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Research progress on direct capture of CO, from air
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Abstract : Reducing carbon emissions and promoting carbon neutralization is one of the critical ways to deal with climate change and en-
courage the green transformation of economy and society. Carbon neutralization technology has become the focus of industry and academia.
At present, carbon capture and storage technology (CCS) is mainly used to treat and capture CO,emitted from industrial fixed sources,
while the distributed sources, accounting for nearly 50% of total CO,emissions are not highly concerned. Direct air capture( DAC) technol-
ogy can not only capture CO, emitted by millions of small-scale fossil fuel combustion devices and hundreds of millions of vehicles,but al-
so effectively reduce the concentration of CO, in the atmosphere. The development history,research status,and development trend of DAC

were introduced. The existing DAC technology process flow and reaction equipment were summarized. The air capture module , absorbent or
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adsorbent regeneration module and CO, storage module involved in DAC current process were described. The advantages and disadvantages
of several processes,adsorbent types and regeneration methods were compared. It was pointed out that the key to the development of DAC
technology lied in developing high—efficiency and low—cost absorption and adsorption materials and equipment. The functional principle
and adsorption effect of DAC absorption/adsorption material was analyzed. The raw material cost of alkaline solution is relatively low, but
the energy consumption is high in the regeneration process of alkaline solution. Although the regeneration energy consumption of molecular
sieve and metal—organic framework adsorbent is low,the adsorption capacity and adsorption selectivity of CO, in air are average. However,
amine adsorbents show good adsorption capacity, and industrial waste heat or a small amount of heat energy is used to supply energy for the
system because of its low regeneration temperature. In addition,when amine adsorbents are used ,adsorption and desorption gradually occur
in one unit, which has higher efficiency and operation time,and is expected to reduce the cost of DAC system. The cost of DAC and oth-
er carbon capture technologies are compared,and the technical and economic analysis is carried out. The cost of DAC mainly includes op-

eration and maintenance costs( Ny ) ,adsorbent material costs( Ng) and net cost of factory equipment( N, ). One of the main factors lim-

hop
iting the industrial application of DAC is the high cost of absorption/adsorption materials and related processes. With the emergence of new
adsorbents such as anion exchange resin and the development of technology,the cost of DAC will decrease year by year. It is the current
development directions and urgent needs of the DAC field:to comprehensively explore the comprehensive properties of absorption/adsorp-
tion materials such as stability, kinetics, adsorption capacity, selectivity , regeneration energy loss,and develop related devices that facilitate
rapid loading and unloading of adsorbents,and develop low—cost process systems. DAC technology will provide important technical support
for reducing global carbon emissions and achieving carbon neutrality.

Key words: direct air capture technology ; distributed source of CO, ;physical adsorption;chemical absorption;economic analysis

AR AT BIL) R AR SO ZE R R A I - T
i KT COLAr AR TR CO,L AR 7K
2 €O, . ANZEIE SR CO, b TE R i
T EYEE — B IRBRIAIA Z L B AR R A ) 1
W) CO, 2 5 NZSHER Sk i 459, H TR
W CO, B2 ANRE & CO, IR HEAY TR , BIF LA & i
K Tl AR HE CO, 175

0 3 B

1t 2ttt 5L, AR 3h F 84 Bk Co,
HERC R AERG I, KA CO, R Y 1960 4F 1Y 310
107 AT E] 2019 414 410x 107, AF4E 48k CO,
HERCE T 350 42 0 L VR IR E SR B AL
5%, CO, HE R R 3% 22 il T A BRAR R PR 164 [ 1B

JRF IR SARAE AL 22 123 (TPCC) B PEAL R4 s, A L
TR TV AR, 2B E T T 0.8~1.2 °C
TSR Ak S B i A i A AR 2030—
2052 AR ERCF B IR EE AT RE4R T 1.5 ¢, 2Bk
& ETHREOCER ORI P T R SRR
B e L, S CO, WHEAE Bl Hh R HE AR
O HE 28 A ERAR B O Az FAL 0

Ry TS BRR S HE R, AR BT RE IR A CO, A 3K
A R A R Z B EA, = HERME COo,
( Direct air capture, DAC) J&—Fiif i TR R 45 IR
e P EBR CO, BB L BAR T A BRI
HCOMRIE™ . ASCHAEN 4 DAC T Z 25l L
HE T DAC HER R E B4 DL DAC $R
ST TIATIE A ST BUR | IF 0 A O i #a kA 7
JlE
1 DACRREISE
1.1 BT CO,BiHEF A R Bk ik

AR A 2m R Wy B R K 2 Fhoy 2k Co,
HEATWRL , HE W el PP A ) IR BH BB /K R CO, 5%

58

CO, MV HE Ty 25 F 2 ATSERA AL 5 EBAFHOR
(Carbon capture and storage , CCS) Flfidti %  FIH 5
£ 47 7 R ( Carbon capture utilization and storage,
CCUS) . CCS AR FZR AR CO, AR I 4>
By SR ik B VE S b OF CO, B T CCUS 2
KR 23 8 Y CO, HEAT IR AL R, 3 2
TR FBZNS DI AT R D LRl ) L )
J7 AT AR R B T E IR R RS CO, BE AT AR
LR 2014 4F TPCC BT 7R, 2010 4R 4Bk
T = SRR STk SR 5 L 6.3% , 32 i Bl
FE 14% , Tl i HE 219 AR - #FHT G L 25%,
FL T FIVBERR (1 LE 249%  HoAb b 1 119, BR T Tl
DA KCH 347 Ml 5 T o R %) I & SO HE T, 0
50% 1) 2 AR HE IR A 3 A, i, iR —F
HORXX 53 A Y CO, HEATHAR AR H]

1.2 ZHPEERHE CO,RARRRY

=E P H R CO, ( Direct air capture, DAC)
BT — b I FH A R ) CO, B8R AT LA
AbFRAE | AR bR | HE HUAT M A5 S A AR €O,
DAC J& P+ B8 5255 2 ( Los Alamos National Labo-



i ONGE AU B CO,HRBT T E R

www.chinacaj.net

2021 4F55 2 #

ratory ) ) Lackner 7£ 1999 4 0 2% fif S A8 AL i 42
5 DAC BESHR I LIS, B T2 5P O,k W
BARTREEIR COMRIE , W58 A BixT DAC RER HIE
A RIS KA CO, M L) R G R 2 30 7 A T
BHEUCT | BEE R ORI & DAC (75 2 A
kL, B DAC HiAR B —Fhal 1769 O, udiHE
HoAR, DAC BHE AR MIE 1 prRl™ | 25 co,
A W B R A T A 4 50 AR B I 1 TR B ) 3 el
AR IR R 7 R B AT R RS A A R A e
FIFRR T CO, 4, Mzl CO,NIH A .

P(CO,)=40 Pa P(CO,)<40 Pa
P =100 kPa P =100 kPa
wE |

B Bt 75 72

-
_—

W R
B AE

e
HE

=

Q

K

B 1 DAC #AZyi™
Fig.1 System Process of DAC''™®

DAC H AR H FEAE T T ELLH T
THIG /N AL A7 ORI e 2 & DL I B LUAZ T 22
T AR CO, AT 4R AL B, 41,
5 CCS 8% CCUS ixX #& 3= B & X [ 2 U6 4l 2K 19 2
AR, DAC 25 B (1% A B b 8 B K R
£, H DAC fi R ] 5 CCS # R 45 & i /1, %t
CCS H A AEAF 3 & 9 co, EfT i . co,
HEBC 3K BN AT, A HE B DAC HR
ARG B A < A HE O I B AR R B AR R AR
Coziﬁg[zo—zljo

2 DAC L AR#EER

2.1 DAC HEARSH

HAT, DAC T. 2 — it i 25 Al P i B | Iz i 541
SO BT 5R) PR A A e CO, i Ar A e 3 F AT 4, 7
2SR R 2 el i 5 LA i A s Sorh
CO, AT , P30 o [ 44 W 56 A ek 5 9 4 W AT
B CO, o MM FREAA P AR AR e 32 S5 5
TR B A5 s X A LA T A, CO, Bl AR 2 L
Wt EA VLIRS CO, 36 ABETE IV AF, BLA
DAC TR 1,

£ 1 DAC ITEZimEXLL

Table 1 Comparison of DAC processes
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Fig.2 Technological process of CE'*
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Table 2 Comparison of CO,capture costs
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5/ BN DAC 94~232 [22]
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13X 23.4 400 0.034 [30]
Mg-MOF-74 23.4 400 0.140 [30]
K-LSX 25.0 395 0.670 [43]
Na-LSX 25.0 395 0.870 [43]
Li-LSX 25.0 395 1.340 [43]
NaX 25.0 395 0.410 [43]
SIFSIX-3-Zn 25.0 400 0.130 [50]
SIFSIX-3-Cu 25.0 400 1.240 [50]
HKUST-1 23.4 400 0.050 [30]
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e (MEA) . 2 (DEA) | = BN (TEA) LA
KR (PED) %5, {HH1 T DAC Zk 2 1R
W B T 25, e b X 4 A AV ) e 25 T ok
U8/ W B 500 P A U D 2 R R A B A DA R g B
20 RS TRE Y PET 78748 W B o B A R
P i KL %% P A I AEREAIR , 2 T DAC PEREAH S
B HMR A,

Choi %'V SR IETHF & T8 PEI 1235t A4 11 4% Jiie
R T DAC By 5T, 3 226 45.1% 19 PEL =15
£ Si0, | (Z 3L E N 10.5 mmol/g) , 7£ 25 C .
CO, ¥k B 400 x 107° 25 1 T 13 2] CO, W& fff =
2.36 mmol/g, 53k 4 YR B % A 0 I W BfF St R A
1.65 mmol/g, Chaikittisilp 25" ¥ 37.2% i) PEI 11
AL AL v E AL 1,25 °C .CO, MR E 400x107° 451
X CO, M B 1.33 mmol/g, TiKF 39.9% ) PEI
ZBE SBA-15 X CO, BB 54 1.05 mmol/g,,
L 105 CZEVRNT WL AT 88 3 24 b (%) B B P
A BB, S EBRAEA ALy AR b i W BT B A
CO, W hE 2 T 25.2% , i 61 3804 SBA-15 F 1)
W J 590 2B JE 2R T 81.3% 1Y CO, i fig /1 ; PEI 17
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NH, 2 NH,
HZN\L I\\ : -
N/\/N\/\N’\’N\/\NH,
H 2
H:N\/ﬁ/\/N

Qu oIt QY on on oH

i AR A EAR L e gl

4 TR LR o

Fig.4 Different preparation methods of amine adsorbent'®

AR AL y AR E A I T Gy Yy R B A
AT R 5 58 O 198 0 A 3 S v o B B P R
Kuwahara %[63] WL E Zr BA SBA-15 Fre 2R 244
AR JBC, AT 452 R X5 CO, Y W BfF 45t 7E 25
C .CO, M 400x10° 4514, PEI/SBA-15 | CO,
W BFRE 718 0.19 mmol/g, IMBIR Zr 1) PEL/Zr-SBA-
15 W HFRE F1oM 0.85 mmol/g, Goeppert %% ¥ PEI
Tk S A AL E (FS) B Tk DAC g,
WF5E & PAE 25 °C .CO, W 400x10°° 54T, PEI 11
A W oN 33% F1 50% INF, CO, W [ 6E 1 43 5 A
1.14 1.68 mmol/g; fE 85 °C 25 K i AT 4 W
Bt/ i W ARG B8 I & B 3 W BRE BB 0 JC A T R
Chen %' S FIM i 1 2% PEL I8 H: DAC PERE,
TE 25 °C .CO, ¥R JE 400x 107 515 T, CO, Rt RE F1 K
2.26 mmol/g, 5 1 &M [ 551 Hhy T £ Jr 2 1
A BRIl 45 917 ] DAC 45U H iy T3
IR A, B4 53 W TR AR SR T, JF R S 4A
b 2E S 2 A AE et JL R W B 58 BT 34 ) %
CO, [T BFHRE 7 I R AT A, BT N B 42
SR FA Ak 2 R T X R AT P W o 700 o %, 7 B ARARAE
I A 58 R0 B 22 0 i L R A 25 0 vy ) B2
MR B350

555 2 213 e W I 510 2 3 Ao e 2 B A A e i 2
SRR T, — P8 I 22 25 Ak o £ 0K R0 ) ke o

]

1 Si0, e [ 4 2 T 1 A9 fik 558 366 (R] 14 ek o sz 7 5K
B BT 1 2RI, A 2 S R AT LK
RET MBS e g AR, H i TI2=A 5
TR 300 3 A A 2 A ) ) TR B ) — e LA B
TR B AN N T B TR A CO, MR B 4
IE T R T NI Ay, H T AR
THI AR B 550 H A PR ol 45 42 A0 2 2 1 i vl />
CO, e A AL T4 1 28I Bt ) 7%

Belmabkhout %57 3-[2-(2-H 2 HEH) &
R NEE = AR BE (TRY) fb 2= B2 ey LS
A FL A AL iE PE-MCM -41 [ 4% TRI-PE -
MCM-41,7E 25 °C . CO, #eF 400x 10° &4 F , CO,
B BfF E 1 0.98 mmol/g, 38 i 5 IR A K FH,
CO, ¥R JEHAR AT, TRI-PE-MCM—-41 X CO, i) Wz &
PEVER T4 N, O, F1 H, O B9 W BF 3 £, Didas
SIS 3N AL = H R IR RERE (APS) fhe iR 1
HAMRAFL —E ALk (MCF) | 3Ef7 DAC M, 78
25 °C .CO, M 400x10°° &4, CO, WML I BE 71 A
0.54 mmol/g; FH L f e FUEURE , 47 e J 30 1 B
1 CO,ME Pt %¥ 5, Lashaki %' 3-[2-(2-& %
LRI LAEFL] NI = W A RS (TR fh2F 4
TEN LA F i SBA-15 _L#E4T DAC K, 76 6 A
] FLAR FIVRE Y FLAKR B SBA-15 # Ak, RALARFI
T BE N FLAR R X CO, W B 7™ A= BRAR S e, CO, % FfT
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E A g B K 527 %

=)

T A E] 1.88 mmol/g,

55 3 MW BSR4 5 B RS R S 2
[ AR L ISR RS0 o 5 M, AH L TR 2 2l
BEF R B AT S I RRFRE Ty o TRTISS e Ak AT A S o 2
T EA A EPET . Choi 551 il 4 (P e
TE 2 FLEAR b IT PRI SR 5 A i S Jk — 4 AL ik
(HAS) ,CO, ¥ £ i 10% [% 2 400 x 107° i}, HAS )
CO,W: [ 255 1 3.77 mmol/g F& %] 1.72 mmol/g,
CO, ¥ FE N 400 x 107° BF, HAS b Ji 71 2% &
2.3 mmol/g3¥ % 9.9 mmol/g, CO, W [} %% & W
0.16 mmol/ gt % 1.72 mmol/g, #43Hie ZE W B 751 Az
HOW R AR AR 4,

R4 EOBREWMFIX CO,HBMEE

Table 4 Absorption capacity of some amine

adsorbents for CO,

COVREE/ B KWkt

i 550 REE/C STk

107 (mmol - g™")
PEI-SiO, 25 400 2.36 [61]
PEI-y—-alumina 25 400 1.33 [62]
PEI-SBA-15 25 400 1.05 [62]
PEI-Zr-SBA-15 25 400 0.85 [63]
FS-PEI 25 400 1.68 [64]
PEI-resin 25 400 2.26 [65]
TRI-PE-MCM-41 25 400 0.98 [67]
APS-MCF 25 400 0.54 [68]
TRI-SBA-15 25 400 1.88 [69]
HAS 25 400 1.72 [52]

ST, B 9 W B CO, it B I JEURE AR
FARPAER R , (B A v P A i AR P B R R . o T
i B <5 s A ATURE 2RI o 77) % P2 AR REARLAIR, (LR
23T CO, PRI B 25 2 MR B e 4 e B — i, &
BOLAHELLWE L DAC ZOR 2 M B 5 AN 050 Jg B
BAF MR RE A7, iy TR IR BRI, R Tl
PR D IGE D R GEILRE . (8 FH I 2 I B 51 g g
BAE RV IR A — A~ BT PP I A8 A A R TR T sl i i £
HfE— AT B T AR AR A ], A 2
FEIRRGEA

BR T AL 3 BRORRRAA AL, L2 fhe B 5 5 A8 ik
RS DA 0 B 590 PR P A IR B B2 e 3, 17k
AR T 5% F 0] 74 58 B o K | B i Bl B
BEKIE ST, AT B ZS R CO, HEAT W B, 34 1 25 %)
CO,BEAT IR 77 PR 55 43 B T 1-200 2
BRI S 5 S R B AR R LR AS R R R 25
CO, M2 B2 I B2 10 8 T3 2%, ST 9T T

64

A AURIBR IR 22 1 O, ORI 5 it B R
B U 3 HE 8 91 R 07
FE. AL T HCAL Iy i N B A A 2y T 2
T PG A5 B 5 A R 5 L L i
{7302 TR 5 ik L 0B 90, W B 30 2 47 75
™

4 DAC TEZH&EFEDT

H AT DAC S Ak T 5 Mk 4 1] 7 AH 0T 48835 ) 6 8
FoAR AT RS R FH A 28 5 MDA o BB
T R VK VS R B SRR I T 2 o 118 AN T) 5 2 1)
DAC A S JLTAL T [R]— 7K P, AT ik 3] {4 e 56
TR AR T SR AR, A R B R AT A I 7, B
WA 1 FH AR A e 70

1E DAC BT & B Beit, Keith 2517 35T DAC
JIr s RE R A S A b T AR, FA TS A A K I T
1T CO BRI MAAE 500 $/t IR, FEEYHES
(APS) X} DAC FARMATIEAN , LA NaOH 7K A T
WG 3E T REAFE 2SS4 3K 100 J7 ¢ CO, AR
WAL ] 610 $ /t, Zeman 257 FET APS HUTTAL R
EHHEATSY, K BRI/ S v il R v e A5 FH O AR
23 A 1 R e bR T X [ IR DAC
PRAAT B Rl AR BUASHE N 610§/t BE R
309 $/t, Keith Z£122 i [Tl KOH WU 5, %) DAC
T2 S () IR AT % B AT ol it moe Al AR A B =
94~232 $/t, 2018 4FE[E E P B i HE R
R, BUEG T ARk 10 a 8 FH A B 57 DAC Y
AT 88~228 $ /178, HHT DAC REE A4,
WARRZE N Z AR LT AL AR, Bk
[T/ 7 N N[ B I O /0 Al N
7 ASFEBHER T DAC AL LR 5,

R 5 DAC AT
Table 5 Assessment of DAC costs

TG0 LA/ ($ -1 BN
2011 610 [22]
2014 309 [77]
2018 94~232 [22]
2018 88~228 [78]

DAC 1 28 55 1570 Hr 4 [ A DAC A =G
B PRI R R VR R R DR AT 22
T AR WAL, 3 T itk Azarabadi #1 Lackner %[78]
2019 4E4H T —FE HI T DAC RGER AR LT
RS TTIL . X T DAC SHUs i Z2 8002 fff 711, 155 A
FIAREE CO, T A A LA B W52 o6 590 18z A S 8 | £ 28 £
TR A fp R 23 S5 R RS 700 R 1 SR A A (. DAC &
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G e NPV AT S (14) A5 5
NPV, =N, ~(Nogy+N,,, +Ns) , (14)

2 N BRI A SRS B R 5 N g NIE
FIAES A 5 Ny, 0 T B8 B LA 5 N kg W B 59
MBHA

FEE BB A T DAC AR 5840 5 is 8 N4k
PRAS (Nogw ) BT E A (Ng) BT 545 1
A (N, ) o FEHT N g BLHE W B 20 28 S5
R MR LR AR A VoA 2 W 5 7
NS VoA SRR RIA I, N, IR AR 3%
WAg vy, FIHITIHE A BB 22 . W B 50) BRLA57 B [ P
PR A B s B AT TR (15) 27, 2% 1 3 W B 54 %
KAE AR R 1, , X3 (15) FRAME 2B 19 Wi 25 30
EH(16),

PC,
nrev (t) :7eit/TDeit/TM , ( 15)
cycle
Llife PCO T ot Hlife
Noo= [ () di= (1-e"a),
0 cycle

(16)
Ko P kML COL T A + C, VIR
R B 0, AR A B B W O
o IR A O D W R (i
FREHOI I K7 2 B 3 B AL A (=

T et

L,
Tp Tw

ST S, DAC BUAS Bt 5 I JF 50 0 T 25 ) %
AR, Fo2e H T DAC WL R i B B85 122 e b i
P SAS RS 2 3 $ /ke, B AL MOFs B A RE A 2] 50 ~
70 $ /kg, MR 7 J5 AT REFE 2 10 § /kg,
BRI LA L B 28 5k S5 VR AR A BEARARAR A 1y W A
R ECLRI B R HRTE, KARE
2 W BAA R 11 2 e LA e W 6 351 753 i AR R M 1) 42
&, DAC A i — 2 TR,

5 HiESRE

H Lackner T~ 1999 4F 2k T 2% fift Ao 28 {42 1
DAC #ARVIK,DAC B EWIT—H] ZF, {HFf
FHHARH 8RB T LW 5635, A 7 3 F il
P T4 R RTTJe 28 W o 50 %5k DAC RS4RI FH B 49 25 44
KU P2 I A B AR A T 1 i
WFFTERIEEH , DAC 7E By J7 B 9 HE 11 S 3RS v oFn T
HAE KRB R, SIS, B NS5 5
DAC # T T W R I 24 ML i 13217, A
KXKT DAC M i — 20 G L N i .

1) — 2 P R AR AR | e i A gy B R 1 1Y
DAC W R/ WS L, 4% 2R 1 286 25 i 2R R 5] %I
W SE CO, B M BE J1, IT i DAC W B/ W WO A
TEVE T B AR RE R R, D)5 22 DAC 4
ARHURRAY IV FH B 5 HEAil

2) WA R PR 28 1 1) 28 2 B 55 4 DAC A
Kk RN T DAC T2 M bR, I
T BT AN R B 790 B e 28 T 28, % T R Gk Ay
G MILAL, IFA AR AR 7 5 1 DAC
TERE,

3) gl L dn TR U PR 55 T B, T A [R] S [ A
A REEVE I DAC T2 5] fAEREIR R G5 1Y
BORFEAEPE BRI HETE T3 708, Syl R
HER 52 B AN SR I SR SOHE
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