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1 CDR F1 CCS HARHESR

i IPCC %5 TP (ARS) HiXF CDR Fil CCS HARAE X Hirf, CDR AR 2451 [ 4%
WAL SR AL T 7k BN KA Bk CO,, I HIK A BAAAERG Y . TRl T iy — RN 1
CCS HARNEFRE K A TAlb AR FIHE IR CO, Bl . itk . EatEiab i, SRk HRA
A Mg, IS KUK ARR B RS, 3 2 AR IEEIRIC . k. Hes. P
FIA A AR, EARAAEI 225, ande 1 P,

# 1 CDR # CCS HARERIILL
Table 1 Comparison of CDR and CCS technologies

XA H CDR CCs
B PNl MBS RIME T AR R
U3 R MRS T BUKJZ . AR SR
Tk A SRBRIC A AR RASHERCIEE s 4
Hx R CO, P COHEBI RS
HLEE PFE . LA Yt A PGS | VMR . SRR BT L A7
B FERSEUN AR LI

H TR K Je ]

B, COREARTE LI 22K (& 1),

— AR E B ERERR, R i e =

ML TR SRR, VEERAL . VIR “%’j_g
WERERAR, B CO, WU ATEE YA . 15 W R
st TSI T AT 3333 .
W4 CO,, 2 BEAT A ) L B 5 A 4 A7 N

(bioenergy with carbon capture and storage, DAC Q/ DR " I
BECCS) il H % %5 S 4l £ (direct air capture, m’% v;g(v ¢ .
DAC) $&, 4rBSIF Y CO, JF R ikl il .
Eff7. MILZT. CCS HARTAEIEFHgR b oo
TV HERGER CO,, QiR SR Ffb T —

%, HIIRAIBSIRY CO, e FEA RIS 77 T~
FERUKIZ . WSROI M T IR . W T
FHMLEE %, CDR HARGIEYHE, fheAnsE i

o T CCS HAFHLIUSEAEESAE | FEAREAT El1 CDR BR%EES
FeAREHFAI LB, WTUEH, CDRMIET A Fig. 1 Types of CDR technology
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Hfl CO, Frik; T CCS HyEE AR CO, FeflfnElfr, dhmis M HEEIR SR CO,.

AP, CDR I AR, Seb RS, ATLARYE PR R T . (HR A Rs A e L
B, mART R, JEHARZE CDR SORTHIRE L3 5 IR, 1 CCS T H LIE E AR BSHRIR A H AR,
PehkA2 B TV AR R AT RORRE],  DRICHBERA G Rt AR O [ . (EUR CCS KA i AT ]
HOPR, REASIGHIR AR AR SRR, SRR N SRRSO A At FTLVE Y, TR BRAREOT
T, CCS HARTZ 5 St HT LU AR A58 . SRTT CDR R MR nTRE S B R SRRk, IF:
HXSTHELASE I TR BE ] R B AT TR ESE . L35 %51E, CCS Fil CDR HORA ATEARRIIE
AHEANTE, LS sk H xR .
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2 CDR ARZEH

21 ETHEMBERBOCH CDR KA

1) FEREMR . AR AR — R DL AR CO,, JPREHCE E A Yy AN 1 s
) CDR AT %, ARG 3t EAERIA, SRAEm s it R A, SCBlgRS. H
HRUL, AEAEAORME—$ 12 RHIE) CDR HAR ZRAREBRAA BRGSO CO, fbld A
SRGFRA TR CO, B SR, FHEHBAE, SAMERBRINBWIG, Bl KBS
SIBHTIRE , BRI, ARRABRAE BRI 22 BIRREIS . S5oh, 2ot E R R, R
CO, WEZREZ I, WaHsSEYRam® . ik, MG PR 2, & A Rid ka5 A
B, BEERMAEEL, X T A A AR AR R S B BB 2 R s e LA
TR Y, iR AT BER IS — M S T RERE, IFIRB M2 A o

2) HIERERRAEY e, IR AR B A ) A BRI, e E . BEETEY . IRIER
ML AT - SRS S I A MUR AR R, NIIREBRA Py COMY s A HLIS IR ik
RERCOE TSR TN Bh, gl HRESRGNE | s TR L AR S R

ARl AW B e DR BUR SR T ™ AR AR BRI e, K RIS b e A A W it
PRI A BRES , TASERORIR T AW AN 2 A MY 4, 2RI ) — A s
RENG DA A | fem TR HUSU S AR K IERE, WEMAREET HAE A E A Y, axtdufet 1
THER) CO, WHRETT, FFARI T AR

3) SR . BRI 1D R B GBRA oA P ORATE N S Eerh AR ER WY I SRR
FRUEER, ORI CO, FHCBBRFS R, H52 L, FRig KRAHBRIE U L, RERRERS WX RS
BRAERR A i TE R, RR AR EEIRER D M XALRERS UL 380~553 Mt CO,™ ., SR RERRERT
PIrh SRR BENBOCER, BB CO, RV A AR ERIBRIRERT Y, IISEBUR ARIBRIEEN . AL
THREFRERD IR BRI e, AN A4 HA SRR LR T M R S R, BERSfe it — A FHE 1Ay
RBEHOREA A B A R B, HEMIESRS R CO, MMM, eoh, R Ao A A< T s n] ARETO
MY RASIET D, Rk, ¥, B, FIRWESE, R HER RGAIIER, BeE e, SH TR
b SHIPIRER . HREEZAAHURIER RS B iR O I KR S IR ER S WA A 2R
M QAT B TGRSR, R T AR RERS Y B AR A e 0,

4) WFFERRAL . RIS R IR W), EARRERRER FIRRIRERE Wy AR, DU IR
pH fEL, MEIBHERBRIL A . T RAR CO, KFThE, B4 il CO, #f TiET, SEiEE
RRACIRIR, =B AS R G L 4, JUHRRT A1) (s,  DUSRIPRiE A fL G AR T
S . TGRS WA BERE (e — S R L T AZR AR R PERR AL S AR A IR, ARSI, AR
PIHAHRAY CO, WlihE Sy, FHIHE MR LR AT LU a0 E KUY, SEEY Vesta 2 FIEALIEHEE
MEPAT T E MR AL IR, 2 AR O — @R L AR KBRS . SR1T, 25 ERIHE
A N EAR RS, LABAE KA N rT REAF A E A T T A, Vi AL B AR A — 2 AN
FEPE

5) WHANGAL . R HATE T [ P AN . BEFIERAE TR, St e R A AR e A R
MITESRIHE RS CO, WRISRE ! . JERAESEFIPFIE a2 N UL, REIERIRW), KB RaRT
K. H 1993~2005 4, BFEAZNTHERNEHAT T 13 Wb REEFUBEFERILRE, 45 RIS TR
IMBERE SR R PR A AR M PR A I, (BRI, PRIAEIRI R it A R TR, I BRI
A RO s2 B Z R B C IR AR LRI, Ak, TE S SR B B g R R A 2
FAbifere A= s AR, DASGPRTE R B SRR R 2t — P58

6) Wik B A RS SRR A YRR CO, MR RSBRIF I E Tt P A R . MR 5k
S RGTRITR LI . SRR AR AE . Jaflitt, XLEAZR RGN CO, WO fi s IR
) 7190, JEHER R — . ORI X S A SRS, ] LU R S TR e
J1o T ARIHTLLRMGE AR F 3 St 25— Wi H o ARIETIE, 32200 H AR 380 hm? 24
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ARAE 2015—2055 4], SEEEHERTHREY 4 000 t CO, HERCRPY, B THINBICAN, B ESRGEMNIKE S
TR RE SR | oK TR 2250 R BT THARAT R
2.2 EHTTIHER CDR HAR

1) BECCS. E#he 2 KMk Eme e E A iR h i —Faeilioe =, E2EEHM . RIE
YIFEFT . AR E BB CO, PRI HAERRIR,  LUS TR S R G B S5 T LU= A A ) RE
R, AEYERErI R M re . Hodr, YRR R WA =X, bR Y sk bers
FCH FAEE L AL A L RESABE . IUAN, AGA T LGEA S . WAL RUR B iAo B kel ank
YR WSS OB XA TR AT LI ARG A AR, DX AT BRI AR IR RS, TR
TRIRZE SRR KAk s bt B p B Co, #EATidE, MRS E e UTE 2 i E
ARFRA BECCS. HFAEYHER SRR CO, 54 KR rhi@ b CSE I CO, $imF
AR, b, sE AR TR S bt B P R CO,, AMUASEHERL CO,, AT LUISEEL CO, ffE
Jit. BECCS 1EN—FhEERBIR mRF -5 THEC— R A, AR bR ARtk il b BAT T a4 FH i
5, K250 T RO ATREHA BECCS WiH .,

%2 £rkEAR BECCS T /7™
Table 2 Global distribution of representative BECCS projects*”

ERA7S xR A TR WEMBY M) EERE BRETFFR

PRI Tolk.cesHi H g T 1 BHED BOKZEAE
Arkalon T-J T H ES| T 0.29 BEW CO, KM
Bonanza CCS%i H %H LEETT 0.1 wET CO, 3K
HTRAEEA FCOEATNH sk T 0.09 BT CO, KM
Kremeslud T.J 1 [ E19741 Sl A ) 0.315 BEH Hi T
ARV Duivend ] T [] i 24 Sl A 0.05 BT Ho AT
Mikawat) T F HA AP 0.3 BED BRI
Draxt#) Wi H e [ E/)5C Y 5 #Higrh R
Norwegian 4 FCCSTi H 01979 Sl [ A 0.8 i B

2) DAC. DAC &8 H#E M KA HisE CO,, BER &5 0 CO, I LAF HE0K A SR H AR
DAC T Z it FZAEE CO, it . CO, MUICAMFFRA/MISI A 3 N OCsibide, w5, R TR UE
KAHHHLE CO,. HTRA CO, WAL, X PRl T2 FE R RReR, IR IRREFEn itk &
&= DAC HARM—AEZHR. HR, W FE RIS AT o CO, MRS /e W/
FRAALFRIEAEIR CO, J&, MABHATRRAI . JFA R, ARBARWSGH B M FEREAK DAC HAR AT
K, Hit/AH] Climeworks iz % HArt A LKA DAC T Orca, ARAFEMKSHHHAE 4 000 t CO,, Ff:
FHF B K CarbFix M ZRAT MBI H . 3 3 5128 T 2Bk R DAC T H .

*3 2TkEN AR DAC BIE S
Table 3 Distribution of DAC projects for global business applications!®”

T H 4R P PATAE A= WHEMLY Mta™) R BERES
Orca DACYi H TKE Climeworks TR B 541 0.004 90% BET
Mammoth DACH F K Climeworks Rz R o 550 0.036 90% g
STRATOS DACWiFl  Z[E  Carbon Engineering, 1PointFive BRI 0.5 99% i

Colorado DACHI H FH Global Thermostat Rz R o 5] 1 97% e il
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CDR HARIEZ BB 2 1 e3d:,  FIHSCik
THEARARB S Y TR, YT T #% CDR
HORB R A i B S Y Tkt
K Citespace X Web of Science .0 &5
FE T CDR AH G SCHR A TR 28 o K BT[] B2 Ry
1990~2023 4F, AR “Article”, “Proceedings
Papers”Fl1“Review”, A MHIERAAH IE k2 J5 3
A 629 G SCHR. S A TR AT, BRAR TG
SRR ISIEE N 2 7R BR (#1 climate change)
PIAARAS A FSE LIS, 2407 CDR $ARMFIE
O F E 44 . ODACH R (#0 direct air
capture), (23 5% & 47 XU 1L R (#2 enhanced
weathering), @BECCS ${ R (#3 BECCS), @+
HE[EIBR (#4 soil organic carbon) FiAR, G4Y)HHY

#7 micro mmuiity
vt . fluxes

system services

) °
#8 blue carbon
blue carbor? A

#5biochat
I FH (#5 biochar) LA @k (#blue carbon), %3 I
A, AR (#7 microbial community) ., iti b
PR (#6 growth) KA RS0 (#9 aquatic B2 CDR HoRaeims s
ecosystems) 3 MRBFEREMHAEY . Y Fig.2 Keyword clustering graph of CDR technology

PARK A S R G . T LURBE, SRR T
CDR HORMBIFE, M TR A MRS ISR CO,, S THINEREGIL AT ST AT

3 CDR HAREFE

31 EXER

CDR HARM K B2 RN 2 R ZR R, A Ems 77 . ARKRE] . TR i 200 1
HARGEIRIE 155 . L, A[A] CDR HEARFEE S A A T7 THIATAE 22 550, ARYE CDR HAR M2 vl
HAHE, FRATM 8 25 CDR HiARHBERE T 9 P EUARME AT R I P, Hrpignk . WEEieI A% e
o HAEETIL T 7R CDR 45K 48 BECCS. DAC FIFSFFE AL A . FET- 1458 [ SRERICH CDR AR
LA R FRIE DL PRI B . BRI | TR R SRS BRI AR BRI . A KBRS
AFEER, B35 % 4.

3 4 2020 £ CDR BAMUE
Table 4 Scale of CDR technologies in 2020

CDR¥EZATY FFe CDREARAZFR 20204F A PR E/ME B0k
1 BECCS 0 [26]
gﬂzﬁfgf 1 2 DAC 0 [27]
3 FiFFie 270.7 [28]
4 KSR TH BRI 0.5 [29]
5 K FRE DU 5.6 [29]
SETHER SRR Y 6 s KA 0 [30]
CDRFZA 7 AR 121 [31]
8 VIR 5 WA R 86 [32]

9 FRRG BT 1005 [31-32]
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32 BRRE

ABFFELA 2020 4F CDR HEAR K JRAG B R FE ik #5 CDR BARSHIFRGRE
M, e TRMERRAL 2 R R, BIEESTEAR Table 5 Parameter scenario setting of CDR technologies
iy 3 F R CDR HoRRGBIE ) SRR " ORI Bcon
CORSERT KA R A, T e
CDR £ AR ) B TSIV, s mmre e 0.5% 1%

TN RWFRRMEREIE, IHABTES A
£, 2% FEPrRETE (international energy agency, X
IEA) BAT R FUNAE R, 7 R LAY 5 6 BRRRABRR THRiMIE™

N — Table 6 Carbon pricing under baseline and enhanced scenarios
TR T RRE BB (2020 AN, S5
% 6. HUERE DL 2020 4F CDR # A & k3 Oy BRI 00t AR TGN OCt)

fith, AW AR KR HIRET 2020 4751 Sl 42 2025 180.42 310.5
th, AFEHN CDR AR FBOR T-1, s 2030 28133 621
SRR, B TisR I S AR 2035 328.92 862.5
AR B A A, S 74551 CDR ARSI 2040 515.10 1104
K&, FEFHEARIL, KIWEARPBA TSR 2045 618.88 L 242
B, G T E ARG, WA E . LA 2050 756,26 380
O PEEAIE s e o
2060 1345.24 1878.11

3.3 BHEEDERBAGESE

h T BEAER AL ERRFEBRBOR AT A L, ABFSERAT T CAEP BRI vh oG i G Tl
TSRV BRI i . TR AT TR IR BRA T (1) & R SR R AR R A A L, FRATTEA T T 20030
W, DIVFAEBRBEBA I AERASE . W I FA T T A s b, [RIEF, S5G AR A0 CNTD B
F5 (H ERRH A4 ARSE 5, China carbon neutrality technology database, http://cntd.cityghg.com/) X} ASRF
EIRFEBRH A B AL AR AT T8, i EYE Y 2020~2060 4F . 38 i FEEAS [F] 4 & SR
i, MBI TTEA RIS T ORFEEN Tl SEBRR kI HARAIERAL

) AR ST RN BRI S & To i, T REZM, NIRRT 0. 1Ak, &
AR, MRS B ARBRITAZ B E G B ARBEIRZTER, RICATEIZ AR TS RN, 11420 CDR HoREE
B BRarEs R R (1D)~3X (2) Bs.

TS, xUEP, if UAC,, <CP
TEP,, ={ "o e D #7 CDR BRSBAIBHRERFIR
Table 7 Unit reduction amount and sources of CDR
TEP, = 3}, TEP;, 2) technologies
K HF . TEP, AR jFESE ¢ AF M BB BRI TT CDREEA MEEBREE AR BER
TS, AR j RS ¢ FHE AR MAEL; UEP, AEA BECCS 165  tCOyeq-Gwa' 19l
J WAL R 1, PRI B RS BRTE Jimad S . 0.99 £ CO,-eqt” G
23 N =t S A A EL T, f22 ] Sk E [T .
MBI, BOBRIGIRRLE T g o
CP, NS ¢RI , MECR GTESE ¢ ER BN
B R AR LR HEK AR 021 tCOseqt’ 7
PBRIASE T ¢ AR ES, ZINE AR NI 5%
ey S ES TN 0.38 tCOyeq-t’! B7)
FRVEH-
2) HHESBRESBRMA AL 167 tCOreqhm*a b
o 5 —eq-hm 2 138]
TAC,, = UIC,, x TS, — TEP,, x CP, 3) B 69 tCOreqhm™a
. . . " . UREHIRE SERE M 818 tCOyeqhm?a )
K. TAC, WEEA jIESE ¢ F R R bR A ) )
TR 1.83 tCOeqm™ (40}

UIC; HHOR j 7ES ¢ AR AT, 25T,
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ARBY A B A KR T ATF AR AR T M OCHRE
T RABRFEBR AR AN (4).

UAC,, = 1A% 4
"~ TEP,, @)
FHE BRFE R AR USSR 2 )5, PR BRI AN TR A0 (5).
TAC,
AUAC, = TED, (5

34 BBREBHEBAES

1) BEBRIE T BSAG T B 3 W A PiRp G S FIRFEbR B AR I, PRRMESE T RS AE A SIS
TRt WA IR HTAE N A, BIBRES R R AU es 2 T TR B AR BAS . 2020 4F, 4%
Tl CDR HORAIRRFE R A SR 1.29%10" T8, HAREFHE AR B S A b s, AR Sk 8.50x10"
TG, T TR RAE D BRI

200 200
100 100
0___________—___'_'_ - - 0____—_'—'_-_ - - - -
2 N | 2 "ll'
S 100 S 100
£ _ £ | =BECCE
E 200 E 200 EGACSWC
== f5E X
2 300 2 300 kL
=) o TR ISR
—400 —400 TE K TR 58 LSRR
TR H WA S A T
=500 =500 AT 1
LRI
~600 -600
2020 2025 2030 2035 2040 2045 2050 2055 2060 2020 2025 2030 2035 2040 2045 2050 2055 2060
Ay A
(a) ZEMERT SRR BR A (b) SRALNE SHREE R A

3 2020~2060 F£AREIERT CDR FARRBRIEIRAA

Fig. 3 The total carbon emission reduction cost of CDR technologies under different scenarios from 2020 to 2060

W SN, BRRFEBREUAR A 2045 4FFF 4R B W R A Iiss ™, #2060 AR FSER R kil #:
3.41x10" JC, & 2020 4ERAEUER 1.6 1%, Hrd BECCS HiAR il THEALIBRAS R AL TRt , I B
WASBR R, AN TR A — BN 17, 2060 4E HBRES R IRIS AU s A 5.77x10" J6. DAC HARH
2045 AEFFUETZ G, 2050 AEHBRIER AN 2.64x10" JT, 2055 AETFIARE A Es, 2060 AERRFEIR
HRIEE 9.65%10' TG, FESRALIE R T, BMRASBRAA H 2035 4FFF IR BUGEERERKT 0, 78 2060 A IFE AL
Wezh o 5.65%10% J6, ARHELUERE SR T T 65.6%. Horbadan X AL H AR A B ITF 4G, kb RE S R U4k
BECCS i AR7E 2060 ‘FMA IR R 8.99x10" T, DAC HEARFE sAC KIS B [R] Y 5T HE AT E 2040 4,
2060 AEHBRFS GRS A 2.80x10" T, BHEAERRILTT T 190%.

2) BIFEERIAS . 2020~2060 445 CDR HARMERAFEBRAAS AN 4 7R, 2020 4, 9 BHARKFEE
PFANIRRFE BRI AA 867.33 Ju-t™!, Wi TARESEIERMN 58 ot !, Hrp PN EREL IR BUAS B/ NI R HRRL
h128.99 JG, R RSFFAHEA 3 142 g0t FEAERRT, FIPALTRRREBR AT T, 2045 4 4-
144.17 70t 1, BIBRBSISRENSAH el ss 144 J0-t1, 2060 4EX—F8hnTT 2 1 084.76 Jo-t ", FEFAFIAH . TEHHE
HRBL RN 7K F75E DL A AR S IR AL SR A 12 T PS4 B U HE RS AR . £ 2060 47, FEFFIA FHEAR BRAI
te (R, M47.15 g6t 1 BECCS HARMFAAIRFE R ASE R NG, RIS KR, 7F 2060 4F-HL
PIRFEBRES M 1 282.68 T+t DAC FARFNRFEERTE 2060 4F4ETH 2 787.98 Ju-t™, HAMBAM SAIHRAS
BrUSces I T 500 oot FERRALIE ST, SFIPALIBREEER A I 2035 AEFFURTEAR AIREE, F] 2060 4FF-1
PANTRRFEBRILZE A 162221 JT. M, BECCS HEARAN R A T RESAAMIF AR, 2] 2060 4F A7 25 N
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1817.1 JC; FMBRICAI RS —, BANIBRAERRINES 1 743.67 J0. A, FEFFE HEAR B R IRE, PAf7
RBEBRIGES 612,31 JC.

4000 4000 @ BECCE
® DACS
WFREm
3 000 3000 7K IR HH BRI
@7}@%%)1 3N
o 2000 o 2000 ST ee—
= = AL
® ® AR
= 1000 = 1000
) f 3 o
= ® ®
8 0= - g0 & oF————-— - —=— & ———————
= c 8 L ] £ ~ o
-1 000 v & -1 000 o ]
- he - ) -
) -
-2 000 -2 000 ~
2020 2025 2030 2035 2040 2045 2050 2055 2060 2020 2025 2030 2035 2040 2045 2050 2055 2060
AEfy Ay
() FEHENS 50 T B IRFE BR AR (b) SR T A RASBR AR

4 2020~2060 FAREEFERT CDR HARBALBERAAA

Fig. 4 The unit carbon emission reduction cost of CDR technologies under different scenarios from 2020 to 2 060

3) BBRIE 1. &1 5 iRl 2020—2060 @?ﬂaﬂ%ﬂf CDR HARMRRA IR TINSE R . 7F 2020 4, A7
6 5 CDR 5 AR WA RAEVE, SRR EAF] 14.88x10° t, HIP RSB BSER, B2HBKR
10.05x10% to MRyEfH LA (PN I ES AR LS Uk E R A5 Bamdi ) 1A i A RARN S fe
A =R AR BRI ) B R A R E SR RS, 2018 AFEFR E M | aﬂﬁnmi&/\wﬁifz%ﬁ
9.66x10%, 1.02x10° 1 8.64x107 t, AHFFEIHA 2020 AERARR A R SR iR R m ARSI A &
I, WFRES MR R . bR T ARG BRI, /imiﬂzma SRR R BRI AE 2020 4F4) \”lJM%
8.59x107 £ 1.21x10° t, ERESPBRERIK. AL, /ﬁﬂ@%ﬁﬁm A 2020 LIRS FRE 6.17x10° to TEMZE
CDR #iARJHIH, BT 158 { RIRICAY CDR HAR BABBRIE 10 i TR L T CDR #R, Elﬁf
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Abstract Carbon dioxide removal (CDR) technology is one of the essential means to achieve the “dual carbon
goals” and negative CO, emissions, which is currently in the development stage. This study aimed to elaborate
the distinctions between CDR and carbon capture and storage (CCS) technologies, as well as the types and
current research hotspots of CDR technology, and evaluated the emission reduction potential of various CDR
technologies. The findings showed that, in the long run, CDR technology was more sustainable and could
complement CCS technology, playing different roles in different scenarios. Research on CDR technology
primarily focuses on increasing terrestrial carbon sinks and artificially capturing CO, from the atmosphere, while
research on increasing ocean carbon sinks was relatively limited. Based on the analysis of the CDR potential,
cost and carbon price of nine major CDR technologies in different scenarios, it was found that: 1) Forest carbon
sequestration was the main driver of carbon removal in China, and the carbon price was generally lower than the
unit cost of carbon removal in the early stage, which also made the potential of direct air capture (DAC) and
enhanced rock weathering technologies in the early stage of carbon removal small. 2) The total cost of carbon
removal gradually changed from positive to negative, and the total cost of DAC technology gradually decreases
with the application time, and enhanced rock weathering technology can bring certain benefits from the
beginning of application. 3) Among the technologies, the grassland carbon sink had the smallest unit carbon
removal cost, and the straw returning technology had the highest value.

Keywords carbon dioxide removal; negative emissions; carbon sink; CCS; direct air capture
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