coupling to solve pressure
correction equation. In the present study, the SST k-w turbulence model has been used.

4. Results and Discussion
This topic presents the experimental results of biogas upgrading from the pilot scale which employs
the developed microbubble generator to induce the gas inlet automatically by affecting of swirling flow.

4.1 Generated microbubble

Figure 4 shows the sampling bubble that take from the glass chamber by using microscope camera.
The results show that the size is decreased when water flow rate is increased. Every bubble that present in
this picture is accounted to calculate bubble diameter. It is notice that regardless the result of bubble density.
Nevertheless, high density bubble can be seen for high water flow rate condition, i.e., 30 litre/min and 35
litre/min.

'/min o | 15litre/mii 20 litre/min
- o
L

°

— —_
100 pm 100 pm o

30 iitre/min 35 litre/min ; Ry

. o. By
S oRa i
0.0 o i . » L é
L= j = = e .y
100/m . el S 100 pm . 100pum g

Figure 4 Sampling bubble from microscope camera

Figure 5 shows the average dimeter of the bubbles according to the water flow rate. The range of the
bubble size lies between 50.44-116.04 um for entire experiment. According to the raw picture, smaller bubble
are achieved from increasing the water flow rate. Almost half of size decreasing is obtained by adding the
flow from 10 litre/min to 35 litre/min. At the higher water flow rate the different of bubble size was decreased
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Figure 5 Bubble size of each water flow rate

4.2 Biogas upgrading
Figure 6 shows the effect of water flow rate to the CH4enrichment. The maximum of CH4 enrichment

is obtained at water flow rate of 35 litre/min. This result shows that the smallest bubble dominates to
enrichment factor. At 30 minutes from the staring of the upgrading process, the enrichments for all water
flow rate show reach to the maximum. It is concluded that the bubble size does not affect to maximum

enrichments time.

36
—&—— 35litre/min
34 A o 30 litre/min
——-v——— 25 litre/min
— A= 20 litre/min
= 32
g S
= 30 1 Qg
g o
4 he
§ 28 Al et SR o
c T~
@, 26 v—__
5 V\\\
24 A Ao v
e S N N
4 —n
22 -
20

0 20 40 60 80 100 120 140

Time (min)
Figure 6 Amount of CHa recovery according to the testing time

To consider the factors of simplicity and economic, these four methods were rather complex
process. Water scrubbing was the most popular used technology for biogas cleaning and upgrading (Thrén et
al., 2014) due to simple and economic. The maximum CH. enrichment shows in figure 6 is 33.13% at 30

minutes after purification which CH. content before purification was higher than 70%. The CHa4 enrichment

can be improved from low CH. concentration before purification. The comparison of different pilot and
commercial biogas upgrading parameters are shown in the Table 1.
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Table 1. Comparison of different pilot and commercial biogas upgrading technologies

Chemical Membrane
Considered parameter PSA Water scrubbing  Physical scrubbing . .
absorption separation
Consumption for raw 0.23-0.30 0.25-0.30 0.2-0.3 0.05-0.15 0.18-0.20
biogas (KWh/Nm?)
Consumption for clean 0.29-1.00 0.30-0.90 0.4 0.05-0.25 0.14-0.26
biogas (KWh/Nm?)
Heat consumption None None <0.2 0.50-0.75 None
(kWh/Nm?)
Heat demand (°C) - - 55-80 100-180 -
Cost Medium Medium Medium High High
CH, losses (%) <4 <2 2-4 <0.10 <0.60
CH,recovery (%) 96-98 96-98 96-98 96-99 96-98
Pre-purification Yes Recommended Recommended Yes Recommended
H.S co-removal Possible Yes Possible Contaminant Possible
Nz and O, co-removal Possible No No No Partial
Operation pressure (bar) 3-10 4-10 4-8 Atmospheric 5-8
Pressure at outlet (bar) 4-5 7-10 1.3-75 4-5 4-6

Figure 7 presents amount of CO, removal relating to the water flow rate. The result indicates that
the water flow rate does not significant affect to CO, removal while the trends of the results show similar
pattern that reach the maximum values at the 30 minutes of running process and continuously decline after
that. The mean values from the present study is deviated of + 10 % from the result of previous study (Yong

Xiao et al.,2014).

90 1
85 4
<
[
=
3
2 801
L
~
8 —&——  35litre/min
o 30 litre/min \
75 4 ——-v-—— 25litre/min \3
——A-—-- 20litre/min
— —& —  Yong Xiao
70

0 20 40 60 80 100 120 140
Time (min)

Figure 7 CO2 removal for gas flow rate of 0.1 litre/min

4.3 Flow characteristics

Figure 8 shows velocity streamline for water flow 35 litre/min at center-plane of reactor and bubble
generator from simulation result. The swirling flow form the generator induces the gas inlet from inlet at the
bottom. Consequently, high velocity is injected into reactor. Large counter rotating flow is established due to
shear force effect. This phenomenon presents to all cases of water flow rate. After high velocity stream merges
into large volume of water inside reactor, the laminar flow is presented at the middle section. For upper
section, stream lines are compressed at the outlet while top section region shows the quiescent fluid.
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Figure 8 Velocity streamline at the center plane

5. Conclusions

The experiment of biogas upgrading was conducted from the pilot scale in the laboratory. Based on
the experiment results, the following main conclusions can be stated:

1. Water flow rate direct affects to bubble size, which is obtained smaller bubble from the higher
water flow rate.

2. Bubble size affect to amount of CH,4 recovery due to increase contacting area of biogas to water.
Moreover, smaller bubble has lower floating speed which benefit to the enrichment. For CO, removal, the
water flow rates show less affect to the removal value.

3. The swirling flow form the developed microbubble generator induces the gas inlet automatically
from inlet at the bottom. This benefit could be impacted to apply for applications extend.

6. Acknowledgements
Thank you for supporting by faculty of engineering, Prince of Songkla University. Many thanks to
Songkhla canning factory for biogas sampling hatyai, Thailand.

7. References
Andriani, D., Wresta, A., Atmaja, T.D., Saepudin, A., (2014). A review on optimization production and
upgrading biogas through CO, removal using various techniques. Appl. Biochem. Biotechnol. 172,
1909-1928. DOI: 10.1007/s12010-013-0652-x
Ashok, K., M, Arnab., Patro, P., (2015). Heat transfer enhancement from a small rectangular
channel with different surface protrusions by a turbulent cross flow jet. International Journal of
Thermal Sciences. 32-41. DOI: 10.1016/j.ijthermalsci.2015.07.003
Fan, W., Liu, Y., Wang, K., (2016). Detailed experimental study on the performance of Monoethanolamine,
Diethanolamine, and Diethylenetriamine at absorption/regeneration conditions. Journal of Cleaner
Production,125, 296-308. DOI: 10.1016/j.jclepro.2016.03.144
Fernandez-Delgado, J.M., Mostbauer, P., Knapp, A., Miller, W., Tertsch, S., Bockreis A., & Insam, H.
(2018). Biogas npurification with biomass ash. Waste Management, 71, 224-232. DOI:
0.1016/j.wasman.2017.09.043

C-7



Available online at http://jcst.rsu.ac.th

JOURNAL OF CURRENT SCIENCE AND TECHNOLOGY (JCST)
[Formerly Rangsit Journal of Arts and Sciences (RJAS)]

Jirgensen, L., Ehimen, E.A., Born, J., Holm-Nielsen, J.B., (2014). Utilization of surplus electricity from wind
power for dynamic biogas upgrading: northern Germany case study. Biomass Bioenergy 66, 126—
132. DOI: 10.1016/j.biombioe.2014.02.032

Kainiemi, L., Eloneva, S., Toikka, A., Lev€anen, J., J€arvinen, M., (2015). Opportunities and obstacles for
CO2 mineralization: CO, mineralization specific frames in the interviews of Finnish carbon capture
and storage (CCS) experts. Journal Cleaning Production. 94, 352-358.

Li, Y., Wang, L., Hu, X., Jin, P., & Song, X. (2018). Surface modification to produce superhydrophobic
hollow fiber membranecontactor to avoid membrane wetting for biogas purification under
pressurized conditions. Separation and Purification Technology, 194, 220-230. DOI:
10.1016/j.seppur.2017.11.041

Mao, X.Q., Zeng, A., Hu, T., Xing, Y.K., Zhou, J., Liu, Z.Y., (2014). Co-control of local air pollutants and
CO, from the Chinese coal-fired power industry. J. Clean. Prod. 67, 220-227. DOI:
10.1016/j.jclepro.2013.12.017

Maile, O.1., (2017). The potency of monoethanolamine in biogas purification and upgrading. South African
Journal of Chemical Engineering. 24, 122-127. DOI: 10.1016/j.sajce.2017.06.004

Maile, O.1., Tesfagiorgis, H., Muzenda, E., (2015). A review of possible absorbent regeneration in biogas
purification and upgrading. In: International Conference on Energy, Environment and Climate
Change. Republic of Mauritius, pp., 140-150. DOI: 10.1016/j.sajce.2017.06.004

Mufioz, R., Meier, L., Diaz, I., Jeison, D., (2015). A review on the state-of-the-art of physical chemical and
biological technologies for biogas upgrading. Rev. Environ. Sci. Biotechnol. 14, 727-759. DOI:
10.1007/s11157-015-9379-1

Serejo, M.L., Posadas, E., Boncz, M.A., Blanco, S., Garcia-Encina, P., Mufioz, R., (2015). Influence of biogas
flow rate on biomass composition during the optimization of biogas upgrading in microalgal-
bacterial processes. Environ. Sci. Technol. 49, 3228-3236. DOI: 10.1021/es5056116

Thran, D., Billig, E., Persson, T., Svensson, M., Daniel-Gromke, J., Ponitka, J., Seiffert, M., (2014).
Biomethane—status and factors affecting market development and trade. IEA task 40 and task 37
Joint Study.

Toledo-Cervantes, A., Serejo, M.L., Blanco, S., Pérez, R., Lebrero, R., Mufioz, R., (2016). Photosynthetic
biogas upgrading to bio-methane: boosting nutrient recovery via biomass productivity control. Algal
Res. 17, 46-52 DOI: 10.1016/j.algal.2016.04.017.

Xiao, Y., Yuan, H., Pang, Y., Chen, S., (2014) CO, Removal from Biogas by water washing system. Chinese
journal of chemical engineering. 950-953. DOI: 10.1016/j.cjche.2014.06.001

C-8



AIANUIN .
UNAMUAINSULHELNST 2

n1sUszgnd ldidaadraasvuadniienidnaisusulasenlenbuniadanin

92



madszguinmyienasuniy LLa:mﬂIuIaEmimuquﬁmhﬂa asIN 5

14 5unay 2561 o lssusuiadannil sunalas Janiavenunin

Lo A [ & A o o P’ )
n3dszana laRadaaionlaswiaianiiaisnesvenlaaanladluuiadnin

Application of Microbubbles for Carbon dioxide Removal from Biogas
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Abstract

The objective of the research aims to study carbon dioxide removal from biogas with water scrubber
which apply with swirl flow microbubble generator to increase the carbon dioxide removal. From decreasing
the bubble size can be more contact area effect to increasing the carbon dioxide removal. The main study
are microbubble size and CO2 removal. The condition of the experiment are 10, 15, 20, 25, 30 and 35
litre/min water flow rate, 0.1 litre/min gas flow rate, 25°C of water was controlled. The result are the size of
bubble can generated in range 50.44-116.04 pm. The carbon dioxide removal can reach to 92.46%.

Keywords: Microbubble, Biogas purification, Microbubble generator, CO2 removal
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