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Abstract: Ammonia energy can be potentially used for substituting fossil energies and it has a close relationship with renewable
energy sources; therefore, promoting the application of ammonia energy is expected to enable China to achieve a certain degree of
energy independence, which is significant for the future development of energies. In this study, the strategic significance in developing
ammonia energy is analyzed from the perspectives of its energy-storage and fuel properties and basic industrial conditions. The
ammonia energy application status is reviewed from four aspects: ammonia internal combustion engines, ammonia gas turbines,
ammonia-burning boilers, and ammonia-hydrogen fuel cells. Moreover, the status quo of the synthetic ammonia industry, development
trend of the ammonia energy industry, and development plans of the industry in China and abroad are examined. Furthermore, we
suggest that the ammonia energy industry in China should be promoted steadily by stages. First, the research on novel green ammonia
synthesis technologies should be strengthened, laws/regulations and carbon market mechanisms should be improved, and green ammonia
demonstration projects should be implemented. Second, an ammonia energy technology system with independent intellectual property
rights should be established, and a low-cost ammonia energy supply chain and a high-efficiency ammonia energy utilization chain
should be built to achieve large-scale promotion of the energy. Third, the ammonia energy industrial structure should be reshaped
according to a green circular economy route that integrates green production, economical transportation, and carbon-free application
of ammonia, thereby supporting the carbon peaking and carbon neutralization goals.

Keywords: zero-carbon fuel; ammonia energy; energy storage; combustion

WeRSHIBI: 2022-10-28; fEMIH: 2023-03-08
MRS RO, G I IR RIT FE Re 1E s g LR, WEOT R BRSPS 37 E-mail: 185238466@qq.com
AFIMHE: www.engineering.org.cn/ch/journal/sscae

1M



REN IR SRIRRE

il
pes

T ﬁ'll_%_

FERR AT H AR O E bR R S 5T, AL
FLim s R YR MEA N AR IR, V2 B R BIRIT
JESARB TR A 7 . BRIz, (F N
TR A RPN IRE I 58 . RUKBERAR. K@
feARE A REL A, RIS, S84
e SEUURR FRONT H AR (A ROS . IR0, AT Sl
RS2 R T R A /K B R 22 5 R STUR A A738 B 14 22 4
FE, MoEALAiBtiE B, PG 1SRRI N
MR AL REREY

BTG “AAa” 1 HARLE R PR L E ok
TR, BIEE RN Z A, KA
BN ASH G AL TR T B A
REMERE, B2 fEHI T, WA RExE
PMRREA . B B ik S — & RE “ KR R,
IR fiff R AR R S T A P R 1), SESE R
RS K G 45 P =i s 22 NN = T I BN
REVR AL, RN E b W A R AR, B
A AHR 7 B 9 L ) R e AR S R RIS, ]
B ACHR A BEVR N AR B HLER BLIR i A RHY . fE L
HETY, 2 EFKIEERBIT RSN S5M
XA e o

SREAE N 5 — R B RS E 1S VS e IR, N
SEHLRE VRS I PR T BE L Inbps b AR SR AL T R
W ERE, JRA s, HRESEIT O
&R, WA RIFHE R SRR 6, BN
FEARRAEFRE BT 5 F AL, ARG
Praa BERL IO EL R FHBAR 7 A & Bl i el
SEmETTHERE, PRUbd th RE R R R, A
WIONEREDORBIR . & BE L3 & HRSEAT T et
oS HEALESE .

—\ @mBENBANE

(—) ER—MEHIEF

BREANEY, EERAR T SE17.6%,
AR FE R AT 150% . ML TEASEFE
NHIARALEE (283 C), ZIE-33 CHifk
Bl (BREAEFR T, 9N KA. AL,
7 Jid e )R i O e YR E PR 0.2%~1%,  HBR
F BT A A B R P VL 8.5

112

PEEPRREIRE (IBA) Tiiil, 2040 F4rKEEE
A AU 77 R B Bk B 7.5%107 to T B,
il P S BB A R O B B IR A, O T R A AR R
A I PR A A A S R H A A A
A EEAREEAEH. WEEAEH. KASA
FEIZH =, AR RO VAR R AR, i B
BARE &I AR T, MmN S, RS
WAt IE . HEAZEL, 100 km PR A5 IE A R
150 7G/t, 500 km N V2 (1) 6if 32 A< 24 350 J6/t, X
AN IS AR 1.7% . RN, A AP A
DA — s o] DU AR PRI 22 35 Ji/kg LA R,
& B8 3 2050 4+ [E 2 1% 10 000 A& A0S sk 1
Hir, A58 100040 NRMM™. Bribz 4, ML
TEA, FWBIEWRIERE (16%~25%) B4,
MU, RAE KGR NE ] B 1 AR R,
SEA R, AR B R RS 2 A fa
KT 5% LR REE, MIRAE SR IL, N4
AIEEN, R, AR AR R B AR, AR
Rl ] BN B BT IR B2 T A, th A Re T
NAAzEE5

() ER—MEERR

BN ML EY), WA R EAIK
AR, SRR At o Rk, R,
VRN — T BAT s AN (B P PT AR REVE . RS LR
BAGE LR BERE . ZMABEIS 1B A LLRUIR, 7E[F]
SRR (B0 R TRERLEZ MR, £
P ThE s SR IR, SR be iRk iz
RFEA RS SERL, R E R IR K
No BAREIRBEN P AE R BUEAR, HoR kel
s PUBRTELF, T DU 520 5 e I 48 LU R 52 = 30
NERG R DR, EEEREINEERL T, 8
T AT ORI st 2 SO o el g K
A BT R I S BB AR — A R, M
TRk B BB A

(=) ERBMAR AR R

FE20 204, A BREBOAR R AR IT K ok
FFSRBl T Dok Az =0 AR SRS RS
B R FAT 58 B 7 ML B S A M B 1 [ B 2 B
Sk, TR ERDRIETZ, KN AR+
T 36 G (At SR R A SRS ) A R KR BE 3 . AR AT



PETIEMEF 2023 F F25% H2H)

HERAEDN N, & RERHT IR 2 i Tk IR
KUK TT 3, Pl I Re B 5 2 K
BB SGEE AT R A BRI AL R 7T 5, ARSI
AR ER L. HAT, 28K HEFIRE B
(VA== 1 e i e 1 (3 M 1 PR Sl S
FEtth F b KA & e 2 A 2 L A
A A A, B R ROHE R SRR

S REVE & ANk R SR VEAE LA B SR, IS
T FL 7 RVl SR S T T 37 T LA AR IR e
3 EXURR O H PRI SET, S iR = hE
REMA R, MRS R RAAEZEE . —T7
i, & LB TR . ERN R R A Y
AZ 3 3B i R A e NI 0. R B bE B
5 BURRHE A T 508, AR THEIERH B &
gis BT RBNUREL, 3R] T P S i 4 e U
R B HE TSR] RS 55— T T, AT B A A e A
M. @A NEEA B, R SOR RE T SE Bl 2 -
AR, ATk g A ME T, AR Cm -
A7 SRR L B E HE A

(=) AL

TR, PURBIELS, W LGE SRt
T I A LU R B vt DR o B AR N IAMLAR RS
MREFHIES50%, HEE60% . ARHIRTE
I, 7T RAAE ARRIIL AR s I B 22 (10 28R 98 R HLAR L 74
RISk Al BAR, EAENIREHE I thff e — ik
R AOIRBE R . A I SR SRR, E
BEI f5 /s i K BE AR SRR P S AR . (A
M HAR RS RPN RERLLT RS TR R 20 Ho ke
Fifhe Bk, fESEhrRES, T AT MR
WA, 75 3 BB S MR UT R H AR =
RN SR NO, R BRI, #RBe AR b
[ RE 7] 42 fi] SRS Xof T A NO, FIF B AR R B 2, AR
PEE RPN, I AN J6 NO, A il A7 B 2 5
Wi, {2 A P A TR B A s VTR A, IR T e 3R
e s S ZVNO A R R T B e — Al
WIHTHNBHLRS . Bribz b, en] IAEM B
ORI AR R AL IE SR (SCR) R EUA R
BRI RIS )R/ NO, AE B

JE MR BANLAE 358 R 45 AR 45 52 i s
ATUIERN L AT ) AR R LA B R, H AT BAR
FE, AR AR S BRI 3%~4%,
TRk /5 SR B A [ B F 20 2 e T Aiis
TR JHE H bR, 48 1 22050 5, A AL TR HE R B
Lt 2008 4F T £/ 70%. Ik, $]2050 4, F/b
15% K A IR S A B B RIS . Uk
() v A R e i % L S M T DA v A A TR 2,
FH HAL T ZEREE AT U 23l 0% 4
B AT B 8 S ok A8 R B AT Y TR, AR
—FpiE A N T R AR S AR .

202341 H, HAMM R4 HART
5 H K Ishikawajima-Harima Heavy Industries (IHD)
A F A AERIE AR R 5 A R S AR RO
AT H AR RAL WA AT o HASTHRIZE 2025 4F 7
SEMAL AR RTE, 2025 FF 5 R M.
] o B AR A B 1R Y8, 2022423 H, i
] YRR (A1 T s R AR A R AR SO BRRHE i
FiE I SEBL R K PN, i3 2035 4F, &3 S
LUK 5 AL SR Bl ST R

H R0 T AN F THL T 2 R e 1,
PR . KIERR et . BRI . NO, AR BiRr
M ARSI S R S HH UL R T ik R o Xt
T2 BB BE BN 77 A AL 4L T A B 56 IE 5 58 3% B
Bto Bk b, P TamARE R 3R E R AL TP B
B, (HR G A S B i AR R, AR AR
QU EH N TR T R IR . AHOCH TN
WFEREHLE, (R ARTITFK.

(Z) SR

20 20 60 AT R T A K& H T H AL
IR F, AH T 24 B A A SRR AR A A PR i 45
H& FEW AL L. BT ABILNH, REEL
RGeS AL, B SRR Z IR, S%0%
BIEONUCHACL . HA2, RGBS ERFEmRETE, B
e T RN e A B AT & KRR I 75 B I 11
#H

H A B UTE 50 kW B R S FE AL 1 SEBL T 008
BHRBe R B, 77 44.4 KW TR, BRBERCRE
89%~96%>. H A% IHI 2 ] 1£ 2 MW [ #R <AL
SEHL T B EIREE, BRI EIE 70%, FRERERE
Feds Sl TARNO, HE (L DY, i, =38

113



FEENAIR SRR RE

SRR
pph2 |/ L e
) | e

g2~
HRRHBE 3

Hrpeas1

Pk | |
OB

s TN
El1 NH/RASHERIRIRERLEH

HIALIR 2 41 B A R Bt 5 1 AN 240 IR L 2]
BRRENLRGE, ZRGUAZONIREL,  HFRTE 2025
SR SR RE O 5 HI AR &1, 3L
A e RS Ee WL 2R 1 . ik E AR UE, [ PN A %
WFFEE >, A A T EAS A 7 AL RERE 7 .

(=) BEIHIP

WE . . DR MReRG N, BUE
BERBEIEN A EE K. B R 4 1) A
o5 3R R HE R B 1) 34%,  oF HHEAT B ORHE S A
LR E CXWHK” RS BAR R EE R —. A
ekt %E . FIHSEABARR TR, iz
RAFAER 5 B A7 80F FH ik iE iz . g
FRAS = IR R . R Iee ) RS 4 D L DT SEBIR
MEFERRRRIRAL T — Rl T . N, BTFSaEr~
A RARR S, I EaiE R e EE S N, b
T SE AL AR B ARIRIE R A FHLLIMN S, B
FUIRIe 7 AT DURI FH LA HL ) 100t G 75 o B o =
HAT KIS, OB B R BRI F T Bk HE i
PIATAT PRI

LREHER R IR TR B, S TE
ANRECHAITT . H AR RS IR IR R LEC IR
R, IERINRAES) ) RS e i 72
HATIHI C % 10 MW BB RTa R B, it
e S it 1000 MW KU (1 HL ) B & S8 88, KRR
S 20% TR AR E . LI i AR A R T b
2, HIA R TR —Fh 5 T 5B 2 B A
REA, P EBE T R LE 2,

114

B R
2 F/BRIRNER IR SR R EE

PEA PR RSP T TRERAE, 4 &t hE
M. A IEREIRHE AR B AT A 1) A B A1) 8.3 MW
afi R BE 575 300 MW K HLHLZH — VI A5 K R 3 5
FREIZAT 2 W90 [E 5K e U5 4 115 22 11 40 MW SR ERE
B PR e S B A L B K L IR R (35% &
OB, X 7 R PR A R AR N
P FEIE . EFERERARTEA R MIA
NVOEEREFW, EHA IR IS E — 2
BUR, BRI B R NO, 75 e EL AR Tl ik
UK. DU I ALY S 35% R B BL RS, BHAE
ALYk /D 9.5x108 ¢ A AL B HE RO . 20 AH I B
BN 1400 T0/t BN N 500 TT/tS, BEK
HL PRI 28 57 1 T S5 A 55 4 o

(M) & - Skt

TARARH FEL i — T Hog A 25 R L 2 e P R R 1 256
B, #ie EEINESIOAMR . RINES e H E R
SAEEWER, PUAESEURR I E R — A
e, 1ENARL R FoRHME A B, Bk
N FERHEREE R it R g, R
15 L R FR A AR N 1 Ak T 28 40 At o) A 3
B, ETRANHE AR SR R - A .
FIH CA BRI, 7EAH RIR S 2 Ak Re
51K B 5 AL RHARIE 1 Th 2R % 5, SRS
TR REIRIR A . & — Rk F AR 2 FH U 1) Rk
AAU N1 TE/(KW-h)BE 0.25 76/km, F A & # 45
Rt H A AR — L i) R T A . ' R
AT BRI, SRESHERREMNRERE.
Ak, RN EE R E SR R AR
AME R RN, H AT AR L AL T D
T B, SOPERREATEE . N2 DAL R,
5 BB K F aria AT R e MR



PETIEMEF 2023 F F25% H2H)

M. mee~lERES

(=) &g~ IRk

HEl, &REMNAEr IRt REmMagt., KT
fERIE L E, RREES R 8 2x10°t /o
Fi, FEFHUAEZ: PE. BE. RS
H, IHFAERIKIEENHATH S . TEFMEERREG
WEFREER, EHERNEEHEOE, mmS o
M2 BRI O E, 2970% & KE (49 1.7<10°0)
PO (L3,

TEFRE, L7 B AR A 1 S, AR
TR AR RPY RS LE P, #F 2021 4
IR, P HEAREA T BELN 6.488x107t, A ER
el =22 — A4, 2020 4 [F) EL 8 K 14.5%%,
AR R BR s A RE L . R r e
WESE. GREEES N=KHE, 2Ll
GRFRZRERD . Tl BT JE0RE, JAERS) A
e CHridHE .

HERRL, WA ER SR E L, &k
B NKE . WRAAMGESD., KA FHEAK
PET KRR BEBIR, 1% S 1) Haber-Bosch i i
ML T2 & i R, B e K K & E e i R
W AT RS . SRR T ] A AR YRR
BrEe ERIEM AT T, DAACH JE R R A, A

500

Ja 5 B A B Ab B HL A A0 S AU AR BOR
i) % T o 2 B T P AR BRVRVH 9N B 5 K
W2 LI e R AR I R . A A N A R b
7, SRAGHHSRADRMIBNEENHZ —,
B B B R R R AR T 23 5 R A R
K.

SR A AR AR AR T & R L 2R
HERATZM, mMEA T & E T EEEX
B AT Feam PR QHT, 8 I T R A A
A, MAHAERMEE T (<300 C) B EKRM
WM, BEWE TR AL 4 Haber-Bosch 1. 2 i 42 A SR
BACE & RE™, BT ERPREFE. BHRE,
ZITET R G SE KR SR A A 77 . B A =
ZAFEHRMEN A R A R [ S K
A FETHREGREASE, KPR alEm R
ZRERSE LE 5, B A & AR AEF]
FH AR K 5 = S RS, HA TR
FH R AR LE Tt 0 HL BB 2% 14 T N=N A Wb i &0F0 e
B, B ES T, SRR AL, AR
BEAIC B fig

(2) EEE SRS
TEABRIRBR RS 2L AR 5 ST BUBLI R
Wik, BT TR R . B A

400

300

G E/* 10t

200

100

&%@%@%@2@%&@@ o
N
%%
Y
&

I i
I i1

7SS @ & F
g@%-é$%@§>§ﬁ§<b

El3 &ME~ERELOFEE

115



HRENAMKSHRRE

7000

6000

5000

A
S
S
S

3000

B IR /<10 ¢

2000

1000

073005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
i i /4

E4 HEEHRE~= (2005—2020£F)

BETJ #: M RYTE

FREA by fempe  COMONMEALH
1913 1938 1971 1975 1992 2000

| Lo

Harber-Bosh T2 nd
e O KAAPTZ0)

2007 2012 2016

Scaling JZ ¥

R Y

t

WAL JEREIL. %
BFEERELZGY)

\l, l (I )/4R)

iz

E5 SAamENLRARE

BT R KA SE R REHERL, EA S fE K
REE. EUEIE N, A R Al 5% i 0 20 LA
10~15 5 MR EY K. G E Tl E T RE s 2 41
Pk, 20 AR 2% I RE VR FE. S Ah, ARE
AP R AR L0 3x10%t R BREEI, 4054
BRI R ) 1% @ WA 1 t2, Buk2t
TR A RREAT AT BRI D E R, &
AT EE R H ar R E 1 E KBRS Ak Ik
AR SR, #20254, & HRETILEERT™
AE LLABIKE AN 2020 4 1) 7% $2& 15 B 15%%) . ARk P&
TR R R R, REA ARG E 2 gt a
REA e, AT\ R AR K.

76T A IR A O3 IX, SRR AR A TN
689 £JT/t, = T KAMMAE (225 F£JT/0). I,
F2030 FELEE M A 5 T 464 0/, B 2050 oK

116

%295 ot (L6, BRI K N 127 o0/
AN, SZEMBRSIA NN A SR A%
Fro 2030 4 5, SR THTE K Bl AR S I 5 K
RA BORAE T, XAk &R T T AL
A 8 1 e A A N AR AL
J& B R R B B B AR S AR G A A R
BT ata. JuohE B2 S0 E 1R AL F I8 B
AR AT IR T S I “H -t - 17 4
A EAARE, SENRAMK T2 . Hitn]
PATHA,, ARkEka /e Redi SR K2 H, M T
A A, 2 R B SIS O A G i T B AR
HT 23k 2 AN KBRS A I H IEAEHERE, 0l 21
20304, EREAMMSEEAIH FA 7RI 1.5%107 t
(S4ANTH, FeReZUaTE T 8%), RESRE
FIRIH- 75 Hu i 4 P e DL IS 1.56x10° ¢,



PETIEMEF 2023 F F25% H2H)

1500
B 5=
1200 F 0 SRS
1§ 900 F
#®
% 600 F
P
300 F

2013 2019 2025 2030 2050
i [ /4

6 FEEFHAK

B &Rl & ALK

B R IE AR A% G 1R A N Q53 17 e U AU e
Ao HHTEASMEERAT R E I H , EHEPR
A AR P2 RN 2x10°~6x10° t /a 13K AT
Ho ZREKRE, SCHBWUIEIEFEMAHED SRR
I B E R B BN E R 5

(=) Efrm®E

HARAEB ZRBeE AR J7 T H bréist . HARIER
JE “ERELDTT MR BIRH T “EBESTET, R
JetfE R RE. 2021 4K 10 A, MHEBUFH & T8N
FRAE IR R TR, B AR 30 2030 45 F SR
WA E 5 H AR IR FEN 1%, ARG F
20% JEH IOAE & #2050 E S I Ai a1 K Y.
Rk 1R A HARTE K Ak, (5 Bh & R SE B ik
s, BB H AR — A Bk, HEE AR
F 2022 FAENEAS . AR BIGCE, FRUR AR
F-REAR. @AREE. FHETHRIM 2030 F 746
SEILE AR AL, R SRR & A
bl #2521 3.6%5 . 8K S 7 43 ) FH 24 b (1) K BH
e, AR B A B ARG &R A G R E . W)
KFNEBURF IEAEA SR 2 RE 52 5, il & R R
RNREANEAT, 0 S i B E A H AC, SEE
N R AMSENL, R E SRR SR T 17 44k
RQIUH, B AR TR AR REIRAE PR, K
A7 i AE s R VR R IR T AR Re R AL
RRL” THRIET . BR AR DY R SRR N 4 2 e
IERgk e B 77, WKaEAERNERNR SRR —,

H AT IEAEA R SR AR 7T, B AETT R4
FEAZ I N TV AU TR R ER. W Hs IEFE 4
BRI RSB LG RA T, Biih 2024 5 1E A8,
F AR A K AT S BREH B,

I FE B b 2 e A 5 3 0T B 7T B A2 T 51
HAS L i IR 7R R4 =R % . 2020 4F
78, EBCRIE M A F B T EE 5x10° t
=B M, Tt 2025 E LB EALIZE . 2021 4
1122 H, aBRi K2 A7 08 Yara 2 ) &
R AERE RS I BN K. 202245 A
22H, MF RSB M FHIGRAAAL N
BRFEKIBAT . P W A R R KT R
ZhHl.

(Z) ERF@E

FEl N R A = L T E A R g ek, Rl
AEARBEEZIFE. IR AR kR
SEHE T %) IR TR b R A R R AU, R
FE T F A BEVR 1) 2 1 8 B ik e R AR SRV, IR
FIRE mRE™e 202243 HRATH (ERerlkk
PRI (2021—20354F) ) R, B
SERESAT B m R L2 AR LA, e
FEREAT W SR (0 fIC I K ™. 20224 HEDR T
CRHS e T kA B R & s itk ih & “ it g 5
SAEMRL” 88 ST 2022 4 FEIH HHR R R 1)@
AU, B ALHE A U S R R SR 5 HE S Rk
LR ARREL M. BEIETE RS S R
KMEAR. B ERBEERAMUR, 2 KBAL 5
1T )R BRERARA R J E SRR A 7
DAZRERI 2 W AOR R, I E 6 1.2x10° t4%
AN EREE I, HEZ Y sk Rk =k
o P E SRR PR A B HE S Hr R Tl el X 45
PR EURTEIH , A B A AR IR R AL B R
G RBUFE I 3x10° t 4R . PRI E A IR A
Al MTHEAR AR . WEARHEARAR . KM
I BEVRTF R A PR A A LR 2 7 2 R A7 B
= BT IX L RE P2l el 5 H TR T DA 6x10° 143
SRVR BEA I B F A O IR SE N Rty o 8N K
Fo SRR AR A KSR
B ARA R =K AMBREOREEAN TR “2 -4
REVR B KN BIE 67 . B & A PR A
TR AR AT LAl SL 56 5= o7 ks

117



FEENAIR SRR RE

i

BEEBM B AR A BIFTHE A h, BONE A H X
PUT R A il 2 P F AR PRI B, A
AL TERBIA R AR H8 KR SRR A R
NGNS 2 (B eegn e of e N DT =Nl =N T R E N E
WU, [ 5 R B s E R IR e TR
~ElL ENEREIRHE T B XU BB T R S A RE . M
REHVEESUH K 7. E MR T i B SE T
1.8x10° t Z AR BL MR 8L i VLRIEM (BRHED f
PRITEA T 557 RMEZAL . L2 ElEE, &it
TEIREL BN TR R e

RPRL N R e AR T RENL A, H RTIRL L
Tt HT T A i AN S A S A ) B
AL A WU ] EARIE AL TR B B, (E A
RITHRE FEENRILERL, thsh, E AR/
AR AT ) A f BRAR TR A4S A ST B AR
BE AT AR BRSO, I AR A AT FH 1 AR 5% 5L
PR KA, BRI RTAR TR T 23 18] BE K

7~ RESEREL REEE

FEAR SRt TR AL AR R T R B0
AERITA K& REA RSO, X2 —I0RE
MRS . AT, GREAAAE AR mHEEE W
A, e A A P T R HE R RS . LI [A]
KE, WELAAAELGE . M mAPkik, ErE
EEREBEL TR R B N AT A REIR SR T, R
KR iZL BTG,

(=) TEBRINERR

N VLSRR AR R R, Y RS
K, TEBUGFH G I CHEBOR R R, EHARR
BREFATT, BLRERA L. B, BUF
24 G AR, SOiERE G, PRI R
RUBRBESCHRF . 9, BURN @S VBUGRS 24
bRdE, NP MRS E FREE AR AT T AL =, BUR
P i) REVEE L, b R R SR KR . 5
VU, BRORF LA [ B b ), ST B = RE R
BRIEEAL

(20 MRl A B
ST PE GEHUR eSS, R UARRIKE Z AER
A L “SEAL AR B AR 1 LT

118

MRS NI 5 S g E AT B, &
LSS ALK FE

BfRmE, BB, FIHITILE S5 6
o AR I S HEBOR BT RN AR R TR
FHEUS SRR N E . & T EAEL Tk,
[ A= S 2 VRSP U L SV RS E N - = M P (1
FIH R = Sn] ARG SO R s e, AR T
M — %A AR A PP B e . BB R B, SRR
R G IR AR B H AR o R v A2 RE IR HE A /K
FRMIIER A, BRI RAR I RERIEZ
Ao #RJE, A# FH Haber-Bosch ol 43 i F2 K | 4 4 & .
[, SRR E RSN ETEREFHEAR, &
R AR AR 5 AR IR R G R B kS T B
7, XA, NSLIE R A s, PE
R, T AR FAH R A B A 1 i — 28
TRE, =R B, R A ) EAR SR A EGE
HARA =G R MEY, HE S —IKEEIRH
FER 75%. BI(Efs FH mT P AR BRI A K R &L, A
W 7 SRR 65%.  TEILPY BORE 45 77 Haber-Bosch
T2, AT B AR EEA, A 6 AR
AR, E AR R A R . X IEOR AT L
KRR 2R 2 ) 25 L A2 52 2 1%, HE Haber-Bosch
TEWDL120% HIRERE, JF HASSZUBEIR B, & H]
TomEma. FUHE, #aRrsaE N HE
WD BRENLECE Bl S5y 5, 55 7S Re Xt
A RRREE AR, R B2 PR A AR, oot
MyE . ERIRE R R AL S 1, 42
T EER R LTES 1, R R 5
A -

(=) FREMIiERRE

RE AR S LIRS TR I
NFEAFM, MEEATRGIE . BRERE G A,
A7 T3 T, N 255 25 R FOR G B PR 2 4 S5 [
R, WRRBR AR RE ST 5 . By
T, B TTIE T3 RE WA e BER AR B TE M 2%
B, I Ra s B IE s MR R, 3
P 3 TR 73 A PR R A I I 2, T T R R MR
I M@ 5 S il N5 10, A RE R B
()R A FH L AR A Bl S N R i I H - 387
RGOS R E . B 2 R RE AR AL B 1) 42
%



PETIEMEF 2023 F F25% H2H)

£, 4iE

APV RER N TR, K T ZA AR &
RIS B AR s S 5 T e, WA T BE AR
A il 1 )RR PRk, B T 3R IE = RE
KEFEATIL, 5 3 AT AL Bk e 7R 1 ol s
LB, BITRRERE AR, PRbHE, Si%
B R AT AR RE YR ML AN S RE Y Y L
Ko IR EZREN T 70 =Fr BeAs b 4t . 56
—Br B IR AL S SR R AR ER AL & RO BOR
SE AR B T 7 AR AL s 25 G o7 s An
R, JAB— RANREREIH . BB, Ba
MHABARTTE, BRAA B ZRIR B
BEUR R RIS SR KE S E, s
RPN BE, SCHURIMALHES . B =B B, Bk
URBRIR A AR . ZAERTHEE . Tk RO
M&E” WSO LRk, Lo LE%, B
XU H A5 o

F 25 R AR

ARSCA A L WA 2 () ANTEAEAT AT 2 o R s 55 1 2

Received date: October 28, 2022; Revised date: March 8, 2023

Corresponding author: Zhao Xinglei is a professor-level senior
engineer from the CNPC Research Institute of Safety and
Environmental Technology Co., Ltd. His major research field is carbon

capture, utilization and storage. E-mail: 185238466@qq.com

SE 3k

[1] Ratnakar R, Gupta N, Zhang K, et al. Hydrogen supply chain and
challenges in large-scale LH, storage and transportation [J]. Inter-
national Journal of Hydrogen Energy, 2021 (47): 24149-24168.

[2] Giddey S, Badwal S P S, Munnings C, et al. Ammonia as a renew-
able energy transportation media [J]. ACS Sustainable Chemistry
& Engineering, 2017 (11): 10231-10239.

[3] Valera-Medina A, Xiao H, Owen-Jones, et al. Ammonia for
power [J]. Progress in Energy and Combustion Science, 2018 (69):
63-102.

[4] Xu X, Liu E, Zhu N, et al. Review of the current status of
ammonia-blended hydrogen fuel engine development [J]. Energies,
2022 (3): 1023.

[5] R4, REEET, R, & W HE 5N A - A s AR 585
FAT (1], WS HTREUR, 2022, 34(5): 27-33.
Wu Q, Shen J X, Yu L, et al. Analysis on the hydrogen-ammonia
storage and transportation technology and economical efficiency
against the “dual-carbon” background [J]. Petroleum Planning &
Engineering, 2022, 34(5): 27-33.

[6] LuoY, ShiY X, Liao S T, et al. Coupling ammonia catalytic

decomposition and electrochemical oxidation for solid oxide fuel

(7

[8]

9]

[10]

(1]

[12]

[13]

[14]

[15]

[1e]

[17]

(18]

[19]

cells: A model based on elementary reaction kinetics [J]. Journal
of Power Sources, 2019, 423: 125-136.

International Energy Agency. World energy outlook 2020: Part of
world energy outlook [R]. Paris: International Energy Agency, 2020.
e, RN, ACH R, 5. U S A B T 5T SR
& [7]. Bl 2022, 67(19): 2172-2191.

Pu L, Yu H S, Dai M H, et al. Research progress and application
of high-pressure hydrogen and liquid hydrogen in storage and
transportation [J]. Science Bulletin, 2022, 67 (19): 2172-2191.
Lin L, Tian Y, Su W B, et al. Techno-economic analysis and com-
prehensive optimization of an on-site hydrogen refuelling station
system using ammonia: Hybrid hydrogen purification with both
high H, purity and high recovery [J]. Sustain Energy Fuels, 2020,
4(6): 3006-3017.

Jiang L L, Fu X Z. An Ammonia-hydrogen energy roadmap for
carbon neutrality: Opportunity and challenges in China [J]. Engi-
neering, 2021, 7(12): 1688-1691.

Wang X, Peng X, Chen W, et al. Insight into dynamic and steady-
state active sites for nitrogen activation to ammonia by cobalt-
based catalyst [J]. Nature Communicaton, 2020, 11(1): 653.

Fel. M BOAS 7 B 5 42 B SIS BT (D] 5 & P EA
KSR (== 24218 30), 2019.

Wu D. The study on risk analysis and control of ammonia disper-
sion [D]. Qingdao: China University of Petroleum(East China)
(Master’s thesis), 2019.

k2%, BhRH, FEd, 55 2R ARG A S AL RE 2T (D).
F1%EER, 2022, 54(11): 3223-3237.

Zhang X, Lu Y, Cheng D, et al. Analysis of performance of ammo-
nia air-breathing variable cycle engine [J]. Chinese Journal of
Theoretical and Applied Mechanics, 2022, 54(11): 3223-3237.

JRe R, SRS bR S TR SR A AUORAR S A A
RUGTHT (1], HRAMEEIR, 2022, 27(9): 16-22.

Teng Z'Y, Han M F. Analysis on technologies for using ammonia
as alternative fuel under vision of carbon neutrality [J]. Sino
Global Energy, 2022, 27(9): 16-22.

LT, YR B, AR, 4. T R R BT ) EURBEROR B T
HEE (1], R R, 2022, 28(3): 173-184.

GaoZP, TuAQ, Li T X, et al. Recent advances on ammonia com-
bustion technology for zero-carbon power [J]. Clean Coal Tech-
nology, 2022, 28 (3): 173-184.

Humphreys J, Lan R, Tao S. Development and recent progress on
ammonia synthesis catalysts for Haber-Bosch process [J]. Advanced
Energy and Sustainability Research, 2021 (1): 2000043.

WE R, B3, W 0R, S EIREHE BT B S IR AR
FUEE [J]. P E AL LR AR, 2023, 43(1): 181-191.

Tan H Z, Zhou S K, Yang W J, et al. Economic analysis of ammo-
nia and research progress of coal-ammonia co-firing [J]. Proceed-
ings of the CSEE, 2023, 43(1): 181-191.

Jiang L L, Fu X Z. An ammonia-hydrogen energy road map for
carbon neutrality: Opportunity and challenges in China [J]. Engi-
neering, 2021, 7(21): 1688-1691.

B R e el e e b o, [ SRR IR R, U B B A e e s
i 77 Z[EB/OL]. (2022-01-29)[2023-01-03]. http://zfxxgk.nea.
gov.cn/2022-01/29/c_1310523208.htm.

119



FeENHAIRSRIR

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

120

National Development and Reform Commission, National Energy

Administration. Implementation plan for the development of new

energy storage during the “Fourteenth Five Year Plan” [EB/OL].

(2022-01-29)[2023-01-03]. http://zfxxgk. nea. gov. cn/2022-01/29/c_

1310523208 .htm.

BBV AR, XUER, Mg, 45 <R H bR T 2l AE 2L 3R E & AT

MV 7 3K 55 R RE R AR E 5T [J/OL). iR Rl 51 AR 1-13[2022-

10-25]. http://doi: 10.19799/j.cnki.2095-4239.2022.0364.

Xiong Y L, Liu W, Gao P B, et al. Research on the demand and

carbon reduction path of hydrogen energy in China’s synthetic

ammonia industry under the goal of “carbon peak” and “carbon

neutrality” [J/JOL]. Energy Storage Science and Technology: 1-13

[2022-10-25]. http://doi: 10.19799/j.cnki.2095-4239.2022.0364.

Wang B, Ni M, Jiao K. Green ammonia as a fuel [J]. Science Bul-

letin, 2022, 67(15): 1530-1534.

AR, M7, EWE, 5. QIR S HLET 5L BLIR B R

0. FERRBIL, 2016 (3): 1-5.

Guo P Y, Shen F, Wang L J, et al. Research status and develop-

ment trend for ammonia-fueled engines [J]. Vehicle Engine, 2016 (3):

1-5.

VEZE, R, JE 2R BRI 5 B be S5 HECRF PR SRR (0],

WK, 2022, 28(8): 25-34.

Wang X, Chen J, Fan W D. Review on combustion and emission

characteristics of coal-fired utility boilersammonia/coal co-firing [J].

Clean Coal Technology, 2022, 28(8): 25-34.

Fl 5, . F R AL E A BRAEUEAT L 2050 4F i Z Hi i 2

BT [3]. BB AT 55, 2021, 29(6): 1-7.

Wang W H, Cong W. Analysis of IEA’s “Net zero by 2050: A

roadmap for the global energy sector” [J]. International Petroleum

Economics, 2021, 29(6): 1-7.

XL, A, AREA. IS ARR LR A& P 3 0 R

HURE 1], R ELTAERIZ, 2022 (6): 42-48.

Zhao Z J, Cui W J, Qi J. Prospect of various marine power fuels

under the transformation of shipping energy [J]. Maritime China,

2022 (6): 42-48.

o, B, WA, A SR R AL N b B R R S (0],

AN TFE, 2022, 44(8): 84-89.

Wang Y, Zhao J W, Pan Z Y, et al. Application of ammonia as fuel

for large scale oil tanker [J]. Ship Engineering, 2022, 44(8):

84-89.

)EJK ERRBEE AR S 77 7000 ZEALIR T IS S A SRAT IR 2 A
SRV ] [J]. MEARSCTHIATH, 2022 (1): 65.

Lu C.The 7000 car carrier with ammonia fuel power of Shanghai

Shipyard was recognized in principle by Det Norske Veritas [J].

Journal of Ship Design, 2022 (1): 65.

Stolz B, Held M, Georges G, et al. Techno-economic analysis of

renewable fuels for ships carrying bulk cargo in Europe [J]. Nature

Energy, 2022, 7(2): 203-212.

Kurata O, Tki N, Matsunuma T, et al. Performances and emission

characteristics of NH;-air and NH,-CH-air combustion gas-turbine

power generations [J]. Proceedings of the Combustion Institute,

2017, 36(3): 3351-3359.

IHI C. IHI becomes world’s first to attain 70% liquid ammonia

co-firing ratio on 2000-kilowatt-class gas turbine [EB/OL].(2021-

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

12-20)[2022-10-25]. http://www. ihi. co. jp/en/all_news/2020/re-
sources_energy_environment/1197060_2032.html.
BRI, EWE T ARG SR IRES &
VRS AT [J]. T EER, 2022, 48(5): 54-59.

Li J B, Wang M H. Economic analysis of ammonia mixed coal-

ks N

fired power generation technology based on different scenario
modes [J]. China Coal, 2022, 48(5): 54-59.

T, B, DIk BRENLALRE & EUREHIR RS 1 X 2 B
BRI [0). #J1k HL, 2022, 51(8): 20-28.

Ding X, Li W F, Ma D F. Discussion on coal-fired units coupled
with ammonia fuel: Combustion characteristics and economy [J].
Thermal Power Generation, 2022, 51(8): 20-28.

Ishii H, Ohno E, Kozaki T, et al. Development of co-firing tech-
nology of pulverized coal and ammonia for suppressing the NO_
generation [J]. Transaction of the JSME (in Japanese), 2020,
86(883): 19-00363.

VETS, MRAKIZE. Mot AR 4 0% R WL 2w [ P 61 8.3 JE L4l A
e AR 1E 30 73T B K FEALAL AT Sy (3], o v g Aok B
2022 (12): 96.

Wang F, Chen Q Y. Wanneng Tongling Power Generation Com-
pany: The first 8.3 MW pure ammonia burner in China was suc-
cessfully ignited in a 300 000 kW thermal power unit [J]. China
Power Enterprise Management, 2022 (12): 96.

AV, TR CHR, XK, 5. BRI B R AN Tl RBE I 5
B (0], WA, 2022, 28(3): 193-200.

Niu T, Zhang W Z, Liu X, et al. Industrial-scale experimental
investigation of ammonia—coal cofiring in coal-fired boiler [J].
Clean Coal Technology, 2022, 28(3): 193-200.

IRERB, RIS ER, 15 A, & Rl AR SR T Uk i K
R (). MR B OR 2 2R (A AR R AR), 2022, 50(7): 55-65.
XulY,Zhu HW, XuY S, et al. Research progress and prospect
of ammonia cofiring in utility coal-fired boiler [J]. Journal of Hua-
zhong University of Science and Technology(Natural Science
Edition), 2022, 50(7): 55-65.

Afif A, Radenahmad N, Cheok Q, et al. Ammonia-fed fuel cells:
A comprehensive review [J]. Renewable Sustainable Energy Review,
2016, 60: 822-835.

Afif A, Radenahmad N, Cheok Q, et al. Ammonia-fed fuel cells:
A comprehensive review [J]. Renewable and Sustainable Energy
Reviews, 2016, 60: 822-835.

World Integrate Trade Solution. Ammonia anhydrous exports by
country 2019 [EB/OL]. (2021-10-07)[2022-10-25]. https://wits.
worldbank.org/trade/comtrade/en/country/ALL/year/2019/tradeflow/
Exports/partner/WLD/product/281410#L1.

Zhao H, Kamp L M, Lukszo Z. Exploring supply chain design
and expansion planning of China’s green ammonia production
with an optimization-based simulation approach [J]. International
Journal of Hydrogen Energy, 2021, 46(64): 32331-32349.

H &, MR, HOREY, 55 WK H bR T E SRS R e
iS5 2R (7], iERERME S EIR, 2022, 11(9): 2891-2899.

Li Y L, Liu W, Dong B Q, et al . Green hydrogen ammonia syn-
thesis in China under double carbon target: Research on develop-
ment basis and route [J]. Energy Storage Science and Technology,
2022, 11(9): 2891-2899.



PETIEMEF 2023 F F25% H2H)

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

VRNl & —, 2R, . GURRE KR BRI STk ke 0], ARk
L TR, 2022, 42(2): 1-13.

XuHH, GeY, Li Q, et al. Research progress of ammonia fuel and
its application technology [J]. Journal of Northeast Electric Power
University, 2022, 42(2): 1-13.

A 5 B T ZHAR B R BUR SRSk K RS (0],
{6 T 52 5, 2020, 12(13): 63-66.

Deng Z T. Application status and future development trend of
synthetic ammonia technology [J]. China Chemical Trade, 2020,
12(13): 63-66.

Wang L, Xia M K, Wang H, et al. Greening ammonia toward the
solar ammonia refinery [J]. Joule, 2018, 2(6): 1055-1074.

Wang Q, Guo J, Chen P. Recent progress towards mild-condition
ammonia synthesis [J]. Journal of Energy Chemistry, 2019, 36:
25-36.

Wang X, Peng X, Chen W, et al. Insight into dynamic and steady-
state active sites for nitrogen activation to ammonia by cobalt-
based catalyst [J]. Nature Communicaton, 2020, 11(1): 653.

Zhao F, Fan Y, Zhang S, et al. Exploring pathways to deep de-
carbonization and the associated environmental impact in China’s
ammonia industry [J]. Environmental Research Letters, 2022,
17(4): 045029.

et JE A REAT AR IEHRE 0t 5E [D]. bt Jbfe T
KEE( A8 30), 2015.

Ren Y J. Study on the potential of carbon reduction China’s
synthetic ammonia industry [D]. Beijing: Beijing University of
Chemical Technology(Master’s thesis), 2015.

B 5K RN B 22 Dt 4, R AE VR, A AT AL 1T RE PR o
TR SR [R]. b5 FEOR RACEZ ey, MR
JAl, 2022.

National Development and Reform Commission, National Energy
Administration. Implementation guide for energy conservation and
carbon reduction transformation and upgrading in the synthetic
ammonia industry [R]. Beijing: National Development and Reform
Commission, National Energy Administration, 2022.

Hank C, Sternberg A, Koppel N, et al. Energy efficiency and eco-
nomic assessment of imported energy carriers based on renewable
electricity [J]. Sustain Energy & Fuels, 2020, 4(5): 2256-2273.
Machaj K, Kupecki J, Malecha Z, et al. Ammonia as a potential
marine fuel: A review [J]. Energy Strategy Reviews, 2022, 44:
100926.

Ji R, FHGTE, Sk K, 45 - A0S R IR R AR SR A IE B
AREFFCHERE (7], JfIE, 2022, 41(10): 1115-1129.

Teng L, Yin P B, Nie C F, et al. Research progress on “ammonia-
hydrogen” green energy roadmap and storage & transportation
technology of liquid ammonia [J]. Oil & Gas Storage and
Transporation, 2022, 41(10): 1115-1129.

. A — B IR LSk BB SR [J]. A A R AR T
%%, 2022 (9): 84.

Xin S J. [J]. Green ammonia-the new pursuit of energy giants [J].
China Petrochemical Industry Observer, 2022 (9): 84.

AT AE AR, HAEIEAEFR SR KK (1], B Al A T

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

MEWLEE, 2022 (Z1): 107-108.

Liu D. In Japan, ammonia energy is taking the lead of hydrogen
energy [J]. China Petrochemical Industry Observer View, 2022 (Z1):
107-108.

FEFF A R A 4k K R =k (3] R AR RE I, 2022,
27(9): 89.

Zhou D. Governments around the world have developed ammonia
industries [J]. Sino-Global Energy, 2022, 27(9): 89.

Dawood F, Shafiullah G M, Anda M. A hover view over Austra-
lia’s hydrogen industry in recent history: The necessity for a
hydrogen industry knowledge-sharing platform [J]. International
Journal of Hydrogen Energy, 2020, 45(58): 32916-32939.
International Energy Agency. Hydrogen in North-Western Europe
[EB/OL]. (2021-08-07)[2022-11-13]. https://energycentral. com/c/cp/
hydrogen-north-western-europe-%E2%80%93-analysis-iea.

W, FEAE, DU, AF USR] AR R R K ) S A R
B AR SN G RE (1] TREREESHEAR, 2022, 54(5): 1-11.
Ji X, Zhou B X, He G, et al. Research review of the key technol-
ogy and application of large-scale water electrolysis powered by
renewable energy to hydrogen and ammonia production [J]. Ad-
vanced Engineering Sciences, 2022, 54(5): 1-11.

| 5O S o 2 DA 4, IR AR IR =) . 1D .3 T ok A i S e
J7 %€ [EB/OL]. (2022-2-10)[2022-11-13]. https://www.ndrc.gov.cn/
xxgk/zcfb/tz/202203/t20220321_1319772.html?code=&state=123.
National Development and Reform Commission, National Energy
Administration. Implementation plan for the development of new
energy storage during the “Fourteenth Five Year Plan” [EB/OL].
(2022-2-10)[2022-11-13]. https://www.ndrc.gov.cn/xxgk/zcfb/tz/
202203/t20220321_1319772.html?code=&state=123.

K, EBE, FPUE, 55 GURRHE M A AT b 87 B b v i SR AT
7 [9]. R EARUELL, 2021 (18): 39—43.

Liu W, Wang C, Guo Y, et al. Research on the application of am-
monia fuel and standard development requirements in the ship-
building industry [J]. China Standardization, 2021 (18): 39-43.
T2 4L. SDARIL. ABS I MAN 3t R 25T GRS L R R A
AVEF R [J]. BEANBE IR, 2019 (2): 99.

Huang Z L. SDARI, ABS and MAN jointly signed a cooperative
development agreement for ammonia fuel regional container ships [J].
Journal of Ship Design, 2019 (2): 99.

BRABE K, e, KIHESC. A B EAT LT BE IR U B A —
i B EUIE Tl b2 2 KR ED (1. S EA R T, 2022 (5):
20-22.

Zhao X F, Yang X Y, Liu Y W. How to save energy and reduce
carbon in ammonia industry?: Visiting Gu Zongqin, president of
China Nitrogen Fertilizer Industry Association [J]. China Petro-
leum and Chemical Industry, 2022 (5): 20-22.

Kyriakou V, Garagounis I, Vourros A, et al. An electrochemical
Haber-Bosch process [J]. Joule, 2020, 4(1): 142—158.

Nayak-Luke R M, Bafares-Alcantara R. Techno-economic viabil-
ity of islanded green ammonia as a carbon-free energy vector and
as a substitute for conventional production [J]. Energy & Environ-
mental Science, 2020, 13(9): 2957-2966.

121



