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Fig.1 Flow diagram of hydrogen production by steam Tab.1 Utility simulation results and industrial data
reforming unit Bbk/  MRES 5.5 MPaZEiA/ 0.4 MPa
I (t*h™D) (m+h)  (teh D (t+h D)
i R Y5 k% B PENG-ROB™ , 289K &
5 Ul dal Y A 23.39 1268 —11.73 —2.45
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Tab. 2 Simulation results and industrial data of key streams
a AR PR AR 4 il <,
47
A E BLAE W/ % A E HAE B2/ % A A REAE "%/ %
H,0O 38.78 38.43 —0.90 32.94 32.59 —1.06 0.79 0.73 —7.59
CO 7.62 7.61 —0.13 1.78 1.78 0 7.26 7.34 1. 10
COq 6.31 6.31 0 12.15 12.15 0 49.53 48.71 —1.66
H, 41.62 41.98 0. 86 47.47 47. 81 0.72 19. 35 19. 87 2.69
CH, 3.04 3.05 0.33 3. 04 3.05 0.33 12. 38 12.51 1.05
N2 2.62 2.62 0 2.62 2.62 0 10. 69 10. 84 1. 40
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Tab.3 Key calculation parameters
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240 150 12
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3.4 5 000 1.15 2.8
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Fig.2 Relationship between steam to carbon ratio,

reaction temperature and hydrogen production

3 2 L UM B A AL S IR S
KBk LA S5 2R P 3 T LA BE A BN R
JEE 5 7Bl EE A 80 2 ) SRS S A T R
PR A Bt K Bk L 5 5 7 T RE B L T e A A
Ay S0, I 7 AR AR N R e A A
(ELSG 0, 20 B R AR VA L o SR A AT



240 KX % H T

¥ % i 55 60 %

LIRS oK B EE A 84 S Bl SRR R

VAR L IIETE N
24000
~ 21000 |
=i
5 18000
B 780 C
S 15000 | —~810C
——840 C
12000 | ——870 C
9000 . , ., T
1 2 3 4 5 6 7

k

B3 Kt REBEEFARREX R
Fig. 3 Relationship between steam to carbon ratio.
reaction temperature and hydrogen production
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Fig. 4 Relationship between steam to carbon ratio,

reaction temperature and NO, emission
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Tab.4 Parameters of the regression model
ﬁm) ﬁm ﬁm ﬁzo ﬁl 1 ﬁoz R?

A& —95 420 194.5 6 256 —0.088 76 —3.615 —239. 1 0.997 9
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Tab.5 Optimization results of hydrogen production operating parameters under different weights
L oeh - == \“J_L/ = ( . »- Il:
A R/ C KR %'Jj‘éhﬁi$/ SRV %Eﬂi{ﬂ/ NO ﬂFHﬁEm/
a (gt - h™H (m®+h™ 1) (JC *m™*) (kg+h™ 1)
0 780.0 4.57 17 113 13 000 1.316 4 2.91
0.1 780.0 4.57 17 113 13 000 1.316 4 2.91
0.2 780.0 4.57 17 113 13 000 1.316 4 2.91
0.3 780.0 4.57 17 113 13 000 1.316 4 2.91
0.4 819.5 3.52 16 844 13 000 1.295 7 3.75
0.5 857.7 2.76 16 620 13 000 1.278 5 4.77
0.6 873.4 2.50 16 540 13 000 1.272 3 5.28
0.7 873.4 2.50 16 540 13 000 1.272 3 5.28
0.8 874.3 2.50 16 573 13 027 1.272 2 5.32
0.9 887.2 2.50 17 033 13 403 1.270 8 5. 95
1.0 894.7 2.50 17 287 13 607 1.270 4 6. 34
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Fig.5 Pareto front for operating parameters of
hydrogen production considering NO, emission

and economy

2. 76, i NO, HcE b 22 5% B It i i 45 45
MY 24,76 06, 22 U S AL 0. 64 00 AL AL
A2 R BEME TR R IE 22 B PE AU B4R T 1 35 B A )
AAER NO, HEBE.



E # 60 %

4 & ik

AR SCHENT T R IR SRV AR 08 B 1 & i
R 8 o BB A T A KR T S
J2 IVl J3E XoF o] G 2B AR L EUBUAR & NO,
HEHCR: B9 2w, 9F A H MATLAB 14 H £ 00 iR
BRI R P VA — vk ST T AUk B AT
P NO, HEBCE [R50 A i B B8, 5 R AR
FUTE A9 £ 1 AR 6 X6 3% 1) kAT T SR . f ik
Ja W S BRAE T2 NO, HERCE /D> 24. 76 %, &
Tr 2 A N 0. 64 %.

2% 3k -

(1] #k2z.ZHL0.8F5%. % L EHAHEAHAR

BAK 5 & 5 4 [1] I # &, 2019,
38(12): 5217-5224.
HUANG Gesheng, LI Jinshan, WEI Shouxiang,
et al. Status and economic analysis of hydrogen
production technology from fossil raw materials [J].
Chemical Industry and Engineering Progress, 2019,
38(12): 5217-5224. (in Chinese)

[2] PASHCHENKO D. Combined methane reforming
with a mixture of methane combustion products and
steam over a Ni-based catalyst: An experimental
and thermodynamic study [J]. Energy. 2019, 185.
573-584.

[3] SUN Ping, YOUNG B, ELGOWAINY A, et al.
Criteria air pollutants and greenhouse gas emissions
from hydrogen production in U. S. steam methane
reforming facilities [ J]. Environmental Science &
Technology, 2019, 53(12). 7103-7113.

(4] E#A.KDEB. MEFH. PE ARG L0 E.: #

Bk & - B4A& [J] FHEBFEHFLR, 2019,
32(10): 1755-1762.
WANG Yunjie. ZHANG Shaojun, HAO Jiming.
Air pollution control in China: progress, challenges
and future pathways [J]. Research of Environmental
Sciences, 2019, 32(10): 1755-1762. (in Chinese)

[5] FARSHCHI TABRIZI F, MOUSAVI S A H S,
ATASHI H. Thermodynamic analysis of steam
reforming of methane with statistical approaches [J].
Energy Conversion and Management, 2015, 103.
1065-1077.

[6] PASHCHENKO D. Thermodynamic equilibrium
analysis of steam methane reforming based on a
conjugate solution of material balance and law action
mass equations with the detailed energy balance [J].

International Journal of Energy Research, 2020,

7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

44(1) . 438-447.

%= #.5 m.B O%.E RAAKEAEAS
A # Aspen plus E# 47 [J]. RAA NI, 2013,
38(1) . 57-59.

JIANG Wei, MA Rui, ZHAO Feng, et al.
Simulation analysis with Aspen plus for hydrogen
production by steam reforming of natural gas []].
Natural Gas Chemical Industry, 2013, 38(1). 57-
59. (in Chinese)

BAEF. ABRARLERELFATZ 2 REH Y
Bt [J]. % AL T4, 2017, 47(5): 23-27.
XIE Dongsheng. Simulation and optimization of
large natural gas steam reforming process for
hydrogen generation [ ] ]. Petroleum Refinery
Engineering, 2017, 47(5): 23-27. (in Chinese)
GAO Jiyao, YOU Fengqgi. Dynamic material flow
analysis-based life cycle optimization framework and
application to sustainable design of shale gas energy
systems [ J ]. ACS Sustainable Chemistry and
Engineering. 2018, 6(9): 11734-11752.

WANG Chunyan, WANG Ranran, HERTWICH
E, et al. A technology-based analysis of the water-
energy-emission nexus of China’s steel industry [J].
Resources, Conservation and Recycling, 2017, 124.
116-128.

Bl S.NMAE LIZENS ERG
fel & (1], A/ T, 2017, 37(11): 194-197,
199.

HAN Xiaoxia, CHENG Ming, LIU Shusen, et al.
Multi-objective optimization ( MOO) of chemical
process [J]. Modern Chemical Industry, 2017,
37(11): 194-197, 199. (in Chinese)

EOR.E WLEZE. ) RmEW S E AR
o lJ]. AHE I A% FH/, 2019, 59(3): 251-
256.

WANG Pei, SHI Bin. YAN Liexiang. Multi-
objective optimization of crude oil purchase in
refinery [ J]. Journal of Dalian University of
Technology, 2019, 59(3): 251-256. (in Chinese)
RRLVEUT L OR, B HFRARML AN ER
W4 % B [J] T %4, 2019, 70(7);
2584-2593.

YE Haotian, DONG Yining, XU Shuang, et al.
Multi-objective optimization of heat exchanger
networks considering inherent safety [J]. CIESC
Jorunal, 2019, 70(7) . 2584-2593. (in Chinese)
JIAO Yungiang, SU Hongye, LIAO Zuwei, et al.
Modeling and multi-objective optimization of

refinery hydrogen network [J]. Chinese Journal of



%3 mEAE: FENO, HHEGHNEARESH L BTN 243

Chemical Engineering, 2011, 19(6): 990-998. 2009, 29(8): 1696-1700.

[15] % .& k. BREARENE A HYSYS % 42 SONG Xinnan, XU Huibin, FANG Renjun., et al.
WAEN [J]. 2R, 2017, 46(3): 546-549. Simulation of the NO, emissions during biomass
ZHANG Xing, YUAN Fei. The whole process combustion based on Aspen Plus [J]. Acta Scientiae
simulation of hydrogen production by light Circumstantiae, 2009, 29 (8). 1696-1700. C(in
hydrocarbons steam reforming based on HYSYS Chinese)
software [ J]. Contemporary Chemical Industry, [20] &4, B#H®%H, TE%. 5X10' m’/hCR ) | &
2017, 46(3): 546-549. (in Chinese) REMAST AT BT [T F4hRIR. 2019,

[16] KNAEBEL K S. The basics of adsorber design [J]. 24(2): 74-78.

Chemical Engineering, 1999, 106(4) . 92-103. CAO Dequan, GUO Lingling, WANG Guofeng.

[17] &%,k B, B, & 5EREE (M) It Operation of 5X10* Nm®/h hydrogen plant at low
M e HF L K W A, 2002, load [J]. Sino-Global Energy, 2019, 24(2); 74-78.
CEN Kefa, YAO Qiang, LUO Zhongyang, et al. (in Chinese)

Advanced Combustion Theory [ M ]. Hangzhou: [(21] & &.BEF.FEL. & #HABELVFAELHK
Zhejiang University Press, 2002, (in Chinese) HENFR [J]. hm AL T#, 2010, 40(8):

(18] XA A%, & =.,%. FCCHL£E A+ NO, 22-25.

ERE A FE I T FEMRCE W LI, 2003, LONG Yu. YANG Xiangping, YIN Enjie, e al.
19(6): 8-15. Numerical simulation of steam reformer for
WANG Longyan, ZHU Jianhua, JIAO Yun, et al. hydrogen generation [ J ]. Petroleum Refinery
Thermodynamic analysis on NO, formation in FCC Engineering, 2010, 40(8): 22-25. (in Chinese)

regeneration flue gas [ J]. Acta Petrolei Sinica [22] CHEN Pei, DU Wei, ZHANG Minghang, et al.
(Petroleum Processing Section) , 2003, 19(6): 8-15. Numerical — studies on  heat coupling and
(in Chinese) configuration optimization in an industrial hydrogen

[19] RFEE. AR, B FE.%. 2T Aspen Plus W 4 production reformer [ J]. International Journal of
MBME B NO, £ R ED [J] FE A% %8R, Hydrogen Energy, 2019, 44(30): 15704-15720.

Multi-objective optimization of hydrogen production operation parameters

considering NO, emission

GAO Chongming, YE Haotian, ZOU Xiong, HAN Zhizhong, DONG Hongguang®

( School of Chemical Engineering, Dalian University of Technology, Dalian 116024, China )

Abstract: It is of great significance to comprehensively consider the environmental protection
requirements and economic indicators of chemical plant process parameter optimization. Hydrogen
production by steam reforming unit as the most important unit is becoming the future development
direction of the hydrogen production field. The process simulation method is used to model the
hydrogen production by steam reforming unit. Also the effects of the steam to carbon ratio and the
reaction temperature on the hydrogen production, the cost of hydrogen production unit, and the NO,
emission are calculated and analyzed. The multivariate function model of MATLAB regression is
used. The normalization method is applied to construct the objective function between economy and
NO, emission. The calculation result shows that the multi-objective optimization depends to a large
extent on the selection of economic weight @. When a=0. 5, the optimal operating conditions are as
follows: reaction temperature is 857. 7 C, the steam to carbon ratio is 2. 76, then the NO, emission is

decreased by 24. 76 %, with the economic cost increased by only 0. 64 %.

Key words: hydrogen production; NO, emission; simulation; multi-objective optimization; Pareto
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