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Exergy Analysis of Conventional Ironmaking, Direct Reduction-
Electric Furnace and Smelting Reduction Systems
Tomohiro AKIYAMA and Jun-ichiro YAGI
Synopsis :

Exergy analysis was conducted on three ironmaking systems which were conventional ironmaking, direct

reduction-electric furnace and smelting reduction systems.

The exergy analysis is better than an enthalpy

balance or a heat balance because exergy can express the quality of energy and evaluate different forms of
energy like chemical, thermal, pressure and mixing energy by a unified measure.

According to the calculated results for the specified conditions, the smelting reduction system was the
lowest in net exergy loss, however, the highest in overall output exergy. The development of the efficient
heat recovery process is therefore required for this system. The direct reduction-electric furnace system

was the highest in net exergy loss.
ergy loss.

However, nonfired pellets were found to be effective to reduce net ex-
In the conventional ironmaking system, net exergy loss of its constituent processes significantly

depended on the injection rate of pulverized coal and on the charging amount of nonfired pellets.
Key words : ironmaking ; system evaluation ; energy saving ; exergy ; blast furnace ; direct reduction ;
smelting reduction ; shaft furnace ; fluidized beds ; nonfired pellets.
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Fig. 1. Net exergy loss in a process.
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Table 1. Fundamental exergy equations.
e=¢ctertept ey

From of exergy Equation

Chemical &= i C:D

Temperature ep = ?En, i) () To n (T/ To)}

Pressure ep=(Zn;) RTo ln IZ ./ Py

Mixing ey= RTo X[niIn {ng/ (2 n‘)

~

Table 2. Environmental conditions for exergy
analysis.

To=298.15K, Pp=1 atm
Hzo(]) at Ty, Py

Condensed phase :

Gas phase : Substances Mole fraction
N2 0.7560
[} 0.2034
H,0 0.0312
CO, 0.0003
Ar 0.0091
Table 3. Standard chemical exergy of substances
selected for ironmaking processes.
To=298.15K, Py=1 atm
Substance Reference substance &(kJ/mol)
Aly03(s) Aly03 (s : g -corundum) 0.00
C(s) CO,(g) 410.83
CaO(s) CaCOs (s : calcite) 110.41
Co(g) CO3(g) 275.55
COx(g) COx(g) 20.11
CHy(g) CO2(g), H0(g) 830.74
Fe(s) Fey03 (s : hematite) 368.41
Fe, O(s) (#=0.947) Fey03 (s : hematite) 118.74
Fe304(s) Fe;03 (s : hematite) 96.97 .
Fe;03(s) Fez03 (s : hematite) 0.00
Hy(g) H,0(g) 235.39
Hz0(g) Hz0(g) 8.60
MgO(s) CaMg(CO3)y(s : dolomite)  50.83
MnO(s) MnOs(s) 100,36
N3(g) Na(g) 0.69
0s(g) 0(g) 3.95
P(s) Ca3g(POy)a(s) 866.58
S(s) CaS04-2H,0(s) 603.22
Si(s) Si0y(s : a-quarz) 853.35
SiOx(s) . SiOa(s : a-quarz) 0.00

— 43 — .
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Table 4. Approximate equations to evaluate

chemical exergy of fuels by RanT.

Phase Gas Liquid Solid
e(kJ/kg) 0.95 X HCV 0.975 X HCV LCV+ rw

HCV : High Calorific Value (kJ/kg)
LCV: Low Calorific Value (kJ/kg)

7 : Latent Heat of Water (2 438 kJ/kg)
w: Water content (-)

Table 5. Conversion factors to exergy.
Conversion factor Process
Electricity 9.83 MJ/kWh Steam power generation®

Benfield process
Air liquefaction

5.02 MJ/Nm®(CO3)

CO3 removal
5.21 MJ/Nm3(05)

09 production

2 : Thermal efficiency of generation = 36.6%
b . K2CO3 + COz + Hp0 = 2KHCO3 + Heat
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Fig. 3. Conventional ironmaking system.
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Table 6. Operational data of the blast furnace.
Case A-1 Case A‘-Z
Production rate(t/day) [t/day/m’] 6395[1.97] 6972[2.15]
[Fuel Retio]
Coke(kg/thm) 507 450
Pulverized coal injection (kg/thm) 0 47

[Raw Material]
Sinter/F. P. %/N. P.t/Ore
[Hot metal]

70.0/6.3/4.9/18.8 69.9/15.9/0/13.7

Temperature(°C) 1497 1517
Discharging rate(kg/thm) 1000 1000
Composition( %)
C ‘ 4.68 4.76
Si 0.12 0.31
2 : Fired pellet b . Nonfired pellet
Table 7. Exergy flows for the blast furnace.
Inflow Case A-1 Case A-2 Outflow Case A-1 Case A-2
Raw Material 310 297 Hot Metal 8653 8736
Coke 15 322 13 602 Slag 669 623
Pulverized coal 0 1464 Top Gas 5586 5121
Blast 1176 1293 Dust 267 256
Electricity 246 264
Total 15175 14 736
Total 17 054 16 920 (MJ/thm)
Table 8. Summation of net exergy losses in the conventional ironmaking system.
Case A-1 Case A-2 (MJ/thm)
Process Inflow Outflow Net loss Inflow Outflow Net loss
Blast furnace 17 054 15175 1879(20.8% 16 920 14 736 2184(24.1%
Coke oven 22 657 18 580 4077(45.1% 20 110 16 491 3619(39.9%
Hot Stove 1983 1276 707( 7.8% 2100 1423 677( 7.5%
Sintering machine 3014 764 2250(24.9% 3074 733 2341(25.8% )
Rotary kiln 138 33 105( 1.2%; 339 79 260( 2.9%)
Nonfired pellet 190 170 20( 0.2% - — —
Total 45036 35998 9038( 100 %) 42543 33462 9081( 100 %)
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Fig. 4. Direct reduction system.
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Fig. 5. Smelting reduction system.

Table 9. Summation of net exergy losses in the DR-EF system for fired (Case B-1) and nonfired (Case B-2)
pellets.
Process Case B-1 Case B-2 (MJ/thm)
Inflow Outflow Net loss Inflow Outflow Net loss
Pretreatment 43 0 43§ 0.4%3 44 0 44( 0.5%)
Rotary kiln 2010 483 1527(14.1% — — —
CORAC furnace - — — 3 264 3117 147( 1.5% ;
NSP kiln — — — 467 222 245( 2.5%
Shaft furnace 28 949 28 581 368( 3.4% 32054 31372 682( 7.0%
Gas reformer 31473 24 532 6941 ?63.9% 31473 24 532 6 941571 0%
Electric furnace 11 100 9117 1983(18.3% 11824 10 109 1715(17.5%
Total 73575 62 713 10862( 100 %) 79 126 69 352 9774( 100 %)
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Table 10. Operational data of the smelting reduction furnace by heat and mass balances (Case C-1 : Shaft

furnace, Case C-2 : Fluidized beds).

Input Case C-1 Case C-2 Output Case C-1 Case C-2
PIO* (kg/thm) 1166 1194 Gas? (Nm%/thm) 1123 1319
PR® (%) 70 60 (°c) 1697 1697
Oxygen { Nm®/thm) 430 493 PCD® (%) 28
Coal® (kg/thm) 602 703 HRE! (%) 90
CaO (kg/thm) 101 109 Hot metal (%) Fe/C =97/3
(°c) 1500
Slag( %) ’ FeO = 10
(°c) 1500
Basicity(—) Ca0/Si0; = 1.3

2. Prereduced iron ore ° : Pre-reduction degree °: VM27%, HCV 30.6 MJ/kg, C/H/N/O/S = 82.2% /4.6%/1.9% /10.8%/0.5% (Dry ash free)
d, Equilibrium of water gas shift reaction °: Post-combustion degree f. Heat recovery efficiency

Table 11. Exergy flows for the smelting reduction system (Case C-1 : Shaft fuenace, Case C-2 : Fluidized

beds).

Process Case C-1 Case C-2 (MJ/thm)
Inflow Outflow Net loss Inflow Outflow Net loss

Pretreatment 42 0 42( 0.5% 42 0 42( 0.5%)
Calcination 362 172 190? 2.2% 389 185 204( 2.6%)
Rotary kiln 1945 468 1477(17.3% — —_ —_
Shaft furnace 20 393 20092 301( 3.5% — — —
Fluidized beds — — — 23962 23581 381( 4.8%)
O3 production 2971 632 2339(27.4% 3402 722, 2680(33.7%
Cooling reformer 21125 20 389 736 (8.6% 24 807 23 958 849§ 10.7%
SRF* 23678 20 314 3364(39.4% 26 186 22 393 3793(47.7%
Total 70 516 62 067 8449( 100 %) 78 788 70.839 7949( 100 %)

2 : Smelting Reduction Furrnace
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Fig. 7. Overall exergy flows in different ironmak-
ing systems (system exergy analysis).
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