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Simulation of the Effects of Hydrogen Injection on the
Main Indicators of Blast Furnace and Carbon Dioxide
Emission Reduction by Zero-Dimensional Model
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Abstract: The steel industry accounts for about 7% of the total human carbon dioxide emissions, and faces enormous
pressure to reduce emissions, especially the blast furnace (BF) process with high carbon dioxide emissions. BF hydrogen
injection is one of the important technical measures for emission reduction. However, there are still few studies on the
limit of hydrogen injection in BF and the influences of hydrogen injection on the changes of main indicators of BF. To
evaluate the limits of BF hydrogen injection and these effects, this paper introduces in detail the application of Excel
MMULT (MINVERSE (zone 1), (zone 2)) function to build BF mass and heat balance model and application of the
Generalized Reduced Gradient (GRG) nonlinear optimizer of Excel Solver Add-In for BF operation optimization. The
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paper simulates the effects of hydrogen injection on the replacement of BF coke and pulverized coal, the reduction of
CO, emission, the increase of production, and the changes of raceway adiabatic flame temperature (RAFT) and top gas
temperature (TGT), the use of blast temperature (BT), and oxygen enrichment for thermal compensation. The possible
limits of hydrogen injection are simulated. The influences on BF direct reduction degree (Dr), CO and H utilization rate
(nCO and nHy) are also simulated. Further, the influences of hydrogen preheating injection on coke ratio, CO, emission
reduction and use of BT, oxygen-enrichment for thermal compensation are simulated. The paper comprehensively and
quantitatively evaluated the various aspects of BF hydrogen injection. The simulation results show that when hydrogen is
injected at room temperature (298 K), under condition of full coke, 1250<C BT, oxygen enrichment and maintaining
1800<C RAFT, the maximum CO, emission reduction of the BF can reach ~30%. If the allowable RAFT is 1900 <C, the
maximum hydrogen injection volume is about 1/3 less than 1800<C, and the maximum CO, emission reduction will be
~20%. 1 kg/thm of hydrogen injected can replace about 2 kg/thm of carbon; this value varies with BT and oxygen

enrichment rate, but is not affected by the composition of the mixed ore.

Keywords: BF Hydrogen Injection; Simulation; BF CO, Emission; Output; Coke Ratio; Coal Ratio;
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Figure 1 Demonstration of using MMULT and MINVERSE function
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Table 1 Comparison of simulation results with industrial practice and literature reports
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Table 2 Different burden mix compositions used in the simulation
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F 3 BLUAL H MR IR By

Table 3 Coke composition used in the simulation
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Table 4 Composition of pulverized coal used in the simulation
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Table 5 Composition of hot metal used in the simulation
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Table 6 The proportion of main slag components used for simulation
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Table 7 Simulated operation regimes for each kind of ore mix under full coke operation
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Table 8 Simulated operation regimes for Hydrogen replacing coke with PCI operation
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T3 RAFT 1800<C, THliFAML, &% T c RAFT 1800<C, Tili [ %] 100C, &4
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Table 9 Simulated operation regimes for Hydrogen replacing pulverized coal
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Figure 3 Simulated operation regimes for preheated Hydrogen replacing coke operation
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Table 10 Maximum hydrogen injection amount at 298 K
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Table 11 Maximum hydrogen injection amount under different blast temperature (BT) and oxygen content (normal ore mix)
W & EX R

EfE |999C 1000C 1050C 1100<C 1150<C 1200<C 1250<C
W : N ; ; ; : ;
g@%”ﬁ REBEL e R R R R R R KR
=AU ]
f;j;ﬂ“ﬂ 7 |Kglthm|0 29.25 (42.36 [29.30 |42.38 |31.74 |43.43 |34.02 |44.46 |36.18 |45.46 [38.22 |46.45 |40.14 |47.41
==
KR < 999 (999 (999 [1000 [1000 [1050 [1050 [1100 [1100 (1150 |[1150 (1200 [1200 [1250 {1250

HAAGTE % 21.00 [21.00 |27.13 |21.00 [27.12 |21.00 |26.79 [21.00 |26.46 |21.00 |26.13 |21.00 |25.80 [21.00 |25.47
FREE g/Nm® [12.60 [12.60 |12.60 [12.60 [12.60 [{12.60 [12.60 |12.60 [12.60 |12.60 |12.60 [12.60 |12.60 [12.60 |12.60

RAFT < 2129 [1800 (1800 [1800 [1800 [1800 [1800 [1800 [1800 [1800 [1800 [1800 [1800 [1800 [1800
TAIRE  |T 100 172 |100 |172 |100 |167 |100 |161 |100 |156 100 |152 |100 |147 |100
Lt Kg/thm|499 |430 (398 [430 (398 |417 |390 [406 383 (395 (376 (385 (369 [375 [362
i CO, HE | kg/thm |1413  |1194 |1093 |1193 [1093 |1154 |1069 |1117 |1046 |1083 (1023 |[1051 (1001 |1020 {979
?Eoi/?ﬁﬁﬁk 0 15.54 |22.64 |15.60 |22.68 |18.35 |24.36 [20.93 |26.01 |23.36 [27.61 |25.66 |29.19 |27.83 [30.73
BEAT Ha Uik

kg/kg |0.00 |7.51 |[7.56 |7.52 |7.56 |8.17 |7.93 [8.69 |8.27 |9.13 (858 |9.49 |8.88 [9.80 |9.16

I CO,

FEINAER AN S B RV 2 AN, KR T KR AT EE ) (R 1D BUEB XIS & AR S
&, AR REMERE . HA KR KT 1000C I, EMFEFRGEE T, &R A E S CO, A B/ (kg CO/kg
Hy), WH 4. BMEAIERRE, BEE KRG, AWIEEm, EFHNERRER. 88, XiE&, T
DB AR AR E, MAEATHRKEBD, FPH CO HE K. tih, EAFK RAFT TIRT, S
AT R HOR AT R IATEAN, 4R 5. BUNZARER, EAEAEILT, FER RAFT /LY KAT4T 1)
BAEVEE, TRV E 2 HBIEE . K 100CRAFT LV INZ) 8~10 kg/thm W&l &, HAKRT KRG
PEP Suie

-

H2 BRIk £, kg/thm kg CO2/kg H2 B
47.00 ) 10.00
45.00 0,50
43.00
41.00 5.00
39.00
37.00 8.50
35.00
33.00 3.00
31.00
29.00 & : : : : 7.50
1000 1050 1100 1150 1200 1250
FEREATHNE —— EERAEAHYE
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Bl 4 AN [ XU A e 48T BRI SR SR HE SR

Figure 4 Hydrogen injection limits and CO, reduction under various BTs and oxygen enrichment
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( ) RAFT A Sk N\
I SEEAT ZEEAT EESAT
-GS (Ri8960°C) (Ri8990°C) (5 1063°C) BABEE, kg/thm
2000 8.48 10.46 13.32
1900 17.82 19.42 21.74 -~ 3§
1800 28.08 20.25 30.87
- 30
- 25
y =-0.0883x+ 189.69
R? =0.9993 - 20
y =-0.094x + 198.22 L 15
R? = 0.9993
- 10
y =-0.0979x + 204.03
R?=0.9993
. : : : 5
2100 2000 1900 1800 1700
RAET.°C * FREET TRELT RERET
’ (Fi89600C) (Ai29900C) (A8 10630C) _4)
K5 AE RAFT BRAE N i B R A &
Figure 5 Limits of hydrogen injection under different RAFT limits
4.2 SN BB R BN KB CO, WIS
M5 S 0T B AR AR B IR 2 e P R S5O ER 12 13 IR 14,
12 fHE KR BT B AR I RCR
Table 12 The effect of hydrogen injection to replace coke under constant BT
W INEBIR Lkg/thm A
B B (X 200C E RAFT=1800C
fRE L kg/thm AER B A (TR TR AL 200C) CE ) AR
960<C i ~ -2.42 -2.42(A0,%/AH2=0.41)
999C K -2.39 -2.39A0,%/AH2=0.47) gL
1063C K -2.34 -2.34(A0,%/AH2=0.56)
1150C Wil T -2.35 -2.25~-2.26(A0,%/AH2:0.13-0.15) -2.05(A0,%/AH2:0.67-0.92) .
1250C A T -2.33 -2.16~-2.17(A0,9%/AH2:0.15-0.18) -1.78(A0,9%/AH2:0.73-0.79) o

kg ERBER TR AEH: 2.01 (=2.33%0.8618) ~2.08

13 SRR S B AR IR I RUR
Table 13 The effect of H, injection to replace coke with increasing BT

(=2.42*0.8618) kg; =%: 1.53

(=1.78*0.8618) ~2.08 kg

s AW E R (R 12); b)TEHAKH X (<1100<T)
AL ABEAF T, 7 XIRA R R T E A, &
YR B Lb A 52, {E 1150T M 1250T K

, m | BEINEBEIK 1kg/thm ARE£LL ‘
AEEAABE, MR | | B ST, SRR U, R R B e b
ﬁ 960T g 1250C -3.66 6 (£ 12); ¢)4EWE N FIR IR, B o
999<C 2| 1250<C -3.63 ENUENN . . N
2, IR AR 18 U 1 A IR :
T B, X5 RSB T RGR TS SRR (R 13);

FTLUAEL, a) sl AE B & A 0L T Is 4TI,
WEERIEN 1 kg MU AT B 2T 2 kg Mt 2 BUH=
BE & XU AN & AR AT AR AL, (EANZIR S
0} 2T YRR 2 S = W R /ST K R T

d) S5 B AR LE, B O T AR A AR AU

CERl B N (Bl Jie DX 485 5 22 (V0 4 e T Ao 75
I o EFER, SR, PRm AR Bk
B B L s, (EAI7EL) 2 kglthm Zidy; 5 A
w, BHEGBAT G 14);

http://www.materialsrd.com




SR T YR RIDL S TBION b BRI R R

R 14 WU AR IR

Table 14 The effect of hydrogen injection on replacing pulverized coal

WINEBIWR 1kg/thm . . e .

REBEEL. kg/thm FEHR HA(TH IR E 200T) H4(RAFT=1800T) PR AE

1150C KT -2.58 -2.54(A0,%/AH2=0.05) -2.31(A0,%/AH2:0.44-0.54) i
gL

1250<C XU T -2.55 -2.48~-2.50(A0,%/AH2:0.05-0.06) -2.05(A0,%/AH2:0.53-0.70)

1kg EACE KR R A% 1.67 (=2.05*0.8138) ~2.10 (=2.58*0.8138) kg

T T COL HE (FRm IS+ CO, K CO
SYTHEN CO, R Mm-S B AR AR SRR 1 AR
A . A T A NIRRT CO, & IE LTS B
TR B R B e LR LT B R, BRI AR
N 3.16(=44/12%1*0.8618) , PCl [ % %t N
2.98(=44/12*1* 0.8138), LT BN H (IR & &
), WA 1kg Z A LA 6~8 kg 1) CO, L Chf
T3 12 F1 14D % 3R 13, 7EIE IR T 390 1 kg
AR, JHE CO, TTIA~12kg RLR .

#* 15 KB, MPRAEFR (298 K) FHIA,

EAE. 1250C WIRAE SR T, milPiscok CO ik
HEwT LUK $~30%, FERE A4 5 2 A 3R L ERAE S EOR
. EHEE. RAFT TR A, M8, bTE
Bebbmg Ftm, &y Co, W E B . Mg
FH, NE. BEER. BEY R ERHRK CO, Yk
HIHEEm. WK 5, RV RAFT X i KB & &
BRI, R R RAFT S 1900T, HOkA
IR H 1800C A/ 1/3, Bk COL iRk Hy
~20%. 1% -5 8 SCHR B SRR IE (B0 A — BT .

* 15 WIS &Y CO, B KB HEZ(RAFT &5 4 1800C)
Table 15 Maximum abatement rate of CO, emission@BF with H, injection

s ; 1150C R iR HEEL 150kg/thm | 1250C KU HEH 200kg/thm
COp % |BEEE |4k, HENE = R : ‘
% 1453 (@960T) | 22080\ 960 F |14 6017 41 8.42/17.65
FRRET 1250T)
: . 2154 (@960, | 31.35 (@1250C, | 21.76 (32.80%0) / 19.72 (31.21%0,)]
- 26.35%0)) 24.37%0,) 23.95 (26.75%0,) 24.12 (28.73%0,)
% 1554 (@999C) | 27830 999 I 17 g5 16,92 5.16 / 16.09
BERAT 1250T)
. 2264 (@999, | 30.73 (@1250C, | 22.20 (34.87%0;) / 18.48 (29.56%0;) /
- 27.13%0)) 25.47%0,) 24.43 (27.99%0,) 24.42 (30.37%0,)
% 17.10 (@1063T)  |2>89N1063 1401147
R AT £ 1250T)
! . 2421 (@1063C, | 29.74 (@1250<C, | 22.86 (38.67%0) / 16.61 (27.30%0;) /
= 28.55%0,) 27.38%0,) 25.15 (30.17%0,) 24.88(33.31%0))

4.3 WIS KR

IO P RN IS S 25 AR R 16 T

16 IT U3 n B ) SR
Table 16 Effects of hydrogen injection on output increase

BFATEB

1150CT KR HEEe 1250C iR KE

V=1
RrEE | BESTE &% HEEXE %ﬁ P 48, 1250<C RE|150kg/thm 200kg/thm
(/- R) REERIRE RS REBEERIREBES
33.68 (M
% 2.41 (@960<C) 960 213 1.83/4.17 1.50/3.88
LR EY 1250C)
() 31.25 (AO,%/AH2=0.13)/  |33.44(A0,%/AH2=0.15)/
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B TEBE

1150C KRR B

1250C X Bt

AO,%/AH2=0.56)

(AO,%/AH2=0.69)

114.27 (AO,%/AH2=0.54)

YRR [HRST (S RN [ [£f. 1250°C A 150kg/thm 200kg/thm
(W) REERIRE S REERINRBES
5 (e 9211 (@960, 116.44 122.11 (AO,%/AH2=0.67) / |130.53 (AO,%/AH2=0.73) /
e (V) AO,%/AH2=0.41) (AO%/AH2=0.57) |91.34 (AO,%/AH2=0.44)  |103.96 (AO,%/AH2=0.53)
35.24 (M
& 2.47 (@999°<C) 999 % 2.21 1.87/4.41 1.53/4.09
. 1250C)
. 5 -
R & (i) 33.24 (AO%/AH2=0.14)/ i%g Eigzégﬁin;;g:ég/
o s 1103.60 (@999<T, 126.46 136.87 (AO,%/AH2=0.76) / |138.57 (AO,%/AH2=0.76) /
2 (K AO,%/AH2=0.47) (AO,%/AH2=0.61) |99.41(A0,%/AH2=0.47)  |113.94(A0,%/AH2=0.58)
38.07 (M
& 2.55 (@1063<T) (1063 #| |2.34 1.93/ 4.66
1250<C)
WIRRET |0 e 36.31 (AO,%/AH2=0.15)/ |39.28 (AO,%/AH2=0.18)/
e (D) 16.32(A0,%/AH2=0.05)  |15.90 (AO,%/AH2=0.05)
- 123.98 (@1063<C, 143.14 162.07 (AO,%/AH2=0.92) / [151.99 (AO,%/AH2=0.79) /

134.34 (AO,%/AH2=0.70)

RO, PRI TR R RA SR, FER R R KR Tt
S 150~4.66 U5 FEEL, AN AT, MR, PRI R

WA,

PRSI (AR
PRI, AR

W, ERINE R, EAE, TR AR R LR AU T A R, AR B IR . (HAEAE
ST DU ORI o TR P S R M TRREAR AL, BRI, B S BAEE R b, & B BB

4.4 BYEXT RAFT M TGT ALK

£ 17 S RAFT (R8N

Table 17 Effects of hydrogen injection on RAFT

LK, Py 1150C QB . | 1250C KB L
Xt RAFT figm | EE55 | &, EeRiE 1 XIE B JSME 1950C 150kg/thm 200kg/thm
1250C KREBERIREER | REBERREBER
. % -10.56 (@960<C) -5.60 -10.73 -11.45/-8.82 -12.25/-9.20
FRIBREH
= -6.95/ -7.48/
% -11.21 (@990°<C) -6.07 -11.30 -12.13/-9.05 -12.97/-9.46
EIERAY
2 -7.41/ -8.01/-7.15
% -12.19 (@1063<) -6.88 -12.20 -13.23/-9.80
RIIREY
= -8.21/-7.52 -8.89/-8.73

W 17 Frow, EANE R HE KR NSITh, 3N kg AWK T8 RAFT [£K4) 10~13<T; T
SR G A P2 AR GRS D, R S SRS A L, BEEN RAFT BA AR 25K AHE
HEHUE FH T AN B B KGR AR B E 0T RAFT HIS2M . A S A s xR, RAFT BIFEICRK D> 2] 5.6~8.9T
Fetis HESREERILFEBINR, S R B O 2 1> RAFT

18 S gh THTEN TGT 2k semm . WK, Mk DAMEE KIRA & ST H B R m, 38wt E0k 580
TGT #4/12y 2.3~2.9CT; BB ITZ) 0.67~0.86C (LREFAELLAAL D SR1M, 4l OR%F 1800<C 1HE RAFT. &
FUBATHY, T & FUs AT N B AN B RGE AN AR R & D, BRI i A 2 S B TGT 41K 5.2~6.7C i i »
SR SRR E AN ARG e R R 2 e TGT A1k
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18 Wy TGT AL
Table 18 Effects of hydrogen injection on TGT change

.- 1150C . 1250C KR #EH
X TGT HIfEm | EEE5E | &%, EeXE 1255%: 150kg/thm 200kg/thm
REERREBIER REERE Y
s & 2.39(@960<C) 2.88 2.43/0.81 2.4710.87
LIRIREN
" 2 -5.21 (@960<C) -6.33 -6.07 /-5.77 -6.37/-6.16
. 7 2.47 (@990<C) 2.92 2.41/0.78 2.45/0.82
RS ﬁr
a £ -5.50 (@990<C) -6.50 -6.31/-5.93 -6.45 1 -6.34
P % 2.59 (@1063<C) 2.94 2.37/0.67
LR
8 B2 -5.97 (@1063<C) -6.75 -6.67/-6.20 -6.58/-6.70

4.5 BREX PTG B EUM KR AM B 2
FEWEN AL (298K) TSI, WEELHE 20 0NN 50 I MR IEAT 2R . LR L 19 0 20.

R 19 EEWON BT B A R

Table 19 Effects of hydrogen injection on the required oxygen enrichment

Sf JHER 1150C A KEEE | 1250C M. #EEb
PN i) Y " 2. WInRE 150kg/thm 200kg/thm
(RAFT=1800<C) N (AO,%6/AH2) (AO,%/AH2) REERRBEW RELERIREBES
2 (AO,%/AH2) (AO,%/AH2)
. . TGT=200<C 0.13/ 0.15/
BIRIREH
RAFT=1800CT | 0.41(@960<C) | 0.57(}\ 960 %] 1250<C) | 0.67/0.44 0.73/0.53
TGT=200<C 0.14/ 0.16/0.06
WIEREEH
RAFT=1800CT | 0.47(@990<C) | 0.61 (A 999 | 1250<C) | 0.76/0.47 0.76/0.58
. TGT=200<C 0.15/0.05 0.18/0.06
RFRREH
RAFT=1800T | 0.56(@1063<C) | 0.69 (M 1063 | 1250<C) | 0.92/0.54 0.79/0.70
# 20 WIS AT R KR AME I
Table 20 Effects of hydrogen injection on the required increase of BT
Xt IR AME IR (TG T=100<T) A, BiXEE 1250C
BIRIREN y = 10.31x + 948.07
MWIEIRAT y =10.51x + 991.08
PLRET y = 11.00x + 1058.80

MR AE ARV RAFT 41 1800T I21THY, Wi 28 FORAME RAFT HIREMK. BHULE KR, BaEmmiE
I, 7R 0 R AR T AR e 5 A OR A LU 7 e i 1 UK DR B TR 22 1 5 AT N R E X
AL, RFURAH F & E K (RIMEES &b ). M@y EE /e 200C TGT &/ Nigirh, "EE
SCRHKTH B TR AT T R S AU TGT 3. L R, s S8 S5 R FHEE RAFT B HLAH
8L, BUBE w2 S s A, MEABRERSEEREML, FEESNESKE; R, EE
TGT M F B S ARG T REEE RAFT (1800T) 154 (0.05%~0.18%%f H. 0.44%~0.92%[%1AO,%/AH,
MENDo IXRAEHR, KWIEST RAFT MM LY TGT AISZmIsE K (I 4.4 1),

MEPABYE IR RAK TGT (100°CT) FHAE, 4 FH3G I RUESRAMEm 51 2 1 RAFT TR, AT XU IE
IR R R A T AL 10T, Wl Esker, 5 SARRL 75 KR AME . X RS (GR 200,
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4.6 BES Dr. nCO M nH, I
# 21 WEE BREEEE Dr.. nCO Al nH, (IR
Table 21 The effect of hydrogen injection on the direct reduction degree Dr., nCO and nH,

xf afe. BHAE RE K 1150T | RBIEH . 1250T | REER . 1150C | RBER . 1250C
Dr.mCOMH, |&4&. fHEXE - lz‘socc KR KR KR KR
HRIRZ JEEL 150kg/thm | JEH 200kg/thm | JEH 150kg/thm | JEEE 200kg/thm
ey |077%-0.13%/  |-0.69%/-0.10%/ |-0.72%/-0.12%/  |-0.73%/-0.12%/  [-0.79%/-0.13%/  [-0.80%/-0.13%/

e -0.11% -0.09% -0.10% -0.11% -0.11% -0.12%
s sy |O77%0.13%/  [-0.71%/-0.12%/  |-0.72%/-0.12%/  |-0.73%/-0.12%/  [-0.79%/-0.13%/  |-0.80%/-0.14%/
FReE -0.12% -0.10% -0.11% -0.11% -0.12% -0.12%
GmRay | 078%/-0.14%/  |-075%/-0.13%/ |-0.72%/-0.12%/  [-0.73%/-0.13%/  |-0.79%/-0.14%/ [-0.80%/-0.15%/

e -0.13% -0.12% -0.11% -0.11% -0.12% -0.13%

M6 Dy nCO FlH, (IR 21 Fos. A8, SEINEIRE S8 Dr.. nCO Ml nH, FEAIK. AEAH R R T
WIS DrfERATFEm B AR, JEHSREN R ETR. MAEE IR, WiRE, &ATEmAXs Dr.
FEARAIREMEOR . A BARERIR R R T AR « WIS Dr B AIREM SRR, X nH, FISZH RN, X nCO 1Y
Wi efe ASCH,  ELEEEJR B DraR ELIEE BRI BE /R 4 AL SR ) S0 R VR Bl L

4.7 S HBEIR IR

4.7.1 FRISRBERBEL 1— AR RIRACT T8 0SS YR 5 B
EIEIR AT AFREAT T, BRSSO CA) e 1800 TRAFT Al

100TTGT FigfTh)

RARKBEREILEL 129C (K), WK 7.

A=l

SRR 6 A7 . ARBHIE, WIAEHCOK AT BIE &N 58.55 kg/thm (&1 6). XiRS5EAWIA

IR AL PP S IO A (T MG Ry, Pl G (i e B PR EERIR . 390 100C X, AT AFEAIR

4 ey s e N
Bk Ekg/thm 1 B (K) 5 A A 155 5 = (kg/thm)
60.00
58.00
56.00 /7L
54.00 // // /
52.00 // // /
50.00 // ///
48.00 %//é//
46.00
sa00  e—
- ,
42.00 —
40-00 T T T T T T T T T T T T T 1
- 3 - & - X Ny - - 3 & - N -
r&% DE‘)Q <,§5° (OQQ ,\QQ %QQ OJQ() \()QQ ‘\'\QQ QQQ @QQ \’&)0 Q’JQQ <’)&.‘OP‘E’)
\ gggoCF:':ﬁgkjjJ:ﬁu';ifg wsooczf—iiszizi uoooczf—:ifj:iﬁi %]{ﬁ:ﬂ&fg
11500CK, :m—E = 2, P A 12000CKm—-ER 7 EL P Y 12500Ckm—-ERF E P A _/

Bl 6 AN IR SRR N IR B /KT T IR oK e
Figure 6 Limits of H2 injection at different blast and hydrogen preheating temperature level
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o 2 )
4 SR SR B RIR T B TG
SBmAREE.K FLig °C gga| 1080|4100 4180 1200 1250
! EFAEES, kgthm 5855 5855 5355 5855 5855 5855
1550 EEHTAEEK 1640  1488] 1421  1@se| 1201 1228
1500
1450
1400 -
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1250 - y =-1.2915x + 28
RZ=1
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\. J

B 7 ASTR] RGBT 7 P B v TR
Figure 7 highest hydrogen preheating temperature required at different BT

B S UBENIREITHE, FRe & AR R, ELRIE S WA TRE T ARV AT N U AN 2
A, NLIE 8. AR, EMIAREESE, P A M. WK 8, ERTE R, SR T RS SO
AR R AR RAELNER), B R LA AR [ AT LUK BT A R/, 380 100K
M3 NIRRT 5 BT P s X A IR 0.48% . A B F KM, B T i S MONR S, 3D P v 2l Ut
Nl P 5 EE AR R, ALK 9. iy 100 K S UBEN TR BE 75 ZE PR L) 77 2 81T AL

o ™
ot WAL, kg/thm i EER02 % %
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S800 FoRo0E
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FOR00%
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B SR, kg/thm KR, °C
60.00 - - 1300
58.00 -

56.00 1200
54.00 - 1100
52.00 -
50.00 - ~ 1000
48.00
46.00 - 900
44.00 - _ 800
42.00
4000 T T T T T T T T T T T T T T T 700
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9990CH R T RAIEE B ke/thm 10500CHR T B AIEE & keg/thm 11000CHR TR AIEE R ke/thm
11500CHR TR AIEE R ke/thm 12000CHR T B AIEE & keg/thm 12500CHR TR AIEEE ke/thm
- - oCFR e oCRR 5 p= b=
9990CH, 10500, 11000CK, ﬂ]}ﬁ)\{m}ﬁ’ K
k- © = . = 11500CRUR 12000CHR = = = = 12500CR& J

(I EH v = o= R

TR LI XU A2

Figure 9 changes of BT beyond the required highest H2 preheating temperature

AR ACE T, S v S il B 5 e
FEARERLL AT COp HEIR RN A 458K 22 AR,
FERARMRIR T, & 100 K ZUBEN TR 152 mnt BRI
FELEA COp HECR LK AR iR B MG K 5 K AT I
IRV T/

TR 22 AEANTA R AT 7 e S UL FEE PR R

Table 22 Effects of injecting preheated hydrogen at different BT
levels

NEB R — R A B CO. iR, EADM
g EE e,

R 23 ETIAAIEAE ke B CO, HEBUKI R

Table 23 Effects of hydrogen preheating injection on BF production
and CO, emission

WA Hfr HHE %R i
P PN 8952 11080 24%
=l CO, HEIR O Ak 1335 726 -46%
L AT | 285.88 282.05

JEE N gk | 200.00

ElUe O Ak 58.55

KR < 1250 1250

HAE % 21 21

HER R E % 45.26 11.32

R SR AIAE N 100 K
B T A, |CO, HE | =Bk, |BABEERR
' kg/thm 1k, kg/thm | ton/day 1, kg/thm

999 -9.13 -28.84 102.48 1.27

1050 [-9.02 -28.51 102.05 1.26

1100 |[-8.82 -27.89 101.40 1.23

1150 |-8.73 -27.58 100.93 1.22

1200 |-8.67 -27.41 101.02 121

1250 |[-8.39 -26.52 99.16 1.17

(. R NLNE RS2, HEFRRRIFIEE 2 L)

TERKESBNEARE N, SETRERrfataK
FHIFEMEEAT L, EGEIAISE BRI T, 8
HEINATEL COL BRI 2 HIAE~24%H1~46%, W3R 23,
TEXMEIL R, Bk e 4t 1225K ST ATEAR.

TE T b, RIS EGE R SR CFE DRI T2 H
RINTRAAE] 900 LA b, HETHEMMSAEME R DL
W T4, Epk v E R H o an RS AT S
MG EREFETEAT] 950T LA L, FRANG B E Wt

4.72 BRASMNBERKL 2—AHEH
W B T 1 KGR R

IEm e EB AR, SN T EE S
KR A E ML RAFT IR . 4R, T &
JRE, ANELHER—L) &ea HRGEK AR
FHE. I, AOSE TR R BIGREKE TR,
Bl AR IEN, BEAERRUCR Ba Ak . BRI Rk 24
A 10 Fion. MR 24 ATLIEEHVE B, 7EMINE S
AR, FER KR AMERD, TR e &
FEAREE LA S CO, HEB S8R, Rl 2 M AR
T T 900 K I, WL 10.
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Table 24 Effects of hydrogen injection at different preheating temperature level with increasing BT
WA _— AFER | ABSEBIAH2, |A CO HEX |A RAFT/ |ARGE/
B K KR, T Y RAFT, € TGT, T|H2, kglthm  |/AH2, Wi/ |kg/miik /AH2, kg/ |A H2, AH2,
' 7 FikgH2 |/kgH2 Mi%k/kgH2 | T/kgH2 | T/kgH?2
M99 F |-, M 2129 | | i i i
298 1250C 21% 1984 100 M 0 F] 23.90 (35.24 3.63 11.46 6.07 10.51
M99 F |, M 2129 | | i i i
500 1250C 21% 1963 100 M0 F| 27.54 (36.17 3.64 11.49 6.0 9.10
M99 F |, M 2129 | | . . .
700 1250C 21% 1937 100 M 0 F]32.39 (37.94 3.66 11.55 5.90 7.85
999 | |, 2129 % , ] ] ]
900 1250C 21% 1900 100 M 0 F 39.17 [39.61 3.67 11.60 5.82 6.38
M 999 | 0 M 2129 #|
| - - -
1100 1250C 21% 1847 100 M 0 3 49.30 [43.32 3.70 11.69 5.67 511
M 999 | 0 M 2129 #|
] - - -
1225 1250C 21% 1800 100 M 0 %] 58.55 [46.54 3.72 11.75 5.58 4.22
AFEE (M/R) /A H2 A i (kg/thm) [ AH2
49 -3.62
47 / - 364
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43
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- 37
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Figure 10 Effects of hydrogen injection at different preheating temperature level
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Figure 11 Effects of various H2 preheating temperature on the replacement of coke rate at 1000, 1100 and 1200<C BT levels
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Figure 13 Effects of various H, preheating temperature on the required Oxygen enrichment rate at 1000, 1100 and 1200<C BT levels

# 251000, 1100 FH 1200C Rl 7K A [m] S8 AR BE 3G I S UM R 0 R s 25
Table 25 Summary of effects of increasing H, injection at various H, preheating temperature at 1000, 1100 and 1200<C BT level

T BARER, kg/thm

at 1000C B.T. at 1100C B.T. at 1200C B.T.
298K y =-2.39x + 499.47 y =-2.31x + 485.1 y =-2.24x + 471.32
500K y =-2.59x + 499.44 y =-2.52x + 485.18 y =-2.43x +471.34
700K y = -2.80x + 499.41 y =-2.72x + 485.3 y =-2.64x + 471.6
900K y = -3.00x + 499.38 y =-2.92x + 485.34 y =-2.84x + 471.91
1100K y =-3.22x + 499.35 y =-3.13x + 485.52 y =-3.05x + 472.16
1300K y = -3.43x + 499.32

Y ;
T FiyP CO, HE, kg/thm

at 1000C B.T. at 1100C B.T. at 1200C B.T.
298K y =-7.55x + 1413.3 y =-7.30x + 1367.9 y =-7.07x + 1324.4
500K y =-8.19x + 1413.2 y =-7.95x + 1368.1 y =-7.69x + 1324.4
700K y =-8.84x + 1413.1 y = -8.59x + 1368.5 y = -8.34x + 1325.2
900K y =-9.49x + 1413 y =-9.24x + 1368.7 y =-8.99x + 1326.2
1100K y =-10.16x + 1412.9 y =-9.90x + 1369.2 y =-9.64x + 1327
1300K y =-10.85x + 1412.8

=4 3

EBARE AR

at 1000C B.T. at 1100C B.T. at 1200C B.T.
298K y = 0.0047x + 0.0709 y = 0.0053x + 0.029 y = 0.0059x - 0.0153
500K y = 0.0044x + 0.069 y = 0.0050x + 0.026 y = 0.0056x - 0.0193
700K y = 0.0041x + 0.0646 y = 0.0047x + 0.0239 y = 0.0053x - 0.0248
900K y = 0.0039x + 0.0613 y = 0.0044x + 0.0191 y = 0.005x - 0.0302
1100K y = 0.0035x + 0.0582 y = 0.0041x + 0.0126 y = 0.0047x - 0.0386
1300K y = 0.0033x + 0.0522

http://www.materialsrd.com



42 SR T YR RIDL S TBION b BRI R R

RIS, FEBARM KU T, 38 0 2= e AT s
Wil FE 5 PR AR LL Rt CO, HEUIBUR B 4F, T v
SN TR BE R B AR AR LU AT 4P — S A B R TSR ) 2L
REEFH. EREIRGRT, 80w 7 2 AR
SR PR U NI B PR AR T 75 o S8R (5
M £ B i R KPR SR 2

4.8 HHie

BAREWR] DA N = &, BRI A, BEE, AT
Fefk sl CO M, (HAEH /T CO HE MM A% &A=
MIZHRA T, HEFTHEAHE. RAAEES
CO, HEBUSRA . BEARE R A Can L) ml =& o
BUE SR B, A E AT H AR
P25 SO FRATTER AL 1 ST R 1R 7 52 W] 14D 5 4 T 1) 5
HEE. BRGERIRTE R R LA R R
BIFEIR, AR & PR SR AF I A & SRS H
R &%) RAFT FI TGT 52, #EAE AR EkHiE
Frffeie AV G . REUARE, Bk, U5 RAFT
R EIESE, R A OCCHR[14-18]4IE I A6 3 R AR
SERER KT TCE ME&HE RAFT LM H .
RIEASCEAL (B 5), ARK RAFT TR, XfHkn
YFmTEE . AT E T CO, JHEE A R R, H
W ASCHIB R AEMA KA TR, AR
PEEAR = CO, HERE (B B EL)FIE 2 T 2 41
(40 RAFT M1 TGT) N H br ek BN L R S A SR e A5 H
1, SERRERE SRR MEAS S TRl F A kAT s oL
SRR R REEI T, TR 4 18], H iR
B3 o A AE 25 0] b2 R AR SOR AR AL DT NS A ST
PR B AR A BB . (ER, R
T IR AN 52 T st A 2% X IRAZ AR, AR SOREAL IR 25 SAT)
W FIE# . FFRARKSHENE. 48, b
EEE RS AR KA ERE W N, IR
REIRZRIE A B T

5 i

M IR BB AR ZE F AT LA H DR T i
ARML R

1) 7E455E i) RAFT(1800C) M TGT (100 <T)Z R Al

R MRET T, s En miEa R

A RAFT Z4F, XA IR A B KR

i, 7EHAEAMENT, K 100C RAFT

http://lwww.materialsrd.com

AN 8~10 kgt BREMI N &, BARRERTH 4
M IREW B AL X RV A E R
YOE MR . R S S E LT, EAFm
A R FRAR T AHRIBRGR A N AR
T, G XGEATE AR RV S AR
fEAAR RGBT s sz 5 e i KR A
BAK, AIMTEEHENIN., SEha R
M AEmE, AT RS R, HFHFREE SN
BAE, FERIER IR E —E . HEAMm
WA R Ny . [ @A R, 7 1250<C
KIR T, WSTE 298 K iR E T mwi NEA, WTE
WA S ARSI BNE MRy 40.14 kgt
Bk, TESNEEN 25.47%HITE LT, ATmEEL
PIR Ay 47.41 Kglt k.

2) £ 1250C KR K1 1800C RAFT FFR T, &

WA AN, YT EERE, g
BRBEN 298 K J6./% . 47.41 kg A/, &b CO,
HEFBCE AT LA 1413 kgt %k Chf ST 499kg £ B
IR ABEIR s RO FEE 979 kglt Bk,
AL 30%; W1 E S DL 1225K ik 58.55
kg MIRRFREBIN, WIEN CO, HEBT A 1335
kg/t 2k (286 kg/t Bk A ELAIT 200 kg/t AL ) [
IR 726 kgt 2, HEZ 46%, {HHRIMEA
SN TSz BT AR RAFT # R4
SN e K AT B, TN 5K CO, IiHE &= A
AR

3) PR AN PR m A CO, HiUE

= s A EI IR, R R ERIRRIR
A1 900 K DA b M & R . B s Ami
HBESRINESNER R, 3T 5EEsy,
{5 1250C SR EM 12.6 g/Nm® SR,
1225 K i & AW N & PR 7] 1A 58.55 kg/t £k;
BRI XU FO VB i B AR NI, RT3
100T JAifE AT DARBRAR o 17 f5 KMot & = R W N L
fEZ) 129T (K); it i KB & & 58.55 kgt
BRI FRR, ik — 0 5 A NI B R R X
R 77 & 81T M AN A & . biE
AAWNIRE TR, TR E RS R,
HAANFEEE NI BEREMS, TEN
AR RO, 180 100 K E TR ST
7 0.48% 5 W & A 2 PR (AR L) o

4) TEFTRBAUSEIE R, WEN 298K iR FE IR A JTES



MRS KR 2022, 1(1): 25-48 43

WP L . B CO, HEI. RAFT. TGT.
BB R LUK CO FI Hy [OF FH AR 5

AR 26, FESXSHNE A1 R AL .

F# 26 WENASKE AR B, CO HE. RAFT. TGT. ELH:EJFFE LK CO FI Hy IR I S48 (b s i
Table 26 Effects of hydrogen injection on BF production, coke/coal ratio, CO, emissions, RAFT, TGT, degree of direct reduction, and

changes in CO and H2 utilization

FEIBE L CO, Bb

= v ’ ’ 0, 0, [0)
Mg LkgH2 | =&, t/day kot & Ko/t M RAFT, T |TGT, T Dr., % nCO, % |nH2 %
fH5E MR TEE A

oy +150~255 |-2.01~2.08 |7.37~7.63  |-10.56~13.23(2.37~2.94

I e=—1 X M= . /|\E'—§v/=‘

%Egﬁ’ 131253928 |- 1.86~1.95 | 6.84~7.14 ~0.77~0.80 |- 0.13~0.15 | - 0.11~0.13
EE P KB | 65 11-162.07 | - 1.58-2.08 |5.62-7.63 e 5.21~6.75

ABRER ' ' T T B

fH5E MR TEE A

oy +3.88~4.66  |-2.08~2.10 |7.63~7.69 |-8.82~9.80 |0.67~0.86

I =E=—1 X N=| . /|\E'—§v/=‘

E%Ef;*ﬂ/ EEF11501-17.03 |- 2.02~2.07 |7.40~7.59 ~0.72~0.73 |- 0.12~0.13 | - 0.10~0.11
= AT

IENE KIEER | o1 34 13434 |- 1.67-1.88 |6.12-6.90 SRR 5.77~6.70

A8 REH ' ' ST o s

Bi N=] . =l

;‘L Zﬂﬁg ?;E M |4 33.68~38.07 |- 3.08~3.15|11.31~11.56 |- 5.60~6.88 ~0.69~0.75 | - 0.10~0.13 | - 0.09~0.12
=8 i,

FEAE IO PR A1 ARG el 2 & A RIS
SR, PPERINENE. LWy ARENR, NE
S, IEERIBEN 1 kg 20T AR TR E )R MU 20 2 kg
FRIBR s PRI, $i vy IR R B 43R e a2 S0 B 14 L 4
BRI R AR R I 7 0 & SR IR, A
HREERMLIL, B R, MEBIA 1 kg 2T
/> CO, HF L) 6~12 kg, Bk TSNS H . FEHEINIX

3%

H5E 7R v 2 8 ) AR A g e
1A R AL A

IR TG RIGI CO, kR, 1w A e
e FEMFERERNS MR E T, o
HEH) CO, B SR AT SFAHTR TR
5) Mg SN BRI S (4 RS W AE S R A AR R
JUFARE, EAEARFXIERFEF AR EL )
B0 Jo B AT REAT S e R

AL AL AR ] DX T AR

Table Al Calculated variables used in the raceway segment in the model

Raceway calculated values

mass O, entering raceway in blast air

mass N, entering raceway in blast air

mass O, in injected impure Oxygen

mass N, in injected impure Oxygen

mass H,0 entering raceway in blast

mass C entering raceway in falling Coke particles

mass Al,O3 entering raceway in falling Coke particles

mass SiO, entering raceway in falling Coke particles

OO (N [W|IN|F

mass tuyere injected CH4/NG

=
o

mass Coal/CnHm injected through tuyere

[EEN
[N

mass CO in raceway output gas
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Raceway calculated values

12 mass N, in raceway output gas

13 mass H, in raceway output gas

14 mass Al,O3 in raceway output gas
15 mass SiO, in raceway output gas
16 mass H, injected through tuyere
17 mass Oil injected through tuyere
18 mass CO injected through tuyere

B A2 BB R BRI A T T S AR

Table A2 Calculated variables used in the bottom segment in the model

Bottom segment calculated values
1 mass Fe0.9470 into bottom segment
2 mass scrap steel descending into bottom
3 mass DRI descending into bottom
4 mass C in descending Coke
5 mass [Fe] out in molten iron
6 mass [C] out in molten iron
7 mass [Si] out in molten iron
8 mass [Mn] out in molten iron
9 mass [Ti] out in molten iron
10 mass CO out in ascending gas
11 mass CO, out in ascending gas
12 mass N, out in ascending gas
13 mass H, out in ascending gas
14 mass H,O out in ascending gas
15 mass O, in blast air
16 mass N, in blast air
17 mass H,O(g) injected through tuyere
18 mass O, in injected impure Oxygen
19 mass N, in injected impure Oxygen
20 mass tuyere injected CH4/NG
21 mass Coal/CnHm injected through tuyere
22 mass H, injected through tuyere
23 mass Qil injected through tuyere
24 mass CO injected through tuyere in bottom
25 SiO; in descending ore
26 Al,Oj3 in descending ore
27 CaO in descending ore
28 MgO in descending ore
29 MnO in descending ore
30 TiO, descending in ore
31 SiO; in descending Coke
32 Al,Oj3 in descending Coke
33 Ca0 in descending Coke
34 MgO in descending Coke
35 SiO, out in molten slag
36 Al,O3 out in molten slag
37 CaO out in molten slag
38 MgO out in molten slag
39 MnO out in molten slag
40 TiO, out in molten slag
41 SiO, or Al,O5 in descending flux
42 CaO in descending flux
43 MgO in descending flux
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#* A3 BRI ARTUA SR X AE T S AC

Table A3 Calculated variables used in the top segment in the model

45

Top segment calculated values

1 mass Fe,0; in BF charge

2 mass Fe30, in BF charge

3 mass FeO in BF charge

4 mass other in BF charge

5 mass SiO, in top charged ore

6 mass Al,Os in top charged ore

7 mass CaO in top charged ore

8 mass MgO in top charged ore

9 mass MnO in top charged ore

10 mass TiO, in top charged ore

11 mass top charged SiO; or Al,O5 flux

12 mass top charged CaO flux

13 mass top charged MgO flux

14 Mass top charged scrap steel

15 Mass top charged DRI pellets

16 mass CO injected into top segment

17 mass C in Coke charge

18 mass SiO, in top charged Coke

19 mass Al,O3 in top charged Coke

20 mass CaO in top charged Coke

21 mass MgO in top charged Coke

22 mass H,O(l) in top charged ore, coke and fluxes

23 mass CO ascending from bottom gas

24 mass CO, ascending from bottom gas

25 mass N, ascending from bottom gas

26 mass H, ascending from bottom gas

27 mass H,O ascending from bottom gas

28 mass CO out in top gas

29 mass CO, out in top gas

30 mass N, out in top gas

31 mass H, out in top gas

32 mass H,0(g) from reactions departing in top gas
33 mass H,O(g) from top charged H20(l)

34 mass Fe0.9470 descending into bottom segment
35 mass SiO, in ore descending into bottom segment
36 mass Al,O3 in ore descending into bottom segment
37 mass CaO in ore descending into bottom segment
38 mass MgO in ore descending into bottom segment
39 mass MnO descending into bottom segment

40 mass TiO, in ore descending into bottom segment
41 mass SiO, or Al,O3 flux descending into bottom segment
42 mass CaO flux descending into bottom segment

43 mass MgO flux descending into bottom segment
44 mass C in Coke descending into bottom segment
45 mass SiO, in Coke descending into bottom segment
46 mass Al,O3 in Coke descending into bottom segment
47 mass CaO in Coke descending into bottom segment
48 mass MgO in Coke descending into bottom segment
49 Mass scrap steel descending into bottom segment
50 Mass DRI pellets descending into bottom segment

2. ARG R N T R
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Table A4 Equation used in the raceway segment in the model
Equation Description
1 mass O, entering raceway in blast air
2 mass N, entering raceway in blast air
3 mass O, in injected impure Oxygen
4 mass N, in injected impure Oxygen
5 mass H20(g) injected through tuyere
6 mass tuyere injected CH4/NG
7 mass Coal/CnHm injected through tuyere
8 mass Al,O3 entering raceway in falling Coke particles
9 mass SiO, entering raceway in falling Coke particles
10 Raceway carbon balance
11 Raceway oxygen balance
12 Raceway nitrogen balance
13 Raceway hydrogen balance
14 Raceway Al,O3 balance
15 Raceway SiO, balance
16 mass H, injected through tuyere
17 mass Qil injected through tuyere
18 mass CO injected through tuyere in bottom
R AL IR EORR R DA R T AR
Table A5 Equation used in the bottom segment in the model
Equation Description Equation Description
1 Fe out in molten iron specification 22 SiO, descending in Coke
2 Fe mass balance 23 Al,O3 descending in Coke
3 O mass balance 24 CaO descending in Coke
4 C mass balance 25 MgO descending in Coke
5 N mass balance 26 SiO, mass balance
6 H mass balance 27 Al,O3; mass balance
7 N, in air specification 28 CaO mass balance
8 Equilibrium H,O/H, mass ratio 29 MgO mass balance
9 Equilibrium CO,/CO mass ratio 30 Enthalpy balance
10 [C] out in molten iron specification 31 mass H20(g) injected through tuyere
11 [Si] out in molten iron specification 32 CHA4/NG injected through tuyere
12 [Mn] out in molten iron specification 33 Mass O, in injected impure Oxygen
13 Mn mass balance 34 Mass N2 in injected impure Oxygen
14 Mn reduction efficiency 35 Coal CnHm injected through tuyere
15 Ti mass balance 36 mass H2 injected through tuyere
16 Ti reduction efficiency 37 mass Oil injected through tuyere
17 [Ti] out in molten iron specification 38 mass scrap steel descending into bottom
18 SiO, descending in ore 39 mass DRI descending into bottom
19 Al,O3 descending in ore 40 mass CO injected through tuyere in bottom
20 CaO descending in ore 41 Al,O3 out in molten slag specification
21 MgO descending in ore 42 CaO out in molten slag specification
43 MgO out in molten slag specification
A6 BRI b FRIIGE R X AT (1 75 2
Table A6 Equation used in the top segment in the model
Equation | Description Equation | Description
1 mass CO ascending from bottom gas 26 Mn mass balance
2 mass CO, ascending from bottom gas 27 massTiO, descending into bottom segment
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Equation | Description Equation | Description
3 mass H2 ascending from bottom gas 28 TiO, mass balance
4 mass H20 ascending from bottom gas 29 mass SiO, or Al,O3 flux descending into bottom segment
5 mass N2 ascending from bottom gas 30 SiO, or Al,O3 in flux mass balance
6 mass C in Coke descending into bottom segment 31 mass CaO flux descending into bottom segment
7 mass SiO, in Coke descending into bottom segment 32 CaO in flux mass balance
8 SiO, in Coke mass balance 33 mass MgO flux descending into bottom segment
9 mass Al,O5 in Coke descending into bottom segment | 34 MgO in flux mass balance
10 Al,O3 in Coke mass balance 35 C mass balance
11 mass CaO in Coke descending into bottom segment 36 H mass balance
12 Ca0 in Coke mass balance 37 N mass balance
13 mass MgO in Coke descending into bottom segment | 38 O mass balance
14 MgO in Coke mass balance 39 unreacted C in coke specifiation
15 mass Fe0.9470 into bottom segmen 40 H2/CO reaction ratio equation
16 Fe mass balance 41 mass H20(l) in top charged ore, coke and fluxes
17 mass SiO, in ore descending into bottom segment 42 mass H20(g) from top charged H20(1)
18 SiO; in ore mass balance 43 mass Scrap balance
19 mass Al,O3 in ore descending into bottom segment 44 Mass top charged scrap steel
20 Al,O5 in ore mass balance 45 mass DRI pellets balance
21 mass CaO in ore descending into bottom segment 46 Mass top charged DRI pellets
22 CaO in ore mass balance 47 mass CO injected into top segment
23 mass MgO in ore descending into bottom segment 48 mass Fe,0; in BF charge
24 MgO in ore mass balance 49 mass Fe;0, in BF charge
25 mass MnO descending into bottom segment 50 mass FeO in BF charge
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