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Advances and industrial prospects of gas fermentation technology
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Abstract: Against the dual constraints of shrinking carbon budgets and geopolitical rivalry for
resource supplies, traditional manufacturing is confronted with various bottlenecks and needs to
transform into a sustainable development mode imperatively. Microbial gas fermentation adopts
feedstocks including industrial off-gas, gasification syngas, and natural gas to produce diversified
products such as green biofuels, fine chemicals, and microbial proteins. With the advantages of
high carbon utilization efficiency, mild reaction conditions, and environmental friendliness, it plays
a vital role in carbon resource recycling and emission reduction of greenhouse gases. This paper
systematically reviews the research and industrial progress in microbial gas fermentation. First, the
performance and limitations of three generations of biomass feedstocks are analyzed and compared,
and the technical advantages of microbial gas fermentation are illustrated. Secondly, the core
metabolic pathways, growth preferences, and product synthesis characteristics of different
gas-fermenting microorganisms are summarized. For commercial application, this study
comprehensively sorts out the technical characteristics and limiting factors of industrial gas
fermentation processes including feed gas pretreatment, gas-liquid mass transfer, multistage
continuous fermentation, and in-situ product recovery, as well as their impacts on the fermentation
process. Meanwhile, this work reviews global and domestic industrial cases, and elaborates on the
characteristics of core microbial strains, typical technical routes, and product structures of various
enterprises. In addition, in view of the technical shortcomings and further development needs of
industrial gas fermentation, feasible strategies are proposed, mainly including strain performance
improvement, fermentation equipment upgrading, intelligent process control, and improvement of
economic benefits. This review aims to provide pivotal insights into the scaled-up and industrial
application of microbial gas fermentation technology.
Keywords: acetogenic bacteria; anaerobic fermentation;
fermentation
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®1 SEKENED

Table 1 ~Gas-fermenting microorganisms

Species Substrates Top/°C  pHopt Products References
Mesophilic acetogenic bacteria
Alkalibaculum bacchi CO, COy/H, 37 8.0-8.5 Acetate, ethanol [42-43]
Acetobacterium woodii CO,COyH, 30 6.8 Acetate [44]
Butyribacterium methylotrophicum  CO, COy/H, 37 6.0 Acetate, ethanol, butyrate, butanol [45]
Clostridium aceticum CO,COyH, 30 8.3 Acetate [46-47]
Clostridium autoethanogenum CO, COy/H, 37 5.8-6.0 Acetate, ethanol, acetone, [48]
isopropanol, 2,3-butanediol
Clostridium carboxidivorans CO, COy/H, 38 6.2 Acetate, ethanol, butyrate, n-butanol,  [49]
lactate
Clostridium coskatii CO, COy/H, 37 5.8-6.5 Acetate, ethanol [50]
Clostridium drakei CO, COy/H, 25-30 3.6-6.8 Acetate, ethanol, butyrate [51]
Clostridium ljungdahlii CO, COy/H, 37 6.0 Acetate, ethanol, n-butanol, hexanol,  [52-53]
2,3-butanediol, lactate
Clostridium ragsdalei CO, COy/H, 37 6.3 Acetate, ethanol, 2,3-butanediol, [54]
lactate
Eubacterium limosum CO, COy/H, 38-39  7.0-7.2 Acetate, butyrate [44]
Thermophilic acetogenic bacteria
Moorella thermoacetica CO, COy/H, 55 6.5-6.8 Acetate [55]
Moorella thermoacetica CO, COy/H, 58 6.1 Acetate [56]
Mesophilic methanogenic bacteria
Methanobacterium formicicum CO,/H, 30-38 6.5-7.5 CH,4 [57]
Methanococcus vannielii CO, COy/H, 28-37 6.5-7.2 CH,4 [58]
Thermophilic methanogenic bacteria
Methanothermobacter CO, COy/H, 55-65 7.0-8.0 CH, [59]
thermautotrophicus
Methanoculleus thermophilus CO, COy/H, 50-60 6.8-7.5 CH,4 [60]
Mesophilic photosynthetic bacteria
Rubrivivax gelatinosus CO, CO, 34 6.7-6.9 Biomass, H, [61-62]
Rhodopseudomonas palustris CO, 30 7.0-8.0 Biomass, H, [63]
Rhodospirillum rubrum CO, CO, 30 6.8 Biomass, H, [64]
Thermophilic photosynthetic bacteria
Chloroflexus aurantiacus CO, CO, 50-60 7.0-8.0 Biomass, H, [65]
Chlorobaculum tepidum CO, 45-55  6.5-7.5 Biomass, H, [66]
Mesophilic cyanobacteria
Anabaena variabilis CO, 30 7.0 Biomass, H, [67]
Synechocystis sp. PCC 6803 CO, 30 7.0-8.0 Ethanol, isobutanol, sucrose, fatty [68]
acids, biomass, H,
Thermophilic cyanobacteria
Thermosynechococcus elongatus CO, 50-57 7.5-8.5 Biomass, H, [69]
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], DA T4 R S-S T R B (k) (EEXT TR
FUBLS AR A R s, o U= 4
B PR ARYE AR R A & B . BRI
PP AR, A] 3k PR W) A AR W N A
5] 4 2 22 i £ B W %% (continuous stirred tank
reactor, CSTR), "X, 2h =X 5 1 A% (S 3 | g 7 Al
ST A LA KA I S I A 5, AT S B
LIRACR . RERERUAS S =k 2 =22 1] A i)

PETFIFORL I A B2 2 S RS P A %
1) —i& e, nlam a3 ek I ) sk 3 bR AU
O3 RSEE . A R bR R 2 R 7(0.1-0.4 MPa) A7
FIF 32 = YA R AN = A G R, Sl AT
SR B B SR T ol S A R AR W i Je PR T R 4
T2 XFASE AN SIRIEY), 8 AREE
1] 8 2 5 B0 M A K Az B0 ) S8 R
¥, BnE SR CO, 5 Hy A3 et 3 AT
MR AL, E5FEFR. CRER=Y
(AR BP0 Stoll ZEPUH FH vy s 7 w3
C. ljungdahlii 7€ fe i k71 0.7 MPa 55~ A H &
B R A, M 3R] 0.4 MPa B 3Rk15
e AEY R O 5, (BRI —4
PEEE] 0.7 MPa B & BERS e PE I 2 T % . Perret
A C ljungdahlii VA& WS RIS Y) W) E 2L Kk
fEd e, DM AR EA Hy, LUHESE
Jozf 1 7 O A A SR 5y, 3B R S R
JIHH EEEF] 0.4 MPa, 7RG T Hy A
RN HRAE Hy 43 KA E] 0.152 MPa Bif ik 5
e KAE, (AR 2 5 Rl & R 32 T T B
MR HL, TRy T msgm . 7¢
—IF|H A. woodii TFEHERELL Hy F1 CO, I
A N R A TR 1 e e R RSB0, 2 O, 1Y
43 KR 0.3 MPa B 23 7 A= i v B 1) flk i S AR
(HCOy"), #fildnpA:& Hr=YLIF iRl 3, 1
fiiF No AU COL 4 Ho 43 B AR 2 0.03 MPa B
R AT R, TNEA 2 RIS R 5 =43,
BEAh, K0 R R IR IR A A U A
R ERAE, Ebel Z:PY7E 0.35 MPa B3R 55 T it
C. ljungdahlii 47T 550 h RYZELERGFE, WL 5]
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LEEFE R . SRR TR, AR d T4
JEAE A IR 2 PR B e T RRZS R AT R T
JEVMCRFEAR . I8 I EERR AR, DS 3 5 9
D OB R RACH, DA4ERR AR IR
BB . Zé BRIk, MAE 0905 e —E R L
LR TH R E R G IR A R TR TR R
R AR A B, BRI T

FRMS, WY A B2 B0 R N & 31723 18]
BN, A LL0.3-0.4 MPa MHRFR; %A, BT

SRR sy 2 5%, W 005 R A2 A0 AT fE
X R B B AR B R, B
PERRE B R T R AR E PR TR
1.3.3  SRES A BN R AL AR AR
FIH T BREBES A s B . N
L TEEAE, ORI R B AR TR B R I
PRI, BT o B AR BOSAS
PLZEE R, HHSRELA R 212 MIL, Mk
PRV P 1) TR B R 20-30 /L B0 B 4R U 5
REFE LUtk =, R — D8 T R e Wik B
A fig SC LA Y RE PR A [ L (energy return
on investment, EROI)**!, — S/ Cift= 4 %f Tk
Yy KA R A RIER, AR TS
IS TR T IESE), WS R S
KRR 2R, TR R 7 Wk AR T
HaoR . SRHEZL R BN T, I R kb 5E
BEEEL SRR, AR WA T ] B 35 15 5 oA
FEH, AT RRARAR = % B DT i
WEEOLT , 7RG N i % 2L e We ik f v
PMEL R R Bk B, FERH TaEEK
SR YA TR s R AR e, R
G3% B T XE LA AT B =3 ARG oK 5 T2 9%
T4 25 R W AT FE A [R) 1 s g e v i 25 S AR 8
FRAE, R A Y PR R R AR ) = Ak
B O PR N R 75 5K 5 AR A b, AT
A6 B 5B 0 A AR AE PR A 7 1 1 o R o
Ml A S dn i, ikt —Lim2
PR WA R, AT A BOR
(K 2B, RS L iR, B SR
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VN TIGHE A | R TR 1% A A8 75 ML 40 240 i 1) A=
KARGPRAS ST O 45, Y AR 1 S
AR o 2R B B KA AR ST, R i
PEAT 710 53 15 1) R TR 2 1S A\ At R A 7 3
fifif 5 ERER I B = SRR BE R IR AR I )
B i T2 B AT B E ARG 1, Sk SR
O, FEOBEWCAT R, 8 X i
8 P AT N IR 1 SR (0 Nk
g PR R DA 2 A B AT A S BELIKT 2 B AR
JEASE =) [T (in-situ product recovery, ISPR)
R AT A S W 2ok i v S P DA & P 0
HE =Y, TGRSR
ISPR IR ESHE . Bk, BiBEZEK.
WAL, B EAE RO R AE, FTNHT B
PR DA R T B B . B — 2 R MR
WARF W) KB AR, AR T 52 THR P A HI A
e AR PR ARG, AR Y SR B AR
T o B AR AT A, R TR R Y
AR Py e B 3K 3 — 7€ AR 1 A BE R A W] LAY
RE R A 147 VY, Ezeji 4ROV AE FE [C AR
(Clostridium beijerinckii) /) % B it F2 v N FH A
B, FIHIBL o0 A e v ) A o 3R 4y
Yoy e, PRE R BE I, A R
TGRS B T 200% 1 118%, (HA Jid
Y PR BE R (2 1.7 mg/L), V& Ay

x2 REFMSELERILTE

s [ OR T YERE R, TR AR HILAY AE 5 11
FEAL 2> B FE RN A . Mariano SEU2VF) H
B R BEEOAR o B AR S A B T
o AR Wl A9 7 0y < 3l i > DT A% B AR
TR R BRASCR B R BRI & T 29 10 1
DAL g el 3R B A e B AR SR A S 41 1
il i s I T 3, AR R S P e AR
FEP I SRR BE, HAHE =S AR
RIS A =1, AR S A W A P E A
B, AR TR i S B A 5 3R] A R
fIRAERE" ),

2 AERKEBIES

BEYEC, B NSNS AL AR Py il Al
C RGN EMIET . BB, &
P ook AR A 45 Ky (el i S5 G B BT T R T &R
ek A, T B 22 SRR Ml A vk ML H
WE S T A & T AR 1 Tl Ak T 471 5 10
Pl (R 2)o BRI T AU Ak e 17 3
LanzaTech, Synata Bio (Jii Coskata)Fll Incos Bio
AR AT FSABR A Al ARFE 25 S A b 5%
P A FRIE B Tolk B, B sk E YRR
BEREY R, HATSCHOR Y & R 52 3
AL T b4 . T SCHRZE R =l Ak it B Jie
FEZEBIHINT, I b & Jre il 20 R .

Table 2 Representative commercial projects of gas fermentation

Representative  Project names (locations) Start-up Strains Gas sources Products and
enterprises years capacities
LanzaTech/ Hebei Shoulang P1 (Hebei 2018 C. autoethanogenum  BOFG Ethanol 45 kt/a
Beijing Province, China) SCP S kt/a
Shougang Hebei Shoulang P2 (Hebei 2026 C. autoethanogenum  Mixed gas of COG  Ethanol 15 kt/a
Langze Province, China) and BOFG SCP 750 t/a
Shoulang Jiyuan (Ningxia Hui 2021 C. autoethanogenum  SiMn alloy SAF Ethanol 45 kt/a
Autonomous Region, China) off-gas SCP 5 kt/a
Ningxia Binze (Ningxia Hui 2022 C. autoethanogenum  SiMn alloy and SiC ~ Ethanol 60 kt/a

Autonomous Region, China)

metallurgical off-gas SCP 6.6 kt/a

(fpgk)
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(&:3£2)
Representative  Project names (locations) Start-up Strains Gas sources Products and
enterprises years capacities
Guizhou Jinze (Guizhou 2023 C. autoethanogenum  Mn-based alloy Ethanol 60 kt/a
Province, China) oft-gas SCP 6.6 kt/a
ArcelorMittal Steelanol (Ghent, 2023 C. autoethanogenum  BFG Ethanol 64 kt/a
Belgium)
Panipat Refinery Plant (Haryana, 2023 C. autoethanogenum  FCC unit oft-gas Ethanol 33.5 kt/a
Panipat, India)
MSW-to-Ethanol (Iwate, Kuji 2026 C. autoethanogenum  Municipal solid Ethanol 20 t/d
City, Japan) waste gasification
syngas
Synata Bio/ Project Lighthouse (Madison, 2009 C. coskatii Gasification syngas  Ethanol 120 t/a
Sylonto PA, USA)
Sylonto 2025 C. coskatii CTM off-gas Ethanol 50 kt/a
(Henan Province, China) SCP 4.3 kt/a
Ineos Bio/ Indian River BioEnergy Center 2013 C. ljungdahlii Biomass gasification Ethanol 24 kt/a
Jupeng Bio (Vero Beach, Indian River syngas Power 6(MW
County, FL, USA)
Shanxi Bioethanoal 2021 C. ljungdahlii Coal-based synthetic  Ethanol 20 kt/a
(Shanxi Province, China) A. woodii oil oft-gas SCP 4 kt/a
Yitai-Jupeng In progress C. ljungdahlii Decarbonization unit Ethanol 100 kt/a
(Inner Mongolia Autonomous A. woodii oft-gas SCP 20 kt/a
Region, China) M. thermautotrophicus Methane
M. marburgensis 10 Mm*/a
Nanjing 10 t gas fermentation unit 2024 C. ljungdahlii CTM oft-gas Ethanol 10 t/a
Gasgene (Henan Province, China)

Solar Foods

GTLB

Calysta

Beijing
Deliangyuan

50 000 t gas fermentation unit
(Xinjiang Uygur Autonomous
Region, China)

Factory 01

(Vantaa, Finland)

Factory 02

(Lappeenranta, Finland)
GTLB Sichuan Weiyuan P1
(Sichuan Province, China)
Calysseo

(Chonggqing City, China)
DLY Sichuan Weiyuan pilot
(Sichuan Province, China)

DLY Sichuan Weiyuan P1
(Sichuan Province, China)

In progress

2024

In progress

In progress

2023

2026

In progress

C. ljungdahlii

Xanthobacter sp.

Xanthobacter sp.

M. thermoacetica
Yarrowia lipolytica
Methylococcus
capsulatus

M. trichosporium
M. extorquens

M. glucosotrophus
M. trichosporium
M. extorquens

M. glucosotrophus

Industrial off-gas

Atmospheric CO,/
electrolytic H,

Atmospheric CO,/
electrolytic H,

Steel industry
off-gas

Natural gas

Shale gas

Shale gas

Ethanol 50 kt/a
SCP 12 kt/a

SCP 160 t/a

SCP 12.8 kt/a

SCP 10 kt/a

SCP 20 kt/a

SCP 256 t/a

SCP 20 kt/a

BOFG: Basic oxygen furnace gas; COG: Coke oven gas; SAF: Submerged arc furnace; BFG: Blast furnace gas; FCC: Fluid catalytic

cracking; CTM: Coal-to-methanol; SCP: Single-cell protein.
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21 FAILWVESE&RHUFERIRERE
| DS EIH]
2.1.1 LanzaTech 15 $REAF——3NEX Tl
EBS % ®H| 2Bz

ALY TP 22 A9 LanzaTech, &4 EKiF I+
Ji& TP SR K B AR5 5 7= AR A Je B )
a5k, HETE IS e R O Tl <k &
P T o b A L A TR e R R R AR B K A A
OEAREZR . ZA B EF L iR AL
(carbon capture and transformation, CCT)4:= 4 il &
BRSO R A e 98 R Y o 1) B AL
b, @A AEY O, MUAEYERA . AT
RS SRRL L SR 0 25— R A e B ARtk
ity )20 S B RIASE A eyl HE -5 ke 5% 57l A 1
{B o ZAN A B O BEAZ DR N 43R
ASER AL . AR T b 1 AR K Tl e Ak
T2, MBRTESEOBELETHEAR, R TLA
BB TAZGE R B IR . bl =5 ) f
A JEORHAY R K . LanzaTech BYAZ O30 AR
HAGT Al FIH] COL CO, Fl Hy 5 i L FR A 2 T2
i) Z, T ¥ B (Clostridium autoethanogenum) "™,
LanzaTech DL % 4= B 3 ¥k C. autoethanogenum
DSM 10061 1E Jy i % 1 bk, I 3 5z P 3 1k
(adaptive laboratory evolution, ALE) K, ¥
MR A i . A A B A A K 2R G K
YRR 28, E SRR T CO M AR A
KR 0 2 & W E R C.autoethanogenum
DSM 196301, Zid iRk H, KM TAMA
I 1 BB i — 20 B2 T R AR C. autoethanogenum
DSM 23693, H B0 & & CO F| ] AT
1 mmol/(L-min). ZBEEZFAMLT 2 g/(L-d), i
AT AT PR oK 5 BRI R, FEH g
Ak 1Y F\Fo ATP 4 i (F\Fo ATP synthase) 4\
THA ST . Rof 25K Rnf complex) 2\ 11
J8 3 L &% Wood-Ljungdahl 32 12 A 56 3 PR 25 [X.
S e PR %) i A 5 72 T g AR R MR BB A
M) LanzaTech Y R4 & B A A Tk B S

1 9 USRI -5 A0 2 0 il s =l & R R I T
EHNEARBRE S AE, BRrt e
BRI AR Ry, S AR, EREE . HAS
8 2 E RN e Sk Al T R EE =l fb A A,
H RO E 2T EDI AR AT H o

A6 AN BB I PR B (LA T fRi AR
RIS R PN Tl R R W R TR e A A
WS, W2 LanzaTech SEILF: AR IAE AL
T S FFEE AT RN R SRR AR . 2012 4F,
XTI A G ) A T R Ak i b Y R
RIF 8 Bk T A R i 58 £ UAET™ 300 t 4
Hil iR B, ARG SE R T A RSk
LEERWAEE . YA E . REAEH S
TR T 20, AR T TRt
FA TP EE R PES . AR AR e 2
AT SR R MERT ; 2017 4F, REREERT
B T B A W & B ) A8 kL B R b
ls| Wb B — AT H A, LT

CIRRTE R . RGBT RS S A A
P 405 A RN %I H T IR SR T A AR
A 2 () SR R A A AL R DA S 56 28 LAt F
8 TAVALR FH, ESE TiZHARIR R0 Tl
T Ak, ek . 1h 4. LTS R HERU T
b B AR Al e TR AL T AT L Al L b Ak
& I OBARSE, TN
THE . SONILHEST 4 DS LA P= 3, AL
WALE MW E , gEE e, TEEE, 5t
M4, AR 21 7t OB% ., 2.3 Ttk
HHMRE .

2026 4 6 H, dbe B W m H—— &
CO, T RBSAYE TG K LR A A Y 35
H> B8, %W H ek s MEIEE o, T
M ARSI T K 2 AR A B T R R e T
P, X R e Co m—0HEAR, —0
P NDN-= Ry N OE Y AP C W e CE S
RIFEATIRAC, K15 Hy/CO UL 3:1 WIRE
S, FEWSEEE H (45.5%). CO (15.1%).
CO, (6.2%). CH, (18.9%). N, (12.1%). H,0O
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(2.0%), AIEFIRACTE R S5 T BRI TR
PR CO,p, R h 33% $2 T2 93.5%.
ZIH T 2024 4F 3 A I AE E R & R R
Z (G iRe iR AR IEI B i R ),
At 2024 AR5 L E 5K R MU T RERE I R
T Y R 4 5 000 JT 06, FRANA 2024 4]
CAELAERI A AR, WHEHEEE, 7
SEEAE P 1.5 0 t oK QB 750 t AR R
YA P A

It # B} B9 ArcelorMittal Steelanol il H f&
LanzaTech MR P59 B A4 . 02 B AT %
RV Tl BRAEY LR AL R AT,
LanzaTech Bk& % 3% H K EE /K (ArcelorMittal) .
BiRRG 4 K (Primetals Technologies) Ll } Edtech
PG, 2023 4F 11 471817, Steelanol Ji
H DI R (Ghent) 8w im0 50k, 2K
P14 CO (20%-25%). CO, (20%-25%). N,
(50%-55%). H, 2%-4%), WIEH B8 2 Ftk
WA R RSP E CO. Hy SR4 4 miidit b
YW, AP 8000 /T L (4 6.4 1Y), 4
AE AT B AR 2 12.5 T7 to

El BE 1 i Panipat % 7 ] Wi H , &
LanzaTech 5 EJJ J& 1 i /A ¥ (Indian Oil
Corporation, IOC) %A AEI H, 2023 4F 9 H
B aAT, JEEPEE A r O ME— AR Tl
SAW R LR AR, %59 H LA Panipat
R | 14 AL 24 4L (fluid catalytic cracking, FCC)
PEEREANERE, FERTE CO (10%-15%).
CO, (5%-10%) . Ha (30%-40%). CHy (2%—5%).
N, (30%-40%), i1t LanzaTech i 2 B TH &
PR AR FE A IR B, 4E 775 4 000 77 L (4
3.35 77 1),

Bk 17 K BB FE ¥ (municipal solid waste,
MSW)iill Z g7~y i H J& LanzaTech 5 H AT K
k2% (Sekisui Chemical) S AEIRTETH , %W H
P& HL T H A 5 T-H (Iwate) A 28117 (Kuji), 2022 4F
4 A =isdt, WA LA E 1 1/10,
AT B 38 R 1B AR N R, & &
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PSR T R I AR T, H 52 20 t,
2.1.2 Coskata, Synata Bio L& Sylonto-}&
HIERSABECEE

Coskata T+ 2005 4F 37 736 [ A v N
FEZEIH A A R LB B
TEESEAR S, P B R O iz A B
EHF W C. coskatii PS02, 54 MK ESKE
C. ljungdahlii. C. autoethanogenum F1{L) J& 53 5
K] 99.86% HIKT 99.27% HIKF, 1ESMAKHA
It K Wik R v S S Ak 2 PR E 55 3% R o
ARG BBy L T K 3R S B R TR,
Coskata F| FH [ 32351109 DR S8 A W B s g 4 2B A 7
SRR, AT h 25 2R 4RI SR T A B IR
FoE A L, TR A 3 e S ) B TS i
B ol 2R W TR AR R T, AT X BB A
I 1 DR AR I B 3 VRORE 7 s H RO 4%, 3
BT T A RO G SORAE BT . 4 m UAR
PRI, RSB E 82 R 1L WA e
o,

Synata Bio F 2015 4E R 7 IF e T Coskata
IS EVAZ DR, R CBE S SR i — 20
TER T EE e, 2,3- T L TR
ZEMOT 2022 4F S, Synata Bio -5 7] B E IR 4E 4]
JEE N FR] B e AL T A R 2 ) A5 Al 3 [] g
ST TR FE R B A R A BR A R (Sylonto), Jf:
AT ARk BEE T A RS R R e K
SR T AT H , DU L T RSN, &
THFEF=RE 5 7 t b O, [ T —& 4t
TERATHE . Ao AR E . Gk
FEIN S5 2 A4E B B BRI R G, SEETEA
MTW AT 2 A B,
2.1.3 Ineos Bio MMEMEN—S UL EK
SEFFCEEFRKT

S T - B9 A W) (Ineos Bio) % i
T LAAE B AR W o S A S A I 5 0 A IR
T Al B 2R W RRE S 3T H T Al R A
2 - E ) R AR AL T2 ()it
FERAALE A, KSR T A



OERAR 5 | AR, 2026, 66(9)

4581

Y. RMIEFYEZ T REHE A S & CO.
Hy. CO, B AN ()il st (i 2%
FoR, R IE IR AR (C. lungdahliin) 55 18
Ay 2 BB 2011 4F, Ineos Bio 5 New
Planet Energy B & il BN S L2 T A= W) RE U o0
ZIH R AR A R AR G R I £F
AR QYRR T, A AT AL AT AR A )
JokE25 J7 t, AERAgER OB 2.4 J7 t0 BT
J1 6 MW HEiC IS A Y B AR B % . A
JEEL BRI SR FEIE R A M S5 2K IE
BHE R

2017 4F, B A= W) BB R 2 7] (Jupeng
Bio) 5 X Ineos Bio 4By AR5 B¢ 7= il & Ak
Wy, #EGHL2EGBLBMIR B ™k
iy, 7 LT AL TR AR K R R
LR TP SE R e s tT, kit —[H
A A B A . A UK L R A
H AR A . ZA A FEHE T KRR
FC AR B AL EG S #1156 (A cetobacterium woodii)
ARG AR, Al @2l 1k CO/CO,,
LB PR I 98% . Bk A% AL AT K 97.5%;
AN, Az A — 2 I R IA R W AT TR
(Methanothermobacter thermautotrophicus). &
H 58 AT R (Methanothermobacter marburgensis)
e HBE T T oA D I AE ALK ZE . L CO,
R .k SR L A R T A 5 e
SCBLRR G YR - HEROR N
214 HMSHKLZBE~HERAAIL R
=1

B AR AA R A R T 2023 4F,
SEBOL TR T, A% B BAOR IR T R B
GAY S ESTRE, WAREREIR
B g AR, A B AR TREEEA A Tk
RBREWROIR. LB, T, TEELKERE™
a0l R A PR S IAN, B RERE
AR A BR 2 /b A A 3 53 25 00 5 o Rk
(Komagataella phaffii) GG7 VA ey ik B H fst ol B i
S5 . CEIREWERKIE, Teifa k0

T REA R E AT, BRI
S T AP T B TR 1) B 280 IR IR A TG, 58 0 Al
FHAE A W 1) [l Al DI B4R I3 o 7 1) itk 58 T 2
PESR AR 7 i m g, SEBRH T RS
AU AR RN B A R

KR g I 2 T A AR B OR IGR
(M. thermoacetica) Fl # H & 8 /K K W
(M. thermoautotrophica) V] 1E {7 ik (55-60 °C) 51
T 4K Jf5E 3t Wood-Ljungdahl 3272 [# 5 CO, &
IO TR o AHXT T I A e, oy Ui 2 A ) T ik
DRETARE  PE R AR BTROR . BRARS A RERE
P o TR MR (R B R A A P R A . A
L FFH42 1) Again Bio I8 £ ER 1 B4k H, | 2%
A Tl COp 2 A5 filk T AR A 1 7l 1 it
Again Bio &G+ 4 R K (Danmarks Tekniske
Universitet, DTU )38 1o X #AHE B2 /R FG R M § 77
PR TG AT 5E ) BE DM 2, PR T 28 600 Il
OB LA spo0A Ttk sk R 8 SinR #E17
TR AR RAG I TR AR B B e ) A
IR IR 2 PR T A AR R R, AT R AR ZS PR
WA ARG P, e Tl BeFp aER [ 2803
B DR RS i AT RS R TG TR AT SR B8R QTR AT
FIHAR A TARFE R TAlL B SNIRY) . THMEGA
B R K AT A =

Phytonix #4 4EK 1N Zad 3 R G 174
GG TR DL CO, FIAK MY . LARHSG N R A
G BOE T B AL A 66 40 06 Al R
R SCHIE B0 H HIDGRE [ € CO,, £l Bl iy I
PR PR O A TR IR T 42 8 N B T B AR
(C. acetobutylicum). F¥ [X ¥ Wi (C. beijerinckii) .
W T IS T B A% T (C. saccharoperbutylacetonicum)
ST BEA s, v R R IR SCIE 3
A 3-mEmR HhiR . 3-BERR TR . ok
MR R B 1,6- WM RNV N T IAY), FIADES
1 IS F2 35 A5 B8 )5 F1 (NADPH) T RE 1t (ATP) &
BT B, AEXT T R T Y Wood-Ljungdahl &
B, Z RN T EHFE Ha SR A 5,
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22 ZEETEFYNFL

LA R (o 3L mt Ak T508E, nlaE i fh 2
etk . A= WE Ay Atk — 28 I & o ] RS
25 R 8 (sustainable aviation fuel, SAF). 4k T.H[H]
T RGN0 . o AR A A e RO
Uddin 21150 53 5 AR 285 43 #7 (techno-economic
analysis, TEA)5 4=y B PEA/ (life cycle analysis,
LCA), ZIIFHEHERE SAF JsHE A 1A% L
FHEE Tl AR S A A SRRk A 7= i zs 50k, )
FH AT A R 72 1) 2 B AL 23 9% (ethanol to
jet, ETD AT HE 77%, i A AR & A7 1Y
ETJ {U8HE 22%. LPEEAb2AMEALI K T 540
LN, JaE REENA T REIA, R
IR 58 R T 5 k22 B AR 45 A 1 7 v AT S8 ks
Tl RS R 241, Scientific Design (Ji
Halcon 23 /) & W Rk 40 58 & #4655 SynDol,
£ 350-450 °C . FEFREE T I JH [ 2 IR S0 ai
WA 95% A OB EA L O R LA
H AN A& 46 2% (Sumitomo Chemical) & T £ B |
P — 2w N ERAR, SERA R
AL, Bk T Odm T EAA L p RO BT, aE
W& KB BRI OB Y OB 5E
F&‘%[]M]O
23 SHh&BEEENEIER

MAEYE A RSIR R B Z—,
TR S RS 60% LA B, WA AL
TR . ER. BREZFESRHAS, H
A BN R . AR R B E Y R A
FRLBAL, — 7 T B T RGN AR R R 1 M
KEBRIMEAER . 5 Tolk BT 5
RZ; —J 7] AT i E Y fl s 2 E, h
EIZMR L et i, R ARk 22 5,
WA E AR TR E & CO. CO,. Hy Y
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