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Figure 1 (Color online) Photosynthesis mechanism
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Figure 2 (Color online) Pathways of synthetic fuels production from biomass

1815



M % d & 2020468 He5% £18H

CO. H, A TR ARSI R B R ™. 4
i Te Y AR o8 e A RS A PR E AT,
TNIERS A= M) B Ko F i Ak s 28, f HE AR Ry
SRS WRFI R A R SRR Y
PR, IR R AT T70% L), T RIGRISR
AW FT80%~85% I AE R . AW AL AR R
HIK S PSRN AL, 76 5 R i A A 9 o fisd
BB, TE—E W T AT b h Bt
Y.

AW LA A B AR i AR, B AR
orrarmn A8y PEMESEST. RAMEILH
SCE A W) o AR A R ) S 1) e A o A i R A
ARGER. Ak, ENINSET Y B eI S it ik
P TRl 24 i o SR AR R A S IS T B B .
Chengs Nt Z 8 T4> 70 B4 T —Fboy
BRI REGa/ZSM-5EAE T, Z AL BE S i & i fie
M A Ta] P2 20 TN s S s I e AL M ARSI /8,
TR A Ao 2 A v % I8 0 s g s Jee 5 B A SO . Tlio-
poulou A"t U 4 R B (ND) Rl (Co) f 2 T-ZSM-5
S L, TR SR A Y i = IR 28R, &
IR 4w 7 2 AL R Y RE RS A 1 05 Ak & P R
W B A i, I B 2R Co AL BEAS B S R A= 903
FRE AU ISR S B AR TRI AR &5 A O 3 2 PR o A 4 o
AL IR B & SR ORIz —, DRI A 90 ) P
e AR E. Shao% N PWFSE T 1R FIK U
FEL T A A9 Z SM- SR AR 50 X A= 9y o B0 7= 30 1) 5 W)
2 LG ISR B R 1 5% I P AR AR R PG A 30Uk AT RE
WA A IR B, FEINAS%I K728 A
Ay A i 2 A (P A 7] ) L

AR RALEE A = S B A e A e Ak
eI s SR A, (ER AL R s K s A A3 3 7
YE R WA BT, B AT E 2R RS K FA PSR K
AMLEA NHEACHE . AT RIS, ©a8F
B IR AW b T S TCHL 1 [ CRT R B, (L
AN S5 2% AW = A, $E K 55 ()
B I, BB EE R T A LA R sk 55
BB RIARSS & 197 RO T WAL 2. BrandZE AR
H R VL RIS AR T AL, TERGE 250 T 3R
157 98. 1% AL 65 8% = A= 1l 72 3. Chen
2 NS FH 2 -7 R A A R X G T, 153 T
64.7%0 i KA =K 598 2% AL, ]I R
T AR TR EAE P, $27 T Al p B .

1816

AW o R 2T 2 2R 2 21 2 25 K PR 4 B Sk
RV E YR Y e R A N EZEFB, H
Al R KA AL S R AT A A R AL UK
LY Z NN Y K IR R B B0 FikeEss, H
VIR & A a Y, PUERAR, F5 2 TigaAn
HARESR B k. Huber2s A5 el T — il 4 K4
KRBT LR, B A i K B g SR A 2] A g = 4 R
PN il 25 A R A AR T K A B Bk A 2 Bk BE K N
CO~C161 YT ATSRAA, SR 5 I 2 4203 s 15 2]
CO~ClefR2eihRt. Lide N SRR A A=W B BT AW
FRFL DT ERAC S DN R AR A B iR 445 T A TRl e < B 1
FRIRRL. Cormai NU'*R FHERAL B b 2k, BrEms 5
2-H LR IR B R AR B C1O~C 15 [a] =4, #Emia 3
C8~C151EZAb A Y.

Y AR AR S ECA AT B 2 AR . 1k
o OBRALH . EESRURN . MurakamiZs A" F]
FHVAHS R T i 67 2 PR B A A 7R X R AT R4 T AR AR,
RIS IO L, Bk REfE ot AR Ak, [
RN B . Gilds NPOLIK IS AR, fE/ N
TRACIR SR A% TP 6 AE W B T R AL EE A R, S
IR AR ZE AT, —IRESH W BE s
A B 1L, S350 E A H, MCOWREE - Ft. En-
cinar®E N PUBIFSE T ARk 60T 7 90 BT BEAA AR
fergsgm, Z5RKM, MEKZETEIIMIER, HR"
RAEALR B K, Hy/CORY HLBEn 1 1.665%. < Akid
A AR I B 7 A R 2 A W S AR AR TR L AR Y
FEIRIN M 2 —, KA BRWERE . K. [k
s BREHS AR Z R B b SO 915 BE Bsf ] 45
SRS ARY I G AR 2 5 i £ I A AR
Sazali%E A5 i 75 AL B 58 P I 2s R AL Ok
PeE A LPERE, SRl A D T 8%, X E A
Fa, T A E A R DoudE AP VHI Y-
A FINIMo P FE AL I FESS0°C M AL AL fE T, 42
TR BRFEAL R IR AE95% LA . A=W RS AL I BUAY
B A (EZNH,MCO) ] Mt — il i A el 34t
AR AR A R AR AL

AW AR 2R A TR AR B AR B A W R
ORI R S JEORhE R P S B, (R
WAATEE RN EART 2] BARr= i R4%. A5
PIGAE A, R, 78 B R A A T SE B A=W o ) =
PEBEPEFE AR O AR B A S a4, TRI, anfnf R4S
P ER IS B Z B A H A R —, 5



P A

Tk ABFIHT REARERA IR SS S R R S,
A BRI IZEOR BBV AL AR, 42 AR
PR AT AT,

13 5 e ARk

A AR H AR B e N AR A B AU
Mo, AT KT 0] LUAE S —a 34 2R v 07k
AR R, CBE. AR T EESEEIOR
18594F, ENJEFSEHET. T 55— N IRATH b, i K i
IR Y. 18954F, 5 [ TT I M 28 i3t A 75 7k Ak PR
O g, I ST HERE. 20122304248, Tarvin
FBuswell " T U4 HF5¢ 2 Fh A= 1 i S R0 4 43 B0 B
DAL TR FH BERetE, T 1952442 1 IR AR I il HH
Bt IR BETIITT :7%. 19394F, Gaffron™ & Bl
Yz e v] LIESC A AR AR, BRI E T
WEOFRUEEDH SRR, A MEyIERE & T
FAN CEESFRARIRRI ) O, I T 19784 L E
ISBMth N Sz AT T8 —FOH A 2B I A ) 1
R T Y S KRR TR R AR R
YIFEA W) BRI BUSRRE . 200745, [ A Jh A w] A
FEFRA FIFFUR T Tolk K e 210 T BRI R R

TV RS . KO FacBmE s
Y, RT3 PR A A i SOBRRE. S4BT DA
AR B YRR AL SR SR, A A R A R
fEibimiE, etk B, AV FE
R TRAL R 5 A FE B L . A fAE W55 P
oAb B 3 Ao AT LA X A o A T AR Ry R LA K
H R AR =4k g5+, ImA Rl Fiagiiie, H
SEAC PR FR O REAE I 2 A . Ak 2E B PR 4R K
PTRAL L, BR/DRIATIAL B . 28 TR T A B A5 A
WS W) B DS BN G AR 7/ Dk B Y e R I VA= 22 B N
A R F e Y S AL 3 A HL Y O 51k, (5
T IEAFAE B RS T A S . BERBEAK. AbPE R
P2 R I P ) 2 06 Je AU W A A A 0 A
S AR T A PR R R A RN 4 A FHR A
YR AT E M ARG, Zad R AR . BREE A HL
ANSTEEMRY. B2, B TAY A B R R B
Ko BORBARSEAN R, WP EIF UG R I 2 Fh Ak #4s
5 007 3R 4 0 TR B R B B ), D b
SR FEINEI A R, AT B 5 e ST W A B AR Rk
P N, MaE AP0 A M T B 5 R FAL B
AR, T T AKE R JFE S B Taniguchids

NP OVFI P 25 95 R e T A 35 A A T A 3R 285 4 1
e % 2 il PR L Y ST ) 45 45 40%. - Taha% AP V45 i 1)
FHPG PP al, =l A P (A TR b TR ) P B () 2050 1 e A il
fEE LI AR, R AR AT IR B — T W 1 6,64

AW S TA BROK AR RS . A SRR RSNy
TG TE D) R AT DLt — 253 A il U AL
SR, 76 T A, e B8 A A s i P 4 2
AV N B SGHA T, GaussZE AP T Rl L %
W T2, A RN A [R)— S o 2 i Hh kA T,
it A 7= A B SO 5 2 T TR B [R) 25 R R A 7= O, %
BT R R/ A RIVE R, NIRRT T AR BT
FEALRR. Cheng NI FTHhA0 43707 1 B B8 132
MR R B T AR A F A o S e A N B S
¥, AXRCHAESE T E S A RS R ) & R W —
PR BRI, 53—, BF5E IRt B R ks
55 AR R 4 A R R M i A A R R AT R 4 T A7
P, FEIT AR 5 A Wy 7 6B e b ey %
PR R A B AT A P2 R RS . BE R AL AL RCR AL A ]
M, W E SR Z PR A B AR A oy
Be L, SRR B AR, ab, E R R s
FREE . pH. YIRS SEL, v LS & el UK
B ARIRAECO. 2R YR N R IR R B B S
ZCHEE. WAL, W A b R A A
TGP LR i F1 R 25 21 4 J g 2 S B R g, $ R
Pt BT fElhn, Germecs APPSR A W R
AR A G SR ) & B IR RL, SR Gt s P
SN A AR b, R T W R 4 . A i i kk
FEAT AR SE A FRAF R . PR EMHEKR
4 K S AN e ALl s R, R R R
ENAR M DA oA R AR . BRI, DB etk
5Pl ARG S, W2 GG A Wik
LR S, fEIEA Y A BRI .

% 1 A 0 o e T B Al BB R AL A ST,
R A= A 0 B R T e Bt ol DL A
V) CEEEEIRRL. 56 AR AL A e Ab il & W Ak
B, SUEEEE A AT LIAE R IR 55 N T, HRE
FAB R EEE, X SRR I =0 r=A. SR,
SWAE TR B AR FER, 7E37°CA&MUTF,
COFITH, £ 7K H (1% BE R ¥ 1 BE 43 1 o O, 19 8 3% Fll
T1%5 PR IHCBIFSE 20 38 5 VAN [) 14 52 7 2 445 1) e 434
SRARAE . 14N, SathishZE A T — Rl EA WK
FALEEE LY N AR, YR T AR R L A

1817



M % d & 2020468 He5% £18H

PSR, S iESe P U N A L, SO
FRAVREREREIR 7415, CmrR48 5 17205, ()2, R
B B T A W AR R A B 9 AT Ak 52 56 2 B B
P A I IR AT — 2 A

Tl P A A 4 o o) EBCRR ARk 2 1) C O, il 45 1T -
A UL T R A& A2, TR A R R el A
Y e A as AR I a] DL AR COLMH, & bE . &
PSR, AT IR 2 I, 7 A FG [ 2500 AN P e\ Bk
R R IR ] U [Fe, S, RIMEALAE IR, COLIRAT LA
TEMR N ZF T 55380 D300 2 00 T e S e e ko Y
O BB RS ARXS R 5 T R, N
AIFRA A IR ) i 55 A B AL T L.

2 TR B

2.1 HARZES R

HL K 2530 SR C O, il BUA IR R Hig 3 1 H fh 22 7
AR, FIFHRFAGE. KAESE nT FAE BEUREF COLE TR
CO. M. WMl it SRR, AT AT R (A HE i T T
DiiE gy, B A AR AT SRR 2 —.
EPITFHfRK RS, AR RCO, RS EEAFEHIH
W HLFRSTRIRTR . PRAREEALE.  BHARONZE SN & 4%
R R HAH,OM &AL, OB H 7 FIH, HE i
BT A Y B A P, H IS A A A Ak 2
ey FEBASRAN, HBF5H FCO, LA AR, 1535k
SUREL. ZRGEERT R N SR R
JE), FECO,JSHEFNZE Al 2 500 (A [RI s, 3R BE A il £ nT
A=A RUREL, AR P AL AT, 4Rk 32
B R

H AT T X AL 30 L CO, M BT 78 = B 4E vh 7 BHAR
i, B85 BT R COL 5 R AL B S5 — 2R 371 A ) AL -
BT REMME TAE, UGS T RERE. 1R, %R
GANAEAE G S 3 L ORI (T R 2 o ™
G £ TN =< i A N e L T - SV N e R s T = N 4
A R HERE . 78R AL 22738 IR C O, 1 SE BRI 72
b, TR IERBE T e 22 RH 7 K RRIREBH 1 BIAFAE,
S 1149 R R S i 125 Y- 5 PR S (3 2B A HLA),
TR EBRA LIS RV EE & A R SE Ba Z 40k
BE R, BN T I N RERE. X IGIRIE, AH e R T
VAL TNIEPEN 55 R S5k S S sy 4, SEE
T CO MR AL SR, N, L A\ £
BRELE EA R ABLO YK, M RENEL

1818

TP S e L, FFRRAR T AR Sy, i e k846
m VS RIATSEBLSS5.3% 1) BE 5% AL 50K M HE T 100% 11
PE R RRBERE R, Han A T5E o S 4R MR,
A R ELA S8 T AR F R T R A B R BIYN K
777 2 R R B4 3 L7 (A 300 mV. Kas A4 i
T HAT RS LS B CutliAb ), 1535 T F B AT TE
DA R B e R AR, 7E200~400 mV AR HLA
AT T 85%MCOILPIEERR. FILn] I, k1Y
B IR, AT LAAE RLRAAR S I e H 35 RN S i i
TEBIMAN, 25 COLB I Y T ML T-255 & A A
U RL(2H +2e —H,), FEARHSURE FIERIB 0%,
i HRATT SR B A R AN RIS I, 9T N B i R 4
PR 5 R e IR ) ) SR T RO, AR R T R S 2 1
= AR (CO, HY S @), fHTRCO,H Ak
RORISEI AARTE. 4N, WakerleyE A e b BA
MK R A Cur 251, A3y R T =Mkt

SERCRIEITT0%.  Lvas AT 1 45 B 20 B AR e
MoS, T KA B, 76-0.9 V vs. RHEHLL FF™
COMERIRRIETT E81.2%. AL B9+ kX
T R AN, fEILRR A AT 25 5. AHXT
FIHUEALFIRUE, Ak P A0 ) 5 A R 5 Y 5 5
P, XPEII RS . FuZs AT R T R R A
SRR A RS, TmMESRMET, UKRSEKHGAHA,
FE B E DI BN AR COLR I CH,, 3K E96% 1) i
PIERCR.

FRUEF5E 5 78 5 A f AR R i b 2B R 1
e TAR KR BT, (R R GefE 1 AR R IR A AR
Kpgiies. Hoh—ATm 2R N B ad s fber ik
fRCO 2L B 2 WHAI 2 [ W #y, HOR Skt 4y
CO,, Z'FHCO,TEK TRy 3Z BIBR I (7K T CO, %
B33 mmol/L), %44 s 7 9 L 3L %% B 10 B e
<35 mA/cm’, AT Tl K F i AR ZE R (200
mA/em’). Ak, RenE N T —Fhi s i 7 2
FN e A IR A CO SRR A R T A T I
7, I5 I AMETE G as Ha i Ak P SR fE 5, B i
P E %) T 100~200 mA/em®. DinhZ A0 FF & 1 T
ETXFCOLMB IR S AR B, B R 45
RAPBEIT, BT T CO,v H Flle il = AR i 1hi FH,
AU COLIR ™ A AR R RCRIRE] T 70%, 4
L B4R TF 2750 mA/em®. SRR AR B2 SN
FEE M, BORHEAE T Y RS2 FR ), 7 T



P ik

ZAHBONL S, Sl EL LS BRCOE [ Tolk Al gt
TARKTTHR. (HI% R GE H BT ARV 2 SR 75 i D )
R, G N R TR ) 22 R Bl S A LB WA 4
BTG HL, Bz FIEROM R LRI . HEILZ R
TR 45 TR ™ F, T R A (A FR Y EATS
INTL Alem®. WA, REGEHRGEMEBIREIZE100 hA A,
PSPV AT A AR ZE . ik, JT ARSI 5L
P bty R PRI (S R WSR2 7 S
IOER- ]

22 JehEAERAEHR

JCHEALIE IR CO, il U5 U4 18 1 LD 1 4R
FOCEAE, ARG A AL, AR R AE
Fe CO A AT A BB SRR, A AR B BE
A BRI R AR, BN AR A A5
COHL AR AR Z —. SR JFCO AL R F
SRR RET A, WO RE R T A S DG T
il SO ™ A B -2 7Ok, o B TR
R, AT LR IR B e CAE TR 2R I 1 CO, 5% ik
SURE ZECO3E St AR v, 38 % SR RO Y, —
Folt I PO AR B K CO L Sk S ) D A
PR ET5 5, B HE AL ) 73 BT O v B8 B, &
g8, MEB@FTR. XA RAA ST Al
SEIEH. R A AR A AL H AL IR )
I3, AEB )R, kA5 2 i S5  ANAA B
IR EAEAE I, B T COLIE IR Mplda fk, H

Photocatalysts

FEE TR, AN R R AT AR R R G At
fE, 11 A FHBE A A SUAT AR R 2D HL B IO T AE.
19784, Halmann”"F P& RIRGaPTECIR T
WIRCOE W T EEFICO, HITFR T Co G
fLETFFE. Inoue’ APP#ETIO,. ZnO. CdS. GaP.
SiCAE P SRRV T A AL IR R COLE WL T H
R, FREAN B 201H20904E 4, Anpods AP 17E — &Mk
EIL T B R T — R A TIO DB fEfL T, X
BESGAEALFIAE AR L I8 TR CO, e 8 A= il Y Ay A Y it
FRI I RARTETE. 1L, R AR T ANERE
RS IR IR COL ST, B Angh K &5+ ek b
Y. AEEkE4JE(CdS. ZnO. WO;. NaNbO;). Ag/
AgX. MOFs. g-CNAEPY SR TREM T/, R
BRiE TR S CDRE. SO AR Bh AR AR
B T AR (RGN Z 7 R 58 5 45 b AL 71
FE T, B T SRR AR I CO, 1%
A PR AL COL RO AL T, HAPEREXT
CO AL HIBRRL R .25, PR Ao 3 4 X AL Sk
PHRBHG T J Al AR R AL BT IF 8 T R EASR.
AT PR ES AR R ERE T, TRIEHE I H S O
I3, WA SR E AT A T RS, B
WHe%E NP8 T Ag,PO,/g-CN B AL, 1
COFEMACR e g-CNFE = T 6,145, ILoh, fEALFIIE
UK R R L R R M R TR, —dRai
R NS BN ER i VA P S 187 s e a3 O

Nafion membrane

B3 (R4 OB )RR R CO, A AR, (a) EEOLAEIL; (b) Yo Lt

Figure 3 (Color online) Synthetic fuels production by photocatalysis reduction of carbon dioxide™". (a) Direct photocatalysis; (b)

photoelectrochemical cell

1819



M % d & 2020468 He5% £18H

F 1 THEEABMEARRHEF LB

Table 1 Comparison of various methods for renewable synthetic fuels production
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Since ancient times, energy has powered the development and transformation of human society. Every great progress of
mankind has been accompanied by the improvement of energy utilization efficiency. In 2018, global energy consumption
has reached 13.9 billion tons of crude oil equivalent, of which the proportion of fossil fuels is as high as 84.7%. Excessive
exploitation of fossil fuels has led to energy shortage. On the other hand, utilization of fossil fuels has caused massive
emission of pollutants such as carbon dioxide, SO,, NO, and heavy metals, which have raised serious environmental issues
such as global warming, air pollution and seawater acidification. It is an urgent challenge to secure clean alternative fuel
sources to ensure sustainable development of human society.

In June 2019, the China Association for Science and Technology (CAST) released twenty crucial scientific and
engineering problems which are keys to technological and industrial innovation, among which renewable synthetic fuels
production is considered as one of crucial problems. It states “use of renewable energy sources such as solar, wind and
biomass to convert carbon dioxide to synthetic fuel molecules suitable for efficient and clean combustion, achieving the
molecular conversion CO,+H,0—C,H, and producing synthetic fuels such as methane, alcohol-ether fuels, alkane diesel,
and aviation fuels”. There are a number of options for converting renewable energy sources to a variety of synthetic fuels;
however, the optimal pathway for such a process has not yet to be defined.

Synthetic fuels may be derived from direct routes such as electrochemical synthesis and photocatalysis with direct
catalytic reduction of carbon dioxide. Alternatively, synthetic fuels can be sourced from indirect routes via biomass
accumulation and conversion process. It is well known that photosynthesis, which is a multi-step process combing light and
dark reactions catalyzed by enzymes and usually takes place in land-based plants and aquatic algae, offers a green route for
carbon dioxide fixation whilst producing oxygen and accumulating organic materials such as glucose polymers in term of
biomass. Biomass can be converted to synthetic fuels either via biological fermentation by microbes and enzymes under an
ambient temperature and pressure within a few hours to days, or via thermal conversion with or without catalysts under a
high temperature within a few seconds to minutes. In the middle of the 19th century, exploring renewable synthetic fuels
was established by human beings via anaerobic digestion of biomass to produce biogas (methane-rich gaseous fuel). After
over 160 years of development, various routes were proposed to produce multiple types of renewable synthetic fuels. This
paper reviews the developments in synthetic fuels production from renewable energy sources, with the main focus on
photocatalysis, electrochemical synthesis, thermochemical conversion and microbial conversion pathways. The progress
and challenges of use of renewable energy for converting carbon dioxide to various synthetic gaseous and liquid fuels, such
as methane, alcohol-ether fuels, alkane diesel, and aviation fuels, are summarized and discussed. The future trends and
research directions are also highlighted. This paper may offer some ideas and guidelines for clean and sustainable energy
supply in the future.

renewable energy, fuel, photocatalysis, electrochemical synthesis, thermochemical conversion, microbial
conversion
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