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Figure 1 (Color online) Structure of the energy system of a steel
plant.
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Figure 2 (Color online) Examples of feasible operation region for
CHP units.
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energy system of a steel plant considering rolling plans.
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Table 1 Hot rolling production plan, supply and demand of secondary energy for a steel plant on a certain day
A LRSS %‘%1%5%\7[7% bi?g gjﬁ? BFG (km’) ~ COG (km’)  LDG (km’) AR EEF?#%?V
1 R1 145 653 750 74 101 303 461
2 R2 122 549 678 88 86 320 470
3 R3 132 594 688 77 87 310 485
4 R4 141 635 607 73 96 325 426
5 R5 135 608 737 88 100 307 440
6 R6 136 612 659 77 95 308 442
7 R7 161 725 775 75 86 299 434
8 R8 155 698 762 68 95 307 410
9 R9 178 801 711 67 95 310 479
10 R10 188 846 714 95 87 309 410
11 R11 177 797 705 77 95 324 497
12 R12 167 752 734 70 86 303 447
13 R13 190 855 755 75 95 310 492
14 R14 173 779 729 88 98 304 482
15 R15 176 792 768 73 102 310 431
16 R16 155 698 756 76 100 305 441
17 R17 148 666 706 80 98 323 460
18 R18 150 675 822 78 100 334 422
19 R19 152 684 715 78 96 310 413
20 R20 145 653 730 84 103 310 455
21 R21 147 662 843 71 92 301 500
22 R22 137 617 762 72 93 303 441
23 R23 140 630 799 77 101 310 475
24 R24 143 644 718 77 126 306 444

F 2 hEBEARET FIEME R A (CNY/KWh)

Table 2 Time-of-use electricity prices for the steel plant in China

(CNY/kWh)
Bt X [] ) HLAfY & B
PN 1:00~6:00
#ih 92-00~24:00 0.496 0.597
7:00~8:00
SIE AN
T 16:00~21:00 0.937 0.597
Ay 9:00~15:00 1.56 0.597
3 AREN A
Table 3 Energy medium costs
AU BT (CNY k') wE MR
Ao BFG COG DG  (CNY/t) (CNY/h)
ik 50 100 60 85 528

IR Fg: 4y L o0 LA R CHPHLAE I 2835 L ) R AR
. RITEAE R T AL CHPHLAL AT RS

TG, R FRAE ©— Fh A O

R4 RENTESH

Table 4 Parameters of energy media

— A

WREIIEE T
&, LUl R BT AROF I TRER) AT IEAT.

REIEA ol 1
RS 3200 (kJ/m) -
SRR 17520 (kJ/m’) -
AP, 8300 (kJ/m’) -
IR - 2908 (kl/kg)
WAl 3600 (kJ/(kWh)) -
IR 29630 (kJ/kg) -
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F 5 CHPHLAISH
Table 5 CHP unit parameters

HLZH 1#/2# CHP 3#/4# CHP
RREHEINZE (MW) 247 60
NI (MW) 98.8 20
BAREERINE (MW) 180 55

kM -0.178 -0.273

kS 1.782 2333

kS -0.170 -2.50

1 0.36/0.36 0.37/0.39
[RU, RD,] (MW) [50,50] [30,30]
la; b [0035,145] [01035,345]
le;» e] [2650,003] [2650,0025]
[d f] [42,0032] [2203,0051]

Kl4fE /R T K FFord-FulkersonfiZ:, 757 i A [ 2%
fih EIRIF AR ELH 7 5. BRI IS I EL# K 7
PEILFS. TLAMER R, R SRR I FL I S oo 1
WhHh 22 HELE F 1IN A B AR B I B AT # L, T F A 7R
SRASE/IN L ) B 0 U 498 23 TG E R T A A 8 v T B B i
ATHLH. X Tl S % B 1 A KPR P k2> 7 FH H e e )
XoF A1 R ) L 7 A5 CHP AL ZE A0 25 18 2 47 i 1) 75 2K
I, e BT FA B ) B i e AU BT A B A
AP, I BT E i KRG AR e HERTECE.

F o6 HAUEBRIETEH
Table 6 Operating range of gasholders
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Figure 4 (Color online) Production scheduling of hot rolling units
based on the Ford-Fulkerson algorithm.
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50 s AR AL 2. AP R RT BU Y, FEAR R A IS

B BREE (km') BUNEE (km) AR R (k')
TSR (1#2#) 260 50 80
BRI AR 100 20 40
EAPIREASAE (1#/2#/38) 60 10 30

R T ARSI FZ AT RTT 5

Table 7 Comparison of different operational optimization solutions
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Table 8 Production scheduling results for hot rolling from scheme 4 computed by the proposed method in this paper and the corresponding

allocation of heat and electricity from CHP

o ﬂﬁiﬂ ajnil“ WAl i #;F fraE 1#CHP 2#CHP 3#CHP 4#CHP
G REE (MW) R (G) ik 0 o (Mw) AR (0 B (MW) @ 1 (MW) I B (Mw)
1 R4 178 801 107 232 107 232 44 50 44 50
2 R3 177 797 116 230 116 230 44 50 44 50
3 R23 188 846 111 231 111 231 44 50 44 50
4 RS 155 698 118 230 118 230 44 50 44 50
5 R22 167 752 109 231 109 231 44 50 44 50
6 R6 190 855 110 231 110 231 44 50 44 50
7 R18 143 644 105 232 105 232 44 50 44 50
8 R19 145 653 109 231 109 231 44 50 44 50
9 R13 140 630 111 231 111 231 44 50 44 50
10 R15 141 635 90 232 90 232 61 32 68 45
11 R11 135 608 118 230 118 230 44 50 44 50
12 R12 122 549 107 232 107 232 44 50 44 50
13 R9 136 612 111 231 111 231 44 50 44 50
14 R10 132 594 108 232 108 232 44 50 44 50
15 R14 137 617 111 231 111 231 44 50 44 50
16 R16 147 662 108 231 108 231 44 50 44 50
17 R17 148 666 117 230 117 230 44 50 44 50
18 R21 152 684 123 229 123 229 44 50 44 50
19 R20 150 675 87 234 87 234 68 44 68 45
20 R8 155 698 111 231 111 231 44 50 44 50
21 R7 145 653 106 232 106 232 44 50 44 50
22 R2 173 779 107 232 107 232 44 50 44 50
23 R1 176 792 111 231 111 231 44 50 44 50
24 R24 161 725 109 231 109 231 44 50 44 50

B, CHPHLA ISR IEAE 2 2218 b TS Bt Al
LT T, DI NI A, CHPHILALIE i A%
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BOR. XA T IR RS RA HE R,
A BT REIER AR, FRRREIRH #E, SCIL AT RFEL
K.
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- S04, IR RS R B T Bofy B TR i RE YRR
PR, A3 RS0 RPN S AN 75 SR 22 5.

X ARIEAT T SEREAT IR RESRIKIZ AT 8 R T,
BT s ats, BARIRI0PR. TRIRHIE
LI BT S REVRI PR AL, B 25 B B . A
PO =Fis AT 7 %, 7 SR AGHRER RS, X2
NERBE T RIAATIL. SR, ESEBRIFE

1771



RS A B P R B A B ALk BEVR R S XUR BRI

R TIRA (RLPHRTTVE) TR ITFCHPIE AL

Table 9 CHP gas consumption from scheme 4 computed by the proposed method in this paper

-~ I#CHP (km®) 2#CHP (km’) 3#CHP (km) 4#CHP (km’) I (km®)
‘ BFG COG BFG COG BFG COG LDG BFG COG LDG BFG COG LDG
1 300 15 0 40 257 1 0 193 10 0 0 0 95
2 128 40 300 0 207 10 0 193 10 0 0 0 94
3 300 40 0 40 207 10 0 193 10 0 89 0 62
4 0 40 0 40 261 0 0 248 0 0 0 0 97
5 0 0 237 40 207 10 0 193 10 0 0 0 84
6 300 40 0 40 219 8 0 193 10 0 0 0 103
7 275 40 0 40 207 10 0 193 10 0 0 0 79
8 300 40 0 40 261 0 0 248 0 0 0 0 84
9 300 0 300 40 0 10 80 248 0 0 0 0 74
10 300 40 0 0 0 10 75 214 10 7 0 0 72
11 0 40 0 40 257 1 0 248 0 0 0 0 73
12 300 40 300 40 0 10 80 242 1 0 0 0 66
13 300 0 0 40 261 0 0 248 0 0 0 0 76
14 300 28 229 40 207 10 0 193 10 0 0 0 74
15 20 39 300 40 0 10 80 248 0 0 0 0 76
16 256 0 300 40 207 10 0 193 10 0 0 0 80
17 0 40 0 40 261 0 0 248 0 0 0 0 80
18 268 35 300 40 207 10 0 248 0 0 0 0 78
19 300 40 300 40 0 10 95 215 10 7 0 0 79
20 0 40 109 40 261 0 0 248 0 0 0 0 81
21 0 40 300 40 207 10 0 248 0 0 0 0 82
22 207 40 300 40 207 10 0 248 0 0 0 0 91
23 0 40 300 40 251 2 0 248 0 0 0 0 102
24 157 40 300 40 261 0 0 0 9 77 0 0 87
220 = =
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E8 (CNY/M) 116 B 18 cop Mges
200} S 2007 22 2 cip —— tEeB{R]2.0
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Figure 5 (Color online) Electric load considering hot rolling produc- B 6 (Mé@ﬁ&ﬂ‘; l7’S) CHPHLALBER I #E 5
tion plans. Figure 6 (Color online) Coal consumption of CHP units.
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Figure 7 (Color online) Gasholders capacity curve. (a) BFG;

(b) COG; (c) LDG.
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Table 10 Comparison of the indexes for different operating schemes

BT EEC EPC ETC MY H
HE (i) (J378) (Ji78) (7o)
ES! 6 208 72 286
EY) 0 187.78 63.31 251.09
HR3 0 191 66 257
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; 1 2
BRI 0 93 67 60
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Figure 8 (Color online) Heat and power distribution diagram for CHP
unit 1#.
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Figure 9 (Color online) Real/predicted power demand of the steel
plant.
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Table 11 Operating costs of the steel plant energy system under
different uncertainty levels (fluctuation amplitudes 5 = 0.1)
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Production-energy cooperation based two-layer robust optimization
for energy system of steel enterprise

HAN ZhongYang'”?, WANG ZhiYuan'?, ZHAO Jun'” & WANG Wei'”

]Key Laboratory of Intelligent Control and Optimization for Industrial Equipment, Ministry of Education, Dalian University of Technology, Dalian
116024, China;
2School of Control Science and Engineering, Dalian University of Technology, Dalian 116024, China

Iron and steel production is closely related to energy media, such as gas, steam, and electricity, so that the related collaboration as well
as their cooperation with the production plays a pivotal role in energy saving and emission reduction. The existing studies typically
implement real-time optimization in closed-loop with prediction, whereas the subsequent uncertainty brings further challenge for this
work. As such, a production-energy cooperation based two-lay optimization method is proposed in this study. It starts with the
modeling for production planning considering time-of-use electricity price in the upper layer. Then taking economic cost as the
objective and feasible region for equipment such as Combined Heat and Power (CHP) as the constraints, the model for real-time
optimization of energy system is established in the lower layer. In order to deal with the uncertainty problem, an improved light robust
optimization algorithm is designed in this study, so as to obtain the final running scheme for the energy system. Based on the real data
of a steel enterprise in China, simulations are conducted to compare with the solution without the consideration of cooperative
relationship, prediction uncertainty and feasible region of the CHP, aiming at verifying the benefit for economic cost reduction and the
superiority of robustness for the proposed method.

steel enterprise, energy system, cooperative optimization, robust optimization
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