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FFH 2B A i BAPEAN (life cycle assessment, LCA)J7
ENE R FERSRE . B85 R EEL RN E
FERN ) B HE R B AT o =, AR TR
ANTF) B B % 46 1) D B B HE TBORN A6 A BE RV FE 341
KFHlE A amE AR, Ensha A D5
. 91, Al-BreikifiBicer "Vt % K35 /K (Qatar) 1 B
REER, WEIC T ORI A] B AR BRI AR TR = AE
BB I AR IR E AR, TR S
CCSELA BRI Z BRIV 1.68 kg CO,/kg NH;,
T AL SR BRI AT BAFEIC %20.47 kg CO4/kg NHS.
Ozawa2i N5t H AR BEIR AR, A8 0 A 44
i JE A B e TPl 1R AR U AT PR AR R IR A
B IR - A7 - IE R 4 A A T SR e A, A
FLR B R AR A E O R AR o S HE B 80% LA
b, TR K T RO B T A R B B
LiuATLin' " DGR ] v [ RGN 195 2% 1% 2k ), WF 9%
T DA A AN A i IE 7 S e B RCRE Mk HE IR S
B, RIS B B UR AR I R N 41.6%H133.6%,
BT USSR 1930.4%124.8%.  ZhangZe A4 51
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FEP SR AR AR T R R KA E B EAEARIENE
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Figure 1 (Color online) Boundary of the life-cycle analysis system for the ammonia production pathways.
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G, BEHIER S AR D& S R AN
THE., PEBHEERE (PEEBRIFEE
2021) 3% FH HLRVE 1y K M 5 R EAT BT

3 LA

AR SR IR A i SRR VP SR A A 5 L i 57 Si 3 =
& WIGREET(the greenhouse gases, regulated emis-
sions, and energy use in technologies model)'">). %1t
O A O R A 9 SRR R R TAR B L JURE
s INTEADUAN B, FEfovE P AR SR i
PSP BT H G, B S BUSCER AN R 2 DL
R AT VP TR oK. B A BRI 2O R, At
FUHET B A R SORIRSTIT R A B f it
TR BB B AT S HABAT. A TR & 4
A 2 R R F AT 2P ME, BRI AR 1)k
HemcE AR A BB S ik AT I B, FRXS EEAS Rk
TR A T I AL G B RO BERE. BT 0) L fig
KBV A G L, AHEFUEE T 20204 Bl #y it 1
VR A H AR AR A rti o KU R sl L B 7K
FL AR ) A i JRL AR Y, B IR U SR A s it FE 1)
REFEATRR, FF0F EEAS B HL D5 N T (G 2 B H T
MREFE. RIFIH T HaT R HI A AR & A
A AR R R A Va IR AR A SR A
ZHI R B B AR R2 9 F RS TR T
AHINE R RIS SE. AT A
I R b ) REVR T #E S R HE B, T LR A AT
FREE, BE SCA i A RE TSR AR A N

F1 IR BN R RERER RERAR S

NH3

x 100%, (1)

Nsustainability —
sustamabrity Qprimary fossil energy

LHVyy,

Qtotal primary energy

FH, Nusiainavitty T ne efticieney 70 172 A2 i i W BEVEL
HI AR, LH Vg 97 5 AL B 2 AR AL R A
(18.68 MJ/kg), Q primary fossil energy MO g1 primary energy UIpaEs:
B 5B A IS AR I W A A e Y T FE A S R
TRIHFER(MI/kg NH3). 7qinapiig SUE F1 T 100% 38
T2 N HRF SRR VR R B 2.

P SR B 2k

Sl S 2R SN T W2 R, 2 BRI R T
KGE . Borisk. A A RE AT
T2 H e BRI SR M 14 3% 23 51 M99%, 95.0%! Y, 14t
IRFTR I B L) S IR AR RS 1. B iz iy 3 2
kg AR KE T T, ARYE P E R 2
RAGH QO2VFERERATI R BFER L) , 2021454
[ ki Rt R R 25,8400, 5 4 E R B
62.46%. AWtz FEEE At T, FiiEi
PEEIZ19180 km.  BEASALHIZ M BERE . BRHE A A
99%# ok H TRl SR M FE. A H & R B
IR B HECN20.35 kg/kg Hy, HH117.97 kg CO,K
H TS A SR TR BACIR, 1M 73 712.38 kg CO, K
HTHIRGEM RS AR A =52 T H, 75
FE210.8 MISEIRFI12.6 MITHL /7, KL 4E & RERE N
223.4 MJ/kg H,.

AREATT R — EEFERCNESR, Tl E R

x 100%, )

Mhet efficiency

31

Table 1 Key technical parameters for hydrogen production, carbon capture and renewable electricity processes

T 28 THHE HEUEME FsfE EE BTN
PRSI 50% 53.6% 57% [13,25,26]
REIRAHIE 61% 72.1% 80% [13,18,27,28]
P i 1) S R 68% 72% 75% [19,29,30]
COftESR 85% 90% 95% [31,32]
CO, Il tEREFE* 29 kW h/t 27 kW h/t 25 kW h/t [33,34]
CO,E iz i M B 17 REFE* 130 kW h/t 130 kW h/t 100 kW h/t [35,36]
PRI ES 15% 15.9% 22% [37~39]
LR ES 26% 40% 45% [40]
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Table 2 Parameters of feedstock transportation process and renewable hydrogen production equipment lifetime

T4k Hfl SR
R IS HFE R 1% [41]
CO, s 1% 100 km [36]
R RBCE 96.9% -
PN S &S 95.2% -
RN IR 0.026%"" B IS R — AR T0.5%
HL s R 95% -
FE R 39.5% -
FAR A TEH R R 55.8% -
AL i 20 years [23]
AR LA i 20 years [24]
R 75 i 90000 h [19]
e AT IB Fr R 0.21% -
1 RSV SE AEHE(~20 MPa) 3.1 kW h/kg H, [20]
AREEDFE 4.6% [42]

2024 F FE 54 FH T

B2 (W94 RROR TR o) i 2 B e R (AR TECCS B | i AR LR B HE O

Figure 2 (Color online) Main processes and efficiencies of the coal-to-ammonia pathway (* represents direct CO, emissions from ammonia

production without CCS technology).

R B AR R B 55 VA A% A8 R I BRI
T /NEEBL A, ARAE BRI )
B R ARl w4l >99.5% [ & A B2 B 1ES~
5000 m*/hitf, EALH| A HEFEN0.43~0.60 kW h/m’, It
Ab i EUE0.365 kKW h/kg N,. 1R 7 155 i1l 0E Fl T8
Fr HAE>5000 m* /KRR, U A FLFE A
0.162 kW h/kg N,

P s e P A B R R R 7 is far Bl
MHEH, SRS SAE IS RS G NG
P TBL. F/NE AR 1 [ R & R R G K%
KA IR R, EAENLR 2 2 1~6 5 11 2 s 48
WL, RIS RS HEETE0.3~0.5 kW hkg NH, 2 [7]! 7]
IE A B 1) 2 FEFE 40.490 kKW h/kg NH,.

3.2 RARWAKE

FAR S B 2 AT W B3 PR, REAFER
RATFFR B KRR IEH . RABRAHIE. ARE
DU RE. R FIF R 7996.8%, KINF b3
B N9S5.2%. RAINFIF R M Ab#EE FE REFE LU 4] 2
#%S1.

FARRZERE B S A 287 BRI B A e
ZEVA A o TR USRI FH B ) SRR D 4y T AE 82 %~86%,
61%~73%30 Bl A Y, BLAb SRR AE N T2.1%. JFRFR IR
RAEKFER BRI PTT B RE BRI E5H
JIFLEFRAE, =38 5 A 1996.79%53.21%. [FIFEH),
BT FE A B HERCR B T OB R, REDhRE
REBRHERLZ) A11.80 kg/kg Hy, HA{X450.43 kgk EH T
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WL R ke &k, SR W IER G iz Ik 7179200 bar
(1 bar=10° Pa)it, il HLFE90.324 kW h/kg NH,'®. &
B B P i R R & O A BEFE S R £
AHTA].

3.3 T HLHlEA AL

T PR 322 P AR K A B R S B A Y B4 P R,
FEAFE N R AMRKTIE . SRS SRR =it
. BRGSO S B E R G R KRR A
REHMOR B e ke gy 1, BRI R S
BT e FEF<4.9 kKW h/Nm® H,, A R G AEBUE A S
K TF72%. HARH]& AL KEHLR200 barff) &
EEA, AHERARBAR R, SAEGE R
HNI5%, EAEFEE SR N0.5%, AL EFEH
43.1 kW kg H,””.

WaE CPE B G ES2021) VEEE BOR,

B3 (WL RROR JET) R AR ) it 2 B R R R

202044 [F 5 K B Bk B 7626442 T TUH, Hr62.8%
R HEESR H TR R, R JKHL, KU FIAZ
Sl H3.3%, 17.8%, 6.1%F14.8%. HL4RE E bR AE s 2
(IBA)HI [ GE i Bl 2 0 21, S5 R 7R 35%~
46%2 1], HEACEU A AME39.5%; RARSIBEGIEIR K H
R NS55.8%. FBRERHEI B, B4, BHREELRE
(R4 2K i () FRL I H ) COL R R #0M622.6 g/kW h.

3.4 WTERA L) S A A

AP H ) R R S B R R S BT,
TR A R, . AR
AAMIE A A LA, AR E FRRE IR E20214F
KA (b [ eI AR R B RS LR IR ) PP 2030~
20604F 1], P E K FH AE 6 AR AR H B ML A 4F 35 37 38
BLEKE 23 58220157 GW, #3856 AR . X FE R R A
BT AR A 2, A, R Sy it T

Figure 3 (Color online) Main processes and efficiencies of natural gas to ammonia pathway.

B4 (W28 RROR D) T R ) o PR 2 T B R R

Figure 4 (Color online) Main processes and efficiencies of ammonia production from hydrogen driven by electrolysis via utility power pathway.

Bl 5 (4 RROoRe B AT R A v g 1 S R B R B R S R

Figure 5 (Color online) Main processes and efficiencies of ammonia production from hydrogen driven by electrolysis via renewable electricity

pathway.
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FE R A B AR . A SO BT A XU R AR
1) 4 2B iy B AU 2 R B T T R AK30 MW KL
KL 7 BB MWOBHR & B3,

HRHIE 2 FEABLEAEE. mESRKE
F-KERERMEH T 22 AE ), Higkh
F 125 5001180 km. 7848 P iz i R B B i 12 i
Mis A& N ELTT A, HHSMN25%M75%.

4 ZRSHEITR

HF U AR ST, BRSSO A A R
% 2% 2 i R SR RE DR R AR HER. B3 FTR, BLR
RN ERHG & IR R (R2) B A R A S BE VR T A
W, N39.718 MI/kg NH;, 5 CHR[43]F HI135.0~
37.9 MJ/kg NH M B, H =8 B2 X 78 T A0 578 % &
T RIS K Kz b i, R KR
IEEFEFEAEZ) 92,198 MI/kg NH,, BRI AS T 55 500808
ZEJE T AR, FLUOR ) 2T AR (R 1) 44 J B
RETR VY FE B 50.554 MI/kg NH;, PRI & e A et F
FRFIT 2, CRRIRIE[12]7£45.0~54.7 MI/kg NH,
2. RERIFIR2EA AR RS REIR R, HILAE
i — R R IR T R R A RE TR o LRI 95%, o

F3 AREBRLN KRBT R (A7 MI/kg NH;) ¥

Table 3 Primary energy consumption for ammonia production

Wik F) T 48.500F138.515 MI/kg NH;. T H ff /K il
HHREARIVAEAERANLARFEHEER, A
68.494 MJ/kg NH;. U 0] AR HL 7 AR K il &A%
ARY E A e m A a F e RETR ok, (HHERERE N
RFEFRETRMHRE. KBRS RE, Sk
FREVER A7 EL ORI 2 A RETRTE FE R 1 1/10.
K6, DRGSO i 2 b Rk A 3 % fif
E IR EE AR /N, RUMIR2GEAE Hh L 43 1) Ay K
FARR, B BTk S G BRERIE) R,
AR Sz fnd B 2 AT, R3FIR4LFEHE FE
A IS B EENKEEFzHmAE, W
IEALEE K iz fd FEAN AT 2mE . E6(b) e A R A A
B AR REVR A R A5 1. AR b 3d e SCR A= o A 1 e
VRN, qaimaing X 7 7B LR HEAT V1 555 AT R £ AT
iy, g5 B anE6(c)fizn. R1-w/o CCSEELA: fiv J& I RE IR
BFRANKN38.5%, 45 CCSTA JG A iy Ji HH RE YR 250K 1%
K1.0%/4 47, TR2-w/o CCSERER MK NA8.5%, TELE A
CCSEAR G IR REFRRAR T2.2%. R3ERLL K FE 1A #54:
Pz, HA A A BRI BCRAN N27.3%. 1 AT fEAE
il A A T A T A T FE AL A BV A
JE5%, HARATRE T A RRIR, M54 4 A 6E
TERCR A A E] T 284.1%M1467.7%, M TR =4 &

R (%) SRR nmelE ARMEAREE R RIRA A AWt Re A EAERE
48.500 2.054 47.667 0.419 0.414 0.422 0.244 1.810
R1-w/o CCS 37.0 50.554
95.94% 4.06% 94.29% 0.83% 0.82% 0.83% 0.48% 3.58%
49.844 2.855 48.848 0.556 0.44 0.586 0.339 2.515
R1-w CCS 35.4 52.699
94.58% 5.42% 92.69% 1.06% 0.83% 1.11% 0.64% 4.77%
38.515 1.202 5.047 5.044 1.043 0.245 0.150 0.000
R2-w/o CCS 47.0 39.718
96.97% 3.03% 12.71% 12.70% 2.63% 0.62% 0.38% 0.00%
40.360 1.653 6.829 6.825 1.065 0.338 0.204 0.000
R2-w CCS 44.5 42.013
96.07% 3.93% 16.25% 16.24% 2.53% 0.80% 0.49% 0.00%
68.494 22.564 63.492 3.954 1.048 9.879 1.901 20.663
R3 20.5 91.058
75.22% 24.78% 69.73% 4.34% 1.15% 10.85% 2.09% 22.69%
6.576 229.598 2.463 2.341 2.463 0.279 0.229 229.369
R4-PV 79 236.175
2.78% 97.22% 1.04% 0.99% 1.04% 0.12% 0.10% 97.12%
3.994 91.32 1.133 1.3 1.561 0.067 0.164 91.156
R4-Wind 19.6 95.316
4.19% 95.81% 1.19% 1.36% 1.64% 0.07% 0.17% 95.64%

a) R1, R2, R3, R47; HIARE I
HoR, Me“w CCS™RF“with CCS”, BI&5 &b EER AR,

RARAHIE T A S SR AT AR L D I &SRR, wio CCSAEE “without CCS”, RIASE & B 42
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B 6 (MLRRED) (AN FBE G R, (b) AR S

T G B BE YR AL A5 M RN () A= i o) B BE U A ) B

Figure 6 (Color online) Comparison of (a) CO, emissions from ammonia production by different pathways, (b) energy composition per unit mass

consumed for ammonia production and (c) life-cycle energy efficiency.

A W5 A AT RFEETEAL S

4.1 BRI R IR T 5T
4.1.1 BRI AT

WRAFTR, PR A AR A
4.190 kg CO,/kg NH,, H RS 4bHI SR A
91.13%, X HEAA [Tk A2 308 RIS M AR, T 2 A i) 2t
25 & A FEFE AT S B ) R SR S i E
43 51°50.080F10.290 kg CO,/kg NH;.  E7(b) & B 1k
i) S ) AR L, BRI SR R i i
TR R 12 i R e il 90.212810.021 kg CO,/kg
NH;, 7EEANHI S FE F i & B 23 025,58 % 410.55%
F17 () B (d) 7l 2 B bl S B A 5 R A 1 20 % BT 1
REFE S LL, T ULAEHI A T2 RE4E 15 L 983.08%,
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RS ) SR LI FR () REFEAR R IE 87%. TR 4R 4K
PRI, ) S R B A 2 28 921.37 kg COy/kg H,,
W 5 SCHk[44]79 122,66 kg CO,/kg H, 32 5 [X HII7E
FRERIS AT B e AN, BRI T B
SRR (GHG)HE UM H . K 25385 i 1ty 1) 2
GHGHEK, FHH A SR ST (1 B H N
17.97 kg CO,/kg H,, it mAiliEmMLUKB K TER
1.63 kg CO,/kg Hy, 187090.9% ) — AL, SIEA
RKATH) (P EAEESCCUSHIENEY I 1.7~
1.9 kg CO,/kg Hy 5 5% 26 A5 H R 2, He 32 B DR 7E -0
HIE MR R E A, BT ECCSE AR B
TRIEEE AR, SR BRI 4 SR E 7T
BUAMNEFER ). K SRR TR, TR AAM A
T E SRR, BB R IR — A R 858 AT,
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R4 HERIE AL R BB A R R R I Y

Table 4 Inventory of life-cycle CO, emissions and fossil energy losses from coal-to-ammonia pathway

BB WHEL (kg CO,/kg NH;) AR (MI/kg NH;) EFEREIRRE (%)

TR IR 0.212 2414 95.0
HEIE K 0.021 0.701 99.0
A 3.587 19.007 53.6
AR 0.080 1.063 NA
HERELE 0.290 6.635 80.8

it 4.190 29.820 37.0

a) NAR[I“not available”, %0/ RIRALFE F 2SI HVE A ABEAT THEE. DL AL

AR P24 11C0,, CH,, N,OZHR S 1k B
HEAN K, AH G 33 R IR RN 43 ) 2 C O, I
25F5FI298 i, A MR T SR O AR A B HE R
147.17 kg CO,/MifE, [FINfEH5.22 kg CH, M
1.88 g N,O, #15H M GHGHEH304.84 kg CO,eq/Mif,
76 v R E A7 R I 7 A PR R S A2 2, R L A ) A
AT FE RS T R EM.

412 ITH¥m#HELMH
P SR IR L e R T R TR AL

B 7 (MEREE)ESIE 2R B L Z&H1C0o,
HEH((a), (b)) FIREFE((c), ()L

Figure 7 (Color online) Proportion of CO, emission ((a), (b)) and
energy consumption ((c), (d)) in each stage of coal-to-ammonia and
coal-to-hydrogen processes.

IR RERERIRE M E K, HSZHORMIE, TR KisTT
NEZHAH R KM, R FR e R, L
N SRR R . R R R AR
HIHAT L2 8uE 5. T RSB BR AR A
H26.44 M/kg, TETHE REFERT IS 3%Z 1120 MI/kgid
ITHTH.

SR 11) S IR e T B R 0 ) S A B A B T
228, AT AR AT LA s AR A, [
I PR BERE I BCHERL. I SALHI R PR N S50% 32
= EN70%H}, FAL BRI ) 22.82 kg CO,/kg H,
B 216.59 kg COykg Hy, &K T27.3%. WiFE8(a)flr
N, BSOS R I HE U 4,452 kg CO,/kg NH;F#
£ %22.994 kg CO,/kg NH,, #&m REIRFE LR G B AL
Hl s A A REVRTE FE B 51,581 MI/kg NH, F&K &
38.473 MJ/kg NH;, 18/0 724 5%k, HA%
FECCSEIAR,  HE i) S B A BT 7E B 0% N 70% )
HA R R R 55 15752.994 kg CO,/kg NH;, 17T
A KAR A = 2.

TEBRIF R N90%MIHHL T, B A ik 2
A A1.603 kg CO,/kg NH;, AHE T A FCCSH A
W HE R BRI T 61.8%. [N, BALIE A EFE
48.500 MJ/kg NH, T} 15 549.993 MJ/kg NH;, X &#57RE
FEMUBE N IR T COL I8 ¥ KB AZ I FERE. B
T CO,EIZ M 4% 250 km N 35 4 A 1 17 SEE S A
0.572 MJ/kg CO,. M 7(b)FTR, Mk AR L i
b5 CO, 3l 5 26 1) T =1 1 PEAIR, CO, 3l 4 2 I35 KA AH
AT R TS A E A R I RERE, bR T
IREFEIE N, 45 COSEIA R MR & T. 208 20 JkHE
FB, PR AR 47 5 A0S 4% 2049 1) e Rt i Ar AT
SRIM, S5 IE6(c) TN, Bk 4 Lt & R 45 & CCS
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Figure 8 (Color online) Effects of efficiency of hydrogen production from (a) coal gasification and (b) carbon capture on CO, emissions and energy

consumption of coal-to-ammonia pathway.

TR, HAan A WIREIR AR LA 1240%, 1ENE A
JFURHR LA RS2, BEAh, d TR R 2, AL
i SO FEAEAE B AR 2 ISR TS e (i — 5
B BRI AR A ), R R R TR A8 U5
“ER G BRI BUE AR R ST, HXRSR
PRI IR G T RE S0 IR

4.2 RSN A &R L 1208 5 B
421 B RIFBHN

FARS R AR L 125 42.356 COy/kg NH;, It
B = L SCHR[101 K53 15%, EHEZERET A h%)E
TR T FE R BT SR IR A R RAR A
ARG TR REFE 5 LI IO F . 581 L R AR
S EHEARSAN TR e RE, BIRKE, &
R LR A I U A R R 2> ) 0,194
F10.080 CO,/kg NHs, AHE 1% B A4 B HE S DTk o5 b
98.85%M13.39%. It 3 5 HE B REFEAN O = R 4
B R 14.07%F15.79%.  RIRS A REIREL LIRS B
HEFBO — A Bk B R 2K R BB FE o B 358 i A i AR
80%LA L.

MR W B, R AR S AT R R A HE
11.65 kg CO,/kg H,, HH19.25kg CO, K H T RIRS
SR B, FAR A JFORL R A B F e
SRR A ) IR HE L. © A SCRR[47]0E W 5 FEAN A
RBLIR TR T PR 7E9.10~14.5 kg COy/kg
H,, A OIS 45 518 T A H A AL 8. 5 FECCSHA K
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B R A8 220,93 kg COy/kg Hy. RARSIT R T
HE i FE A BEFE o5 LU AR W B R 1 = e, A
24.94%F115.69%, = E i RIS R IR U B R 4%
WK B, PRI REFE 5 EE AR R

B9 (MEMEE) KRR ERE. RBTHEALZ%
A COHEI((a), (b)) BEFE((C), (d)) 5 EL

Figure 9 (Color online) Proportion of CO, emissions ((a), (b)) and
energy consumption ((c), (d)) in each stage of natural gas-to-ammonia
and natural gas -to-hydrogen processes.
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422 I H¥HBpBEEAN

ARSI S RRIR e 2 X T RIS AR 4>
TRFRRR A 28 S REFE A2 (5 LI 80%, AR ik 1)
WER, DUFIERRAA A AR IR L. Ak
T dili 4 6 P P A B JEAT RIURR P A0 . A SO B A
()RR AR A 50,60 MI/kg, BB AR ARA H
{8939.32 MI/m’. 24 KRR A2 N T0% 5 5 )
90%HT, FLAL A IR HERCE M 12.01 kg CO,/kg H, ¥
fi%9.27 kg CO,/kg H,, F#1%22.8%. 1 10(a)fi7R, K
SR 2 IS R B HE R A 2.41 kg CO,/kg NH; £
%1.92 kg COykg NH,, $2 5 BEVRFE AR 5 57 il &
AEFEH M 40.81 MI/kg NH;P#1K %232.43 MJ/kg NH;, Ik
120.53% 1) e k.

WET10(b) AT,  RAR S A R ik 2 28 B
COHHE R I T 1T AR, CO AR 2 I3 K AR B b

F 5 RV E S L TR AA RE BT 5

R T s B R REAE, BEMAT R 7R E R
FERIIN. TEBREE R N90%MIE LT, AR HI R &
FEB 2 AN 1.052 kg COo/kg NH;, AHE T A3
CCSH AR E PR T 55.4%. o E BRI 2RI
A IS FRTE I HE90% — ALK BB U e HE R P AR
4.255 kg COy/kg H,, HH X 470.924 kg Kl TR IR
A L2 R BRI, Bl B S A7 IR HL D T 46
M5 SR PR BB BRSO 14 1.008 kg CO,/kg H,.  [AIR,
BALRE A AL MN38.515 MI/kg NH & &
40.360 MJ/kg NHs, X5 BEFEM)HE 0 32 2R IET-CO,
iafi KA RERE. R SRIBRZAHLL, R2AEH L4
ECCSTARMIZEA P ryysqainapiny B0 140%, (HILFA
M T e B E . WEBUA SN RSN,
FE 2 RE UL TR E USRS F 38 55 R W] REAE A4ERR R e
IR

Table 5 Inventory of life-cycle CO, emissions and fossil energy losses from natural gas-to-ammonia pathway

B Bt BRHEL (kg CO,/kg NH;) AEE 4L (MI/kg NH;) W (%)
RIREFF 0.247 3.67 93.6
RIRR sk 0.116 2308 99.97
RIRAHNE 1.71 10.208 72.1
VA 0.08 1.063 NA
ARATLZ 0.194 2.584 82.9

Feit 2.347 18.361 47.0

B 10 (MIZERORZIED) (a) R AR R AN (b) A 46 R X R AR U B HETBORT REFE A2

Figure 10 (Color online) Effects of efficiency of hydrogen production from (a) natural gas and (b) carbon capture on CO, emissions and energy

consumption of natural gas-to-ammonia pathway.
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4.3 T LI SA BRI T
43.1 BT

DA 4 [ V- 35) H, ) e VR 45 1 4 g HRLUAR K I HEL D
AN, WF6HTR, T HL HL AR ZK i A R A TR RE B A2 128
1%56.384 kg CO,/kg NH;, A1 & fedE N
68.494 MJ/kg NH;, H:4190% UL _E A BRFEROR e ALY K
BT HEMKEIRTZ(E ). LLETHEAK IR AR
[ RE R 40 R AE 60%~80% 2 [AIHEAT A 5, ST AR
H1 4% BB HETCR 24.90~33.22 kg CO,/kg H,, #23E1k
FRREHIERI2~3M%. BRAASAEFR. HE T
BEHE, B EAHESE20 MPaf) & RS HEES
N —MRE R A, SN, SRR I R T
P B TRl RERRHE U 1.94 kg CO,/kg H,. 1 5SS
FEANKEREANE BB, KEHEER
FIEH LI N363 kg, A SIS I FE 7 A A RRHE TSR
REFE > 1 90.127 kg CO,/kg NH;A11.493 MJ/kg NH;,
FEXS T4 SRR B DT R B 53 1) 2.35%H13.55%, L,
Al LRSS

432 TLTH¥m#HEHN

R DU AEE. RS HIMCEEL, T
. db. EEE G S EERE A G, ER
HLUE T 7 A 27854 T LB 416744 LR 570312
T LI F504842. T PLISF, 430 3 9520224 4 [B i FL A
E3.65%, 5.46%, 7.48%F16.62%. 44 HI20214H
FIREIRSE Mt kb s A RIS 1R . MR R H 45 A 3R AT
ME, FEEIHEIIRGCOMN T R H| A AL &
BRHEBCR A BB HE B B 12577, Hodr DU )14 s )
RYCO,K T N119.47 g/kW h, LLiZH 1 NEINE
R )4 A i JE B RE A1 v44.845 MU /kg NH;, B2
AV A1.288 kg CO,/kg NH;. HRET % 45.763 kg

B 11 (2% RoRs ) T R R AR K o S A R A TR A AT
ZEMBHER (), (b)) LREFE L EL((0), (d))

Figure 11 (Color online) Proportion of CO, emissions ((a), (b)) and
energy consumption ((c), (d)) in each stage of ammonia production from
hydrogen driven by utility power (national average electricity).

COy/kg NHs, 08 A 57t Ak 1 4 P 37KF,
Iy BIEF) T 7.718H17.058 kg CO,/kg NH,. B HZ =
fif 7K ) S F PR - RE R L R 22 75%~90%, W1 13
FioR, CAAIE P2 ) i i R 1A R % 2k
A A IR HE U SR 7E4.798~5.608 CO,/kg NH;, H
PLIR B A R FERE N 62.795~73.390 MI/kg NH;. it
L e = W B S A S 18 B oy S R £ =
P 2% 1) BERE AN B HE R L 8 w2 T - A — B R
“RIA>E -G RHRER.

WmE12fR, 17 R E A R A AR I BRI
J55 5 DXk L TN P A R RHE AR P A AR R DR BE . M
RN, CUKES R D TEH A A R IX

F 6 TS A RRE A i A IR HE R AT RE R AR T B (A E T X )

Table 6 Inventory of life-cycle CO, emissions and fossil energy losses from hydrogen to ammonia production by utility power (national average

electricity)
B B WHERL (kg COy/kg NH;) eI (MI/kg NH;) R (%)
HL AR 7K ) S L 5.755 40.573 343
AR 0.344 3.690 91.5
AR 0.083 0.890 NA
HEHATZ 0.202 2.164 82.9
it 6.384 47.317 273
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SRBOREREL LB T RIS, HmHsE 28T
0% —HABRE I RAR I = Br k. B X
ol e 0 PR A R AL PR S IO EE D T R B B, T DA

B 12 (M ROR ) % 4 F I i S 5 R 4 TR B HE T
()l HEFE(D)

Figure 12 (Color online) CO, emissions (a) and energy consumption
(b) of the overall process of ammonia production from hydrogen driven
by grid electricity in each province.

Bl 13 (P48 R B ) i HETSORT HRL AR 7K o] 2 A i ) S ko
AZ 1k

Figure 13 (Color online) Variation of CO, emissions and energy
consumption for ammonia production from water electrolysis efficiency.

Y S S P R A B R T

4.4 A FAE L) S A SRR R I A B

R A B SR S B B B A2 225 B
BN E 145K, Ry XA H i S g 4 A
1 — AL BRHECSY 730 290.569F10.335 kg CO,/kg NH.
RTRRSIN TG H T HUR /K I A ia 4 o A I
BRHEBORIAL A RE R RTE 5. ek K A R R
b5 X H S P R R B T S ok TR K
FR LB F DB R 7 22 5. AR R HLAE A 11
i) & AR SRR AL FA T REREAR N e, AR A K
LR AN T 3R AN R, A AR o A W1 e i R - T
F£30~106 g/kW hz (A28 — i 3, 40 & fsk
MR DhFFNREN LR OR, H R AR A BRI
7R3 9% HL D B FUBRHE IR 7 — A TRk, A
LEHLAAE . Fdn 5 R RCREIET. 1~31.1 g/kW hZ
)3 5,

B 14 (W RRORZ 1) AT A 7 o) S A R AR R AR HET
Figure 14 (Color online) CO, emissions of the overall process of
ammonia production from hydrogen driven by renewable electricity.
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Table 7 Inventory of life cycle CO, emissions and fossil energy losses from ammonia production from hydrogen produced by photovoltaic water

electrolysis

B WA (kg CO,/kg NH3) eI (MI/kg NH;) HFRE (%)

FEL PR 7 1) e T 0.345 11.954 72

ARG 0.014 1387 91.5

ARBH 0.194 2.665 NA

St 0.005 0.048 NA

HHALZ 0.011 2.584 82.9

it 0.569 217.5 7.9

8 X UK S A R A i IR HE T B A A RE R 0 R T B

Table 8 Inventory of life cycle CO, emissions and fossil energy losses from ammonia production from hydrogen driven by electrolysis of water with

wind power

B WHE (kg CO,/kg NH;) e R (MI/kg NH;) TR (%)
HhL AR 7K ) S L 0.130 11.954 72
ARG 0.005 1.387 91.5
ARIEH 0.194 2.665 NA
et 0.002 0.048 NA
ERATE 0.004 2.584 82.9
it 0.335 76.636 19.6

MR EU PR, RBRE S 1 AR R
1 M550 M14.51F14.9 kg COy/kg Hy. FEA R, K,
F, 1) Ik A AR 1) S R R HE A o Lk 20 9 39% AT
60%, HR A7 T A & 0Bk HE U 49 3 S 0. 742 A0
1.955 kg CO,/kg H,, FF&ilmidiabndt, BT 2
KRR A AL FE 7 A K T75.1%~91.9%, 55.6%
~85.5%. AR T FEAE R HL % A% i R AR AL
{5 FH 25 i B R B BCR IR, A= i A BB HE O A
Kit—5 N2 E. ARESE, 20225 E Rt 4
FEE E 6096 77, B i Hr 10% A SR v] B ] B AR
JTHRSIE S AT R, AR T 1% Gt i 2 i
T2 BRI/ 2200 73 1ili~2400 75 1 — S AL R HE K

45 e is

H T AP 90 SR FH 110 K i 30 ) S 0 SR IR T
I Z SCER AR SE i 5, B Ve AT — £
P, WRIFIR. R, 0 S8k e S 50l AT A0 E
0T, BEATE SRR L E R B T R R
Fe 2 1) B HE RN AE i A A B R 28R AT R IME
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fili 5.

B 15 (@) A R AR B 2k B HE O 1, e
RS 5 ()R ZE 0 o3 AR AE A N BE AN b R T 5
BEIRZTL . FEALE A CCSHARIZAM T, R1-w/o
CC S 2 1 i 1k 8 0 {5 ik WA 2 |) 1 22 e £E
[+0.250, —0.216] kg CO,/kg NH,7u [l N % 3, TiR2-w/o
CCSH LR M #E[+0.360, —0.211] kg CO,/kg NH; 3t il 4
B, BT BT BMER A ST ROE R EE, RS
il AR 2 2218 20% 5 30T BRHE UK 1 303 .
KICCSHEARZJE, Rl-w CCSEFLAIR2-w CCSE
22 1 B HE TS0 A S B E (B 2 A %2 R E[+0.210,
—0.243] kg CO,/kg NH, H1[+0.244, —0.180] kg CO,/kg NH,
O YISl SR F R o) S ) B G R 1
ZE6 B £5%, 1 AT AR ) BT RO 2
P R {2 i 2 10 PR B v T ik 420%. 49 R 4-PV I HE X
A 5 3L 2 FAE[+0.045, —0.119] kg COy/kg NH; VG
Z 1A, TiR4-Windi# £k 1 H[+0.068, —0.057] kg CO,/kg
NH, VG 2 18], E15(b) R FH A 6 26 1 A i J& 31 R
PCRJEEE, ARBUE IR ZERSE15@REME
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B 15 ASFE AR B B I BR HETSE F (a) A0 A i o] J REDSRA R 913 (b)

Figure 15 CO, emission range (a) and life cycle energy efficiency range (b) for different ammonia production pathways.

SARTR. BT H A 2 1) A= o R B RE R AR 0 E S
W Z M2 RN TF6.7%. Horp, w] FAHIE A K
5 ZERA-Wind FIR4-PV 4% 2% (1) A iy J&] 1 RE R 24 % 312
1 1°289.3%, I B iy AT 4R S M RN IR B R
MR1-w CCS5R2-w CCSHIA KL HI{E1E A S 44
P2 EBE RIS T, oAy A B RE IR AR e DL
H50%.

5 HichHRY

AHETJFRIER. B4 BIELE A RS
B BB S, E AR E ES A A A
R AE TR AEFI RS R PP A Y, I I iz A% SR F
M 7RI R RARAHI R T L& K AT AR
B R DY Tl A P 26 1 e R B A= o B B i R AR
BRI AN B AT T2 etk S b A ] R gk
P, e HAR R R G T ) e Ak, AT
N7

4 i JE S R R SR R B B, T R A
A R FE B e B ORI AL A REVE T RE, HK
SRR MR AR ELAE, mEAREA R
PHA BARMIBHE RO A e TR AL, R, BT =4
Y@ T mkeRe . AR A R s 2.

FERERE A KRR AR B L, i #b s
il & S N BE R I R Al i R S5
CCSTLA A R BEAKS55.4%~61.8%H) — EALBRFL,

(A IEINENS I B AR REAE, A0 P X RS e s T v
Az A JE S BE IR AR IE A S & CCSHEART 43711 438.5%
F148.5%, AFI T BRIR B P RS PE K

TET R A R S 2, LA
RN A R E A BOE F] T 6.384 kg CO,/kg NH;,
A i R RS VR RCRAUN30.3%,  HL A4 R 4 A i A
bR A REFEIE B Yo VEPE . ST EE T 22 B0
PUNIS NS AT ZR DY AN AS [R] F ) S5 R R 48 4 K
Jee i L S A BT RE, A R YA A R E A
Az i JE IR HE U T H AT A REIR S & M BRHR, X
791.288 kg CO,/kg NH;, FE AT H N H184.98%
Eb A5 (135 VR 7K

PLGAR RHECAHIE . SRR AR T2
BN FL T, A B A AR i R BCHE R ) 31 R0.340F1
0.569 kg CO,/kg NH;, A= J& HARE IR B0 0 A
291.4%1471.8%, A5 &= MmN A RRIRTHFEE
Iy MY 96.57613.992 MI/kg. % JE ] P44 RS TR HLfiR 7K
A RRE AR T R BB LR, R AR IRIA R
AIRREME R R E B

A RE, HEE MRS SN FE RS B
PR, P BRYR ) SR B AR AR F R Y
A BT FRARA B FR I BRHE,  H 23 AN mT e G b
AR A A BARRIR AR, AN T2 BRI 0 mT Rt K e
R4, B SR A I 8L FH 15 2 A P bt SR il A 38
s TR P, A H A A R S T
BB HE ORI D A AT REDR S FE 7 T HA R 3, 2
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Carbon emission and energy efficiency analysis of ammonia produc-
tion routes in China from life-cycle perspective and prospects
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The cornerstone of China’s dual-carbon goal lies in the decarbonization and cleansing of the energy system. In the future, with wind
power, photovoltaic power and other primary energy crowding into the grid, the volatility and intermittency force cross-seasonal
wide-area energy storage technology becoming a pressing need. The characteristics of ammonia, such as stability, susceptibility to
storage, and integrity of transmission and storage facilities, enable it to become a highly competitive chemical energy storage media,
which is promising to break the current hydrogen storage and transportation challenges, and help realize the dual-carbon goal. Little
work has been done on the life cycle assessment of ammonia pathway for large-scale application in China, lacking the assessment and
analysis of carbon emission and energy efficiency indexes of the whole life cycle of ammonia pathway taking into account the
subsections. Aiming at the above opportunities and challenges in the development of ammonia energy storage technology, we
establish a life cycle assessment (LCA) integrated model of ammonia production at each major stage, evaluate and analyze the
primary energy input and carbon emission of different ammonia production routes during their life cycle by combining with low
carbon emission technology. This work identifies the key stages and factors contributing to carbon emissions and proposes
technological improvements to reduce them, mainly through accounting for carbon emissions and energy efficiency of four
technology routes, namely, ammonia from coal (R1), ammonia from natural gas (R2), ammonia from hydrogen driven by utility
power (R3), and ammonia from hydrogen driven by renewable electricity (R4), and sensitivity analyses of the key parameters. It is
found that the carbon emissions of the coal-to-ammonia (R1-w/o CCS) and natural gas-to-ammonia (R2-w/o CCS) routes without
CCS are as high as 4.190 and 2.356 kg CO,/kg NH;, respectively, with the R3 route emitting 6.384, and 0.569 and
0.335 kg CO,/kg NH; for the renewable power hydrogen to ammonia route with photovoltaic power plant (R4-PV) and wind
power plant (R4-Wind) as the power inputs, respectively. This work provides a reliable analysis of process improvement scenarios for
different ammonia production pathways by defining uniform system boundaries to improve the accuracy and comparability of the
model in terms of carbon emissions and energy efficiency throughout the life cycle.

ammonia, life cycle assessment, energy efficiency analysis, energy consumption, CO, emissions
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