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Abstract: To meet the increasing demand for electronic-grade ultra-pure nitrogen and to minimize
energy consumption during production of such nitrogen via cryogenic air separation, cryogenic air
separation process models were developed using Aspen Plus, and a multi-objective optimization
analysis was conducted. Firstly, the simulation results of two nitrogen production processes were
compared under equivalent nitrogen product specifications. Secondly, based on the superior performance
of the dual-column process with gas extraction from the low-pressure column (LPC), the
sensitivity of specific power consumption to four design variables—separation pressure of the

high-pressure column (HPC), separation pressure of the LPC, and the number of theoretical
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stages in both columns—was investigated using the Box-Behnken response surface methodology.

The interactions between these design variables and their effects on specific power consumption

were analyzed. and predictive models relating the design variables to four response variables were

established. An optimal parameter combination was subsequently identified, followed by a

comparative exergy analysis between the optimized and initial conditions. The results indicate

that the predictive models exhibit high accuracy, with a relative error of only 0. 02% between the

predicted and simulated values under optimal parameter combination.

Most of the exergy

destruction comes from the air compression unit, distillation unit, and main heat exchanger.

After optimization, nitrogen production increased by 7.30% ., specific power consumption

decreased by 3.74%, and exergy destruction per unit of nitrogen production was reduced by

6.33%. Consequently, the system exergy efficiency was enhanced from 45.13% to 47.05%.

Keywords: cryogenic air separation system; response surface methodology; exergy analysis
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Fig. 1 Diagram of cryogenic distillation N, production process
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Table 1 Main parameters of CASU system
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Table 2 Comparison of different processes simulation results

in initial condition
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Fig. 2 Effect of distillation conditions on specific power
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Table 3 Design and results of response surface analysis

- F A M i fEf

A/kPa B/kPa C D X/(kWehem*) Y/K Z/K W /kPa
1 1 050 485 74 91 0.193 44 1. 031 96 2.541 41 171. 765
2 1000 485 79 91 0.199 77 2.373 35 2.47579 166. 835
3 1000 470 79 100 0.189 01 0. 15577 1.918 25 161. 398
1 1 050 485 79 82 0.196 44 1. 676 98 2.309 54 167. 389
5 1000 500 74 91 0. 20107 2.459 07 3.079 22 178. 017
6 1000 500 84 91 0.203 28 3. 087 88 2. 306 88 163. 248
7 1050 485 79 100 0.200 13 2.443 30 2.531 64 167. 730
8 950 485 84 91 0. 188 57 0. 042 37 1.810 77 160. 282
9 1000 485 79 91 0.19197 0. 826 26 1. 834 21 157.115
10 1050 500 79 91 0.196 47 1. 679 84 2.368 28 167. 454
11 1050 470 79 91 0.192 34 0. 844 05 1. 962 87 160. 595
12 1050 485 84 91 0.196 41 1.672 98 2.37121 167. 386
13 950 485 79 100 0.198 32 1. 846 78 3.045 20 179. 557
14 950 470 79 91 0.199 87 2.371 98 2.166 40 163. 358
15 1000 485 79 91 0.20178 2.500 67 2.840 05 175. 302
16 1 000 485 84 100 0.192 99 0.939 92 2.502 63 170. 710
17 1000 485 79 91 0.192 86 0.931 64 2.242 48 167.531
18 1000 500 79 82 0.196 38 1. 660 18 2.321 47 166. 975
19 1000 470 74 91 0. 200 50 2.478 17 2.26575 164. 658
20 1000 485 74 82 0.197 43 1.852 03 2.46578 169. 283
21 1000 500 79 100 0.189 61 0.23461 2.380 81 171. 439
22 950 485 74 91 0.193 55 1. 056 59 2.305 54 168. 959
23 1000 485 74 100 0.196 41 1.672 98 2.370 70 167. 385
24 1000 470 79 82 0.195 77 1. 625 38 1. 98003 157. 421
25 1000 485 84 82 0.193 44 1. 031 96 2.54141 171. 765
26 950 500 79 91 0.199 77 2.373 35 2.47579 166. 835
27 950 485 79 82 0.189 01 0. 15577 1. 918 25 161. 398
28 1000 485 79 91 0.196 44 1.676 98 2.309 54 167. 389
29 1000 470 84 91 0. 20107 2.459 07 3.079 22 178.017
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Fig. 4 Response surface diagram of specific power consumption
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Table 4 Verification of response regression models
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L5 T k2w ZkZm ZHEXE Zk 2 miE
KAl p <<0.000 1 <<0. 000 1 <<0. 000 1 <<0.000 1
K P 0. 430 36 0.532 50 0.122 90 0.531 30
T AH 56 M R AL 0.999 91 0.999 97 0.972 81 0. 999 94
e IE A e R gk 0. 999 96 0. 999 99 0. 983 93 0. 999 97
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ML /dB 862 1362 46 1005

ST L5 K, B o MERGR 22 R T4 T 2 K,
Xt J5 REBEAT SR A . AN [R) i RIS 0 B 0 R RS
O 2 X IO F) ) J7. 0 00 R o 87 AU L A 5% 5

2.1.3 vap@mEALERE BIE
YRS 2 4 e B EAL R, DL Dh#E /N
Hbr . FRE RIS NS B 2R A dr i /MERE 2 KT

zkxb. xjtu. edu. cn



104 [N 7 . i

PN

%60 %

. FTUUE Bl & RS 5y B R 1 3R T, S0 B i
/INEETIRE B (AR R 35 43 85 TR ) v T 1 B B B B
I He 3 B0 B BB 4G K, R 46 L D AR S )N ) 4
K AR IX [0 N FEAE— S S EUAL A i LD RE U 5/
{8« v R 35 43 85 6 /7 9,892 8 bar, i JE 85 40 55 1
4.736 4 bar, = F 55 IS B Al AL 82, IR 55 B8 1 A
o0, HLINFEM PR 2R 0.02%, e KiRE N
0. 07 %0 Be s T00F 45 Tl 45 SR A9 iR 2240 0. 02%

%5

— R 25 | B IER IR 25 R I T B ¥R 225 4%
W h 0.26%,3.10% ., 0.03%, fixt K% 2 5 % K
0.61%.5.25%.0.09% . ki FEl P 45 i Rz 52 451 i
P LR A TR TN A 95 %6 A DX 0] ¥ FBl P L 3 W g
N AR R IZ R E S B TR TSR, K 6
S e A2 TR 55 0 56 SCHRFN Al S B Tl 28 ) A ) L
DA 4 5 7 S/ 2 8 v 174 () sf 3o R b TR B AR
T 7% ~ATY0 ST T RE = AL S AR IR Y H AR

Ay B EBESBENTHRELAKAS S A S ALTRN AL A 5 b5 E

Table 5 Optimal parameter combination under some high-pressure column distillation pressure conditions and accuracy

verification of response prediction model

FEESE  MEESE mEEHE REEHER i I FE/ GRE /K F A Rk
JEJ/bar  JEJI/bar A 8K AR S ##  (kWehem®) WE/K S/ bar
i A 0.195 427 1. 500 2.048 1. 625
9. 600 4.7149 79 83
L 0.195 423 1.501 2.008 1. 625
i DU 0.195 245 1. 500 2.056 1. 600
9. 800 4.717 3 82 87
UL 0.195 298 1. 499 1.913 1. 600
SRR 0.195 237 1. 500 2.036 1. 600
9. 893 4.736 4 82 90
L LE 0.195 276 1.503 1.935 1. 600
SRR 0.195 263 1. 500 2.087 1. 607
10. 000 4.768 4 83 92
L LE 0.195 308 1.505 2. 009 1. 608
o A 0.195 315 1. 500 2.078 1. 600
10. 200 4.7956 85 97
A 0.195 310 1. 499 2. 005 1. 600
A 0.195 479 1. 500 2.114 1.612
10. 400 4.8507 88 100
BEHLE 0.195 366 1. 492 2.128 1.611
A6 HALLERESAMEFRA L] EHIE A3 AR A ) A B B
Table 6 Comparison of optimization results with related T IR
stud d plant cas
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after optimizations
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Fig. 6 Temperature-heat flow composite curves of the heat

exchangers before and after optimizations

B 7 AL 5 32 2T B IR X L. A
AR 5 28 SRS BT FE AR v A B AL R
FEALL . R0 1 U IR 0 T e B SRR R v L R T
KU BT 2 A A v PO BOR B I E A B, S
ARG BT M RIS TR T il TR 4R A
TR R | SRR AL GERFTE 70 20 HIE

100 et ons 7Y R
o = 4R T
80} 1
< 60
=40
201

B A% TR WIKEL R

0 o
OURM R SR
LERETH

LISTVR T

B 7 ke T R Ak T 32 SR AR ZE X L
Fig. 7 Exergy efficiency of the main components in the base

condition and the optimized condition

zkxb. xjtu. edu. cn

3 45

(1) 2578 T00F o AR He 35 il A08U8 A5 18 ) 00
PRI AT, B RN LG D6 43 501 o N 8 AR
USR8 R Y 141, 85% F11 93.20% . K il Box-
Behnken Design J5 2 8 37 [ 4 /> Wi o (B A% ) 76 BR
FEAR TR 22 550 T M B/ LU RBFE T AL - 5 R
SYEE ST 9. 892 8 bar AR EIE 438 K 1 4. 736 4 bar,
fo R 3 PG 3B M AR 82 . 1K R34 B 35 AR £ 90,

PG LAY 5 ELAE LG5 RN 0. 195 276
kW e h o m*, 55 808 B0 25 5 09 AR X 158 22 AR
0.02% . RGEICIHFEREILT 3. 74 % , A7 =& T+
7.30% A2 A A S B B AR 6. 3300, IR
INFES TN 20380 kW JBi/NZE 1 935. 4 kW, R G4
BRI 45, 13 % $E T 47.05%

COPEALTT 5 s 5 LR 3 ARl 22 R
45 50 AE R IR E R A S = AR
L35 R 45. 996,30, 98 %0 Fl1 11. 63 % » F 4 ML b
FY T e S A AR A % 8 1 L 22 1) D/ ol s R
BATT AT F e AR A IR DB/ T 8. 43 26 F 20. 206 5 3
AR 53 5 T 3 R AV 385 D/ 11%) B 0 35 Al AR 10 05 1R %
PR TR R A% A A JOE ] 1) 45 2 T G 1R S ST A 38
Ak )5 B R AL VE R LR F 76, ol AE AR Ak i # b
R TS BRI IKAL

SE -

[1] Li Gen, Chen Hao, Guo Huan, et al. A novel coupled
system of compressed air energy storage system and air
separation unit: thermodynamic and economic evalua-
tion [J]. Energy, 2025, 335: 138303.

(2] ZZ. W EHNT RS BB A Tk s [D].
JUOM . AEE TR %, 2017,

[3] Huo Changjiang, Sun Jinju, Song Peng. Energy, exergy
and economic analyses of an optimal use of cryogenic liquid
turbine expander in air separation units [ J]. Chemical
Engineering Research and Design, 2023, 189: 194-
209.

[4] Maroukis G, Georgiadis M C. Modeling, simulation,
and techno-economic optimization of argon separation
processes [ J]. Chemical Engineering Research and
Design, 2022, 184 165-179.

[5] F8$E5, JFE &, BlAR, 4. JETHHT 1928 0 AR Xt
FemE s L)) T AW B 2% i, 2015, 36 (10):
2097-2101.

Zheng Jieyu, Li Yanzhong, Si Biao, et al. Compara-

tive study of air separation process based on exergy




1 W A - P T GO A R TRV 2 O R T RE A AL 5T

107

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

analysis [J]. Journal of Engineering Thermophysics,
2015, 36(10):2097-2101.

Zonouz M J, Mehrpooya M. Parametric study of a hy-
brid one column air separation unit (ASU) and CO,
power cycle based on advanced exergy cost analysis re-
sults [J]. Energy, 2017, 140(Part 1): 261-275.

He Xiufen, Liu Yunong, Rehman A, et al. A novel
air separation unit with energy storage and generation
and its energy efficiency and economy analysis []].
Applied Energy, 2021, 281: 115976.

Tong Lige, Zhang Aijing, Li Yongliang, et al. Exergy
and energy analysis of a load regulation method of
CVO of air separation unit [J]. Applied Thermal En-
gineering, 2015, 80. 413-423.

Chen Guofu. Calculate the power of cryogenic air sepa-
ration units [ J]. Chemical Engineering Progress,
2020, 116(6):26-33.

JEE. 2 R I R G s AT B 5 S A
7 [D1. BN - R, 2022.

Mora C A, Orjuela A. Modeling, validation and exergy
evaluation of a thermally-integrated industrial cryogenic air
separation plant in Colombia [J]. Chemical Engineer-
ing Research and Design, 2022, 185: 73-86.

Ziebik A, Gladysz P. Systems approach to energy and
exergy analyses [J]. Energy, 2018, 165 (Part A): 396-
407.

Kingston D, Wilhelmsen @, Kjelstrup S. Minimum
entropy production in a distillation column for air sep-
aration described by a continuous non-equilibrium
model [J]. Chemical Engineering Science, 2020, 218
115539.

Wang Zhiyu, Wang Wenhai, Qin Weizhong, et al.
Analysis of carbon footprint reduction for three novel
air separation columns [J]. Separation and Purifica-
tion Technology, 2021, 262 118318.

Wang Zhiyu, Qin Weizhong, Yang Chunhua, et al.
Heat-transfer distribution optimization for the heat-
integrated air separation column [J]. Separation and
Purification Technology, 2020, 248. 117048.
IR, A A, SRR, AL BT B AR AR Y R AR
W =y T A B ket (7] 4k T34k, 2023,
74(7): 2988-2998.

Wen Zhaolun, Li Peirui, Zhang Zhonglin, et al. Design
and optimization of cryogenic air separation process with
dividing wall column based on self-heat regeneration [ ] ].
CIESC Journal, 2023, 74(7):2988-2998.

TANE, T FHE. R s L2 MBS R
fb [J]. BAAET., 2023, 52(11): 3003-3007.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

zkxb. xjtu. edu. cn

Wang Xiaoyun, Ding Chuanmin, Niu Yanxia. Simulation
and optimization of cryogenic air separation process [J].
Applied Chemical Industry, 2023, 52(11): 3003-3007.
Mora C A, Orjuela A. Modeling, validation and exergy
evaluation of a thermally-integrated industrial cryogenic
air separation plant in Colombia: part [l  optimization
under variable products demand [J]. Chemical Engi-
neering Research and Design, 2023, 191 537-551.
Kong Fulin, Shen Minghai, Tong Lige, et al. A novel
multi-objective optimization framework based on the
absolute priority method for co-production air separa-
tion systems [J]. Chemical Engineering Science, 2025,
317 122099.

w0, R, g, F ESREEIRSR
oA AR WIS L], (%4, 2021, 72(3):
1654-1666.

Rong Yangyiming, Wu Qiaoxian, Zhou Xia, et al. Re-
search on optimization of self-utilization performance of
air compression waste heat in air separation system [J].
CIESC Journal, 2021, 72(3): 1654-1666.

Yuan Yuxing. Na Hongming, Du Tao, et al. Multi-
objective optimization and analysis of material and en-
ergy flows in a typical steel plant [J]. Energy, 2023,
263(Part D). 125874.

Saini A, Ghosh S, Kar S, et al. Modeling and optimi-
zation for nitrogen liquefaction with subcooling and air
separation unit from air [J]. International Journal of
Engineering and Advanced Technology, 2019, 8(4).
1770-1782.

eSO 2SSO R BN U RR O Y O i AT Y
[DJ]. BUM . WL, 2019,

s, whbei, OB k. Ak T RSB A M 5
WAL ZnAREH 590 [T ash . 2022(D) .
39-42.

¥

&

Yang Zemeng, Han Xiaomeng. Lu Xinfa. Design and
implementation of air separation nitrogen increasing
process based on steady-state simulation technology [ J].
Metallurgical Power, 2022(1): 39-42.

WEE . XINEL ARG & 2 o R R Ak b [T,
L T4, 2012, 63(9):2936-2940.

Chang Liang. Liu Xinggao. Energy optimization analysis
of internal thermally coupled air separation columns [J].
CIESC Journal, 2012, 63(9):2936-2940.

Yang Yan. Tong Lige. Liu Yuxin., et al. A novel inte-
grated system of hydrogen liquefaction process and lig-
uid air energy storage (LAES): energy, exergy, and
economic analysis [J]. Energy Conversion and Man-

agement, 2023, 280: 116799.




108 [N 7 . i

2 g %60 %

[27] Fu Chao, Gundersen T. Using exergy analysis to reduce
power consumption in air separation units for oxy-combus-
tion processes [J]. Energy, 2012, 44(1): 60-68.

[28] Fu Chao, Gundersen T. Recuperative vapor recom-
pression heat pumps in cryogenic air separation
processes [J]. Energy, 2013, 59: 708-718.

[29] sk¥, DEY, B, . FMmRRE 46 AT

zkxb. xjtu. edu. cn

ZAstsE [1]. A5 KRBT, 2022, 51(6):
61-69.
Zhang Tao, Ma Guoguang, Leng Nanjiang, et al. Op-
timization of nitrogen production process by cryogenic
air separation in an oil field [J]. Chemical Engineering
of Oil & Gas, 2022, 51(6): 61-69.

(Y% TI M)




